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ABSTRACT 

Type I allergy is an increasing world-wide health problem affecting almost 30% of the 

population. Especially in the northern hemisphere, birch pollen is a prevalent allergen 

source that triggers allergic symptoms such as hayfever and asthma in over 100 

million patients, resulting in a decreased quality of life. 

So far, two types of medication are on the market: symptomatic treatment (e.g. 

antihistamines) and allergen-specific immunotherapy (AIT). While the effect of 

antihistamines is temporary, AIT is the only treatment so far that offers a long-lasting 

protection by inducing blocking IgG antibodies with allergen extracts or, more 

recently, hypoallergenic derivates. However, AIT is associated with time-consuming 

schedules over several years and if based on application of allergen extracts with 

side effect, e.g. possible allergic reactions to the given allergens.  

Besides symptomatic medication and AIT a third option, passive immunization, has 

raised the interest of researchers. Recent studies have shown that administration of 

allergen-specific monoclonal IgG antibodies results in inhibition of IgE antibodies 

binding to the respective allergen, further in prevention of IgE-mediated effects on 

various immune cells and thus reduces allergic symptoms in patients. However, the 

generation and production of monoclonal IgG antibodies is laborious and expensive. 

A welcome alternative was found in nanobodies that derive from heavy-chain 

antibodies discovered in camelids such as camels and llamas. Those single-domain 

antibody fragments are chemically stable, easy to produce and recognize a variety of 

different epitopes due to their structural features while exhibiting high affinity and 

specificity. 

The aim of this thesis was to characterize nanobodies specific for Bet v 1, the major 

birch pollen allergen, and evaluate if they are applicable for passive treatment of 

allergy. Nanobodies were raised in camels and expressed in E. coli. Specificity, 

cross-reactivity and epitope location were investigated by ELISAs. Affinity 

measurements were conducted using surface plasmon resonance (SPR). Finally, the 

ability to block polyclonal IgE from patients’ serum and inhibit basophil activation was 

assessed by inhibition ELISAs and RBL cell assays. 

We isolated three high-affine Bet v 1-specific nanobodies (Nb23, Nb24 and Nb32) 

that also recognize two important cross-reactive allergens, Aln g 1 from alder and Cor 
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a 1 from hazel. The binding site on Bet v 1 was mapped to the alpha helix on the C-

terminus. Our results showed that the nanobodies were able to inhibit polyclonal IgE 

binding to Bet v 1, Aln g 1 and Cor a 1. Furthermore, Nb32, as a representative for all 

three nanobodies, reduced Bet v 1-induced activation of basophils. 

In conclusion, the combined features of high-affinity, cross-reactivity and ability to 

inhibit IgE binding to Bet v 1 qualified Nb32 a potential candidate for a prospective 

passive treatment of allergy. We suggest Nb32 as one component for a nanobody 

cocktail that should be evaluated in a proof of concept testing in experimental animal 

models for efficacy to identify promising nanobody-based drugs to reduce birch 

pollen related allergic symptoms. 
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1. INTRODUCTION 

 

 

1.1. Type I allergy 

Allergy is a hypersensitivity disease which affects almost 30% of people worldwide 

(reviewed in Valenta et al. 2018). It is based on the reaction of the immune system to 

foreign proteins, called allergens. Normally, a response from the adaptive immune 

system is developed to effectively protect from these proteins, involving antibodies 

(mainly immunoglobulin (Ig) subclass IgG), B lymphocytes (i.e. B cells) and T 

lymphocytes (i.e. T cells). However, in patients suffering from type I allergy, a 

different Ig subclass, namely IgE, encounters the allergen and triggers a series of 

IgE-mediated symptoms which affect the respiratory tract, skin, cardiovascular 

system, and gastrointestinal tract. Therefore, the disease is also called IgE-mediated 

hypersensitivity (Abbas et al. 2005). Allergy represents an increasing health problem 

worldwide and is expected to affect 4 billion people in the 2050s (reviewed in 

Palomares et al. 2017). 

The term “allergy” was coined by Clemens von Pirquet, a Viennese pediatrician, in 

1906 to describe a ‘specifically altered reactivity of the organism’ when he 

investigated serum sickness in children (von Pirquet 1906). In 1921, pivotal 

experiments from Prausnitz and Küstner showed that it was possible to passively 

sensitize skin by serum transfer, concluding that a specific factor in the blood must be 

responsible for the allergic reaction (Prausnitz and Küstner 1921). Almost 50 years 

later this factor was identified and characterized as IgE (Ishizaka and Ishizaka 1967; 

Johansson et al. 1968; Bennich et al. 1968). To elicit an allergic response, Prausnitz 

and Küstner also postulated that a specific antigen (i.e. allergen) and a tissue 

component (i.e. mast cells) is necessary (Prausnitz and Küstner 1921).  
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1.2. Mechanism of type I allergy 

The mechanism of type I allergy consists of two phases. First, an individual 

experiences a so-called sensitization, i.e., first exposure to a certain allergen. 

Second, a repeated exposure to the allergen leads to the IgE-mediated degranulation 

of effector cells, causing the typical symptoms of an allergic reaction, e.g., allergic 

rhinoconjunctivitis (i.e. hayfever) and asthma (reviewed in Shamji and Durham 2017). 

 

1.2.1. Sensitization  

The first step in developing an allergy is the sensitization of genetically predisposed 

(i.e. atopic) individuals by initial allergen confrontation, leading to an increased 

production of allergen-specific IgE antibodies (Figure 1). The exposure site for 

airborne allergens is the mucosa in the respiratory tract and eyes, while food 

allergens are absorbed in the gut (McGill et al. 1998; reviewed in Deckers et al. 2017; 

reviewed in Golebski et al. 2013; reviewed in Berin and Sampson 2013) Allergens 

entering the body are captured by antigen-presenting cells (APCs), e.g., dendritic 

cells (DCs) in the epithelium, which migrate to draining lymph nodes and process the 

allergen into small peptides. In the lymph nodes those peptides are presented to 

residing naïve CD4+ T cells via the class II major histocompatibility complex (MHCII) 

(Abbas et al. 2005). Three important signals are required for T cell activation and 

differentiation (reviewed in Deifl and Bohle 2011). First, selected T helper (TH) cells 

are binding with specific T cell receptors to the presented peptides. Second, 

costimulatory molecules on the surface of DCs (e.g., CD28 and B7-1/B7-2) ensure 

full T cell activation and proliferation. The third signal is provided by a certain cytokine 

milieu, which determines which subset naïve T cells are differentiating to e.g., TH1 

cells and TH2 cells. TH2 cells produce high amounts of the cytokines interleukin (IL)-4 

and IL-13, while TH1 cells synthesize INF-γ, an IL-4 antagonist. In atopic individuals 

the balance between TH1 and TH2 cells is inadequate due to the secretion of 

predominantly IL-4 (but also IL-5, IL-6, IL-10 and IL-11) during T cell priming, which 

drives T cells to differentiate to the TH2 subset (reviewed in Deifl and Bohle 2011). 

TH2 cells then activate naïve allergen-specific B cells. The release of cytokines IL-4 

and IL-13 by TH2 cells promotes a heavy chain isotype switch in B cells towards IgE. 

IgE+ B cells develop into two subsets: Plasma cells and memory B cells. Plasma 
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cells produce high amounts of soluble IgE antibodies which are secreted in the blood 

and then bind to their high-affinity receptor FcƐRI expressed on mast cells, basophils 

and eosinophils, where they operate as specific allergen receptors. Furthermore, IgE 

up-regulates the expression of FcƐRI leading to an amplification of IgE-mediated 

reactions (Abbas et al. 2005). IgE+ memory B cells are immediately activated upon 

subsequent allergen encounter, which leads to a boost in allergen-specific IgE 

production (reviewed in Valenta et al. 2002, reviewed in Eckl-Dorna et al. 2019a). 

IgE+ memory B cells have been found in the blood of allergic patients, but also 

locally at allergen exposure sites such as the nasal and gut mucosa, as well as in 

lymphoid organs such as tonsils. However, the number of IgE+ B cells is scarce, and 

it is important to note that it is difficult to obtain certain tissue samples from patients 

such as bone marrow or spleen, as well as to develop sensitive methods to identify 

IgE producing cells in those samples. Therefore, IgE memory cells may also reside in 

sites that are not identified yet (reviewed in Eckl-Dorna et al. 2019a).  

 

 

Figure 1 | The first step in developing an allergy: Sensitization and memory. (adapted 

from Valenta, Nat Rev Immunol 2002; 2:446-453) 
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1.2.2. Immediate-phase reaction 

Sensitized effector cells, e.g., mast cells and basophils, are loaded with allergen-

specific IgE on their surface. Thus, a repeated allergen exposure leads to an 

activation of effector cells by cross-linking FcƐRI receptors (Figure 2). More precisely, 

two or more allergen-specific, surface-bound IgE antibodies must bind the same 

allergen molecule to achieve IgE-mediated activation (Abbas et al. 2005). 

Consequently, effector cells release inflammatory mediators like histamines and 

leukotrienes which trigger typical allergic symptoms like rhinitis and conjunctivitis for 

airborne allergy (reviewed in Valenta et al. 2002) or nausea and diarrhea in the case 

of food allergy (reviewed in Tordesillas et al. 2017) within minutes after allergen 

penetration.  

 

Figure 2 | Crosslinking of IgE- FcƐRI complexes 
through allergens leads to degranulation. (from 

Valenta, Nat Rev Immunol 2002; 2:446-453) 

 

 

 

 

 

 

 

 

1.2.3. Late phase reaction 

The late phase reaction takes place several hours after encountering an allergen and 

is mainly driven by newly synthesized cytokines after mast cell activation. This leads 

to the recruitment of other immune cell such as eosinophils, neutrophils and T cells 

which infiltrate the inflamed tissue and secrete more inflammatory mediators. The 

reaction usually follows a clinically evident immediate phase and takes up to 2 days 

to fully resolve (reviewed in Galli et al. 2008). 
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1.2.4. Effector cells in type I allergy 

The major effector cells in an immediate reaction are mast cells and basophils, while 

eosinophils are involved in the late-phase allergic reaction. They have in common 

that they express the high-affinity receptor FcƐRI to capture IgE and they contain 

inflammatory mediators in cytoplasmic granules. 

Mast cells derive from progenitors in the bone marrow and mature after relocation in 

peripheral tissue. They can be found in skin and mucosal epithelia, as well as around 

blood vessels and nerves (Abbas et al. 2005). Upon activation through cross-linking 

of IgE bound to FcƐRI on their surface, they secrete preformed molecules such as 

biogenic amines (e.g. histamine) and granule macromolecules (e.g. tryptase) as well 

as newly synthesized lipid mediators (e.g. prostaglandin D2 (PGD2) and leukotrienes) 

and cytokines. Histamine and PGD2 are vasoactive and increase vascular 

permeability resulting in swelling and redness of the tissue. Also, contraction of 

smooth muscle tissue (e.g. intestinal and bronchial) is induced, which results in 

bronchial spasms during an allergen-induced asthma attack. Secreted enzymes like 

tryptase cause tissue damage, while synthesized cytokines like IL-4, IL-5, IL-6 and 

IL-13 influence the proliferation of mast cells, differentiation of T cells to TH2 cells and 

the class switch in B cells to IgE, enhancing and maintaining allergic responses 

(reviewed in Brown et al. 2008). 

In contrast to mast cells, basophils already mature in the bone marrow and then 

circulate in the peripheral blood. Like mast cells, they contain IgE receptors and thus 

can be activated and subsequently release mediators (Abbas et al. 2005). Although 

they only make 1% of blood leukocytes, a small number infiltrating the exposure site 

is sufficient to act as initiators of inflammation, recruiting other inflammatory cells and 

releasing cytokines, mainly IL-4. Therefore, they also play a crucial role in allergic 

reactions (reviewed in Miyake and Karasuyama 2017).  

Eosinophils mature in the bone marrow like basophils and circulate in the blood until 

they are recruited to inflamed tissue by certain cytokines and adhesion molecule 

interaction during the late phase reaction. Upon activation they secrete preformed 

acidic proteins which may damage the surrounding tissue. Furthermore, eosinophils 

release a range of different cytokines and lipid mediators, however the importance of 
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these mediators in allergic diseases is not completely understood yet (Abbas et al. 

2005). 

As already mentioned, to efficiently capture IgE, effector cells are equipped with a 

high affinity receptor. This receptor, FcƐRI, consists of one α chain which is 

responsible for binding ligands, and one β and two γ chains, which are part of the 

signaling pathway. IgE binds strongly to the extracellular Ig-like domains with a 

dissociation constant (KD) of approximately 1 x 10-10 M. The β and γ chains each 

contain one immunoreceptor tyrosine-based activation motif (ITAM) on the 

cytoplasmic side, which upon cross-linking is phosphorylated and initiates the 

signaling cascade to activate effector cells (Abbas et al. 2005). 

 

1.3. Allergens 

Allergens are usually environmental proteins that are per se harmless to humans but 

can induce hypersensitivity upon repeated exposure in atopic persons. The resulting 

symptoms from this disorder range from mild ones like rhinoconjunctivitis to severe 

ones such as asthma and anaphylactic shock. Typical allergen sources include 

plants (e.g. tree, grass and weed pollen), foods (e.g. vegetables, fruits), animals (e.g. 

cats, dogs, house dust mites), insects’ venom (e.g. bees, wasps) and chemicals (e.g. 

penicillin). 

While it is not completely understood why some proteins induce strong allergic 

reactions and others do not, several common features have been found among 

characterized allergens. Those include a low molecular weight and high solubility in 

body fluids (Abbas et al. 2005). Additionally, it has been found that allergens are 

spread among few protein families and display only restricted biological functions. 

Those include enzymes (proteases), lipid- and calcium-binding proteins, 

pathogenesis-related (PR) proteins, trypomyocins, profilins, and storage proteins 

(reviewed in Chapman et al. 2007; reviewed in Radauer et al. 2008; reviewed in Deifl 

and Bohle 2011; reviewed in Scheurer et al. 2015). The most important prerequisite 

of an allergen is to exhibit multiple binding sites (i.e. epitopes) to IgE to trigger 

degranulation of effector cells. An antigen that contains only one epitope is not able 

to crosslink receptor bound IgE antibodies, and thus cannot activate the mediator 

cascade leading to immediate allergic symptoms. The more epitopes an allergen 
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contains, the stronger is the induced response to it (reviewed in Valenta et al. 2018). 

Furthermore, flexibility provided by two domains connected by a linker increases its 

potency (Göbl et al. 2017; reviewed in Valenta et al. 2018). It is worth mentioning that 

also the proximity of epitopes influences the allergenic activity (Gieras et al. 2016).  

Since my project deals with nanobodies directed against pollen allergens and 

primarily against the major pollen allergen Bet v 1, I will focus on this allergen in the 

further course of this work. 

 

1.3.1. Bet v 1 – the major birch pollen allergen 

Pollen allergy is the most common allergy worldwide. In fact, it accounts for 

approximately 40% of all allergic patients (reviewed in Asam et al. 2015). It is 

associated with hay fever, but also asthma, which significantly decreases the life 

quality of people affected. (Kiotseridis et al. 2013). 

One of the major sources for pollen is the European white birch (Betula verrucosa). It 

belongs to the tree family Fagales and is widely distributed in the northern 

hemisphere, particularly in Central and Northern Europe (Biedermann et al. 2019). 

Bet v 1 was characterized as the only major birch pollen allergen and elicits an 

allergic reaction in 95% of patients sensitized to birch (Jarolim et al. 1989; 

Niederberger at al. 1998). It is a 17 kDa protein belonging to the PR-10 protein family 

(WHO/IUIS Allergen Nomenclature Sub-Committee), which allows the proposal that it 

is involved in pathogen resistance of pollen (Breiteneder et al. 1989).  

Bet v 1 displays a high homology to other allergens of trees of the Fagales order like 

alder and hazel, but also to allergens of fruits and vegetable families, mainly 

Rosaceae (e.g. apple) and Apiacea (e.g. celery, carrot) resulting in cross-reactivity. 

Patients sensitized against Bet v 1 also experience allergic symptoms when 

challenged with the mentioned allergen sources (reviewed in Bohle 2007; reviewed in 

Popescu 2015). Pollen-related food allergy which displays mostly mild symptoms 

such as swelling and itching of lips, tongue, and throat, but rarely also life-threatening 

anaphylaxis, is termed Oral Allergy Syndrome (OAS) (reviewed in Alessandri et al. 

2020).  
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The cross-reactivity of related allergens leads back to similar IgE epitopes, which are 

recognized by IgE specific for the primary allergen, i.e. the allergen a patient has 

been sensitized to. Pollen allergens have been shown to be the primary elicitor of 

food allergy in patients experiencing OAS (Kazemi-Shirazi et al. 2000). In this regard, 

Bet v 1 is considered as one of the most important sensitizing agents, as over 70% of 

birch pollen-allergic patients develop allergic symptoms to Bet v 1-related food 

allergens (reviewed in Bohle 2007).  

 

1.4. Therapeutic approaches for type I allergy 

 

1.4.1. Symptomatic treatment 

The first line approach for type I allergy is treating patients with antihistamines. 

Histamine is a key mediator in hypersensitivity disease and therefore an attractive 

target to stop the immediate reaction after allergen exposure (reviewed in Rotiroti et 

al. 2016). Histamine can bind to four receptors, termed H1-4. The most important one 

in regard to allergy is H1, which is present on epithelial cells, smooth muscle cells, 

vascular endothelial cells and sensory nerves. It has been found to be overexpressed 

in the nasal mucosa of patients suffering from allergic rhinitis. Thus, most 

antihistamines are H1-antihistamines which act as inverse agonists and keep the H1 

receptor in an inactive state upon binding (reviewed in Rotiroti et al. 2016). Although 

they are quite successful in relieving symptoms of mild to modest allergic rhinitis and 

conjunctivitis, they are less effective in treating severe asthma and are only used as 

supplementary drugs besides leukotriene receptor antagonists (reviewed in 

Yamauchi and Ogasawara 2019). Furthermore, they were long associated with side 

effects like drowsiness and their effective period only lasts for several hours. 

Therefore, newer antihistamines (second and third generation) have been developed 

to avoid those side effects (reviewed in Rotiroti et al. 2016; reviewed in Kawauchi et 

al. 2019).  

For treating severe allergic asthma and also chronic urticaria, another medication is 

available for several years on the market 

(https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/103976s5224lbl.pdf). 

Omalizumab which is the only anti-IgE antibody approved by the U.S. Food and Drug 
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Administration (FDA), acts by binding to the C3 domain in the constant region of 

circulating IgE molecules and thus hindering IgE to bind to its receptors (FcƐRI and 

FcƐRII) (Presta et al. 1993; Shields et al. 1995). Simultaneously, it does not interact 

with already bound IgE to effector cells, which therefore does not result in cross-

linking and mediator-release. Since Omalizumab binds to the constant region of IgE, 

it inhibits all IgE interaction regardless of allergen-specificity. By reducing free IgE, 

the expression of FcƐRI on effector cells is downregulated resulting in mitigation of 

severe symptoms (Holgate et al. 2009). Currently it is also investigated whether 

Omalizumab can be used for other forms of IgE-associated conditions such as food 

allergy, in combination with immunotherapy (reviewed in Lieberman and Chehade 

2013; Langlois et al. 2020). 

For the sake of completeness, it should be mentioned that beside Omalizumab, the 

most prominent monoclonal antibody that is applied to reduce heavy allergic 

symptoms, also several other monoclonal antibodies are currently used for treatment 

of severe asthma. Amongst them are Benralizumab, Dupilumab, Mepolizumab and 

Reslizumab which are all directed either against IL-4 receptor/IL-5 receptor or directly 

against IL-5 with the aim to prevent asthma exacerbations (reviewed in Agache et al. 

2020). 

 

1.4.2. Allergen-specific immunotherapy 

So far, allergen-specific immunotherapy (AIT) remains the only disease-modifying 

therapy available for allergic patients and is based on the administration of the 

corresponding allergen in form of extracts (natural allergen) or modified 

hypoallergenic derivatives as well as allergen fragments (recombinant allergen) 

(reviewed in Zhernov et al. 2019). Throughout the course of the treatment, which 

usually lasts two to three years, patients are building up a tolerance against the 

disease-eliciting allergen by the induction of allergen-blocking IgG antibodies and an 

altered response of cells involved in the immunological reaction, which has a long-

lasting effect even after discontinuation of the therapy (reviewed in Dorofeeva et al. 

2021). 

The first study that showed the effect of AIT was conducted by Leonard Noon in 1911 

(Noon 1911). He demonstrated that symptoms of patients allergic to grass pollen 
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were eased after injection of grass pollen extract. At this time point, neither the 

mechanism of allergy nor of the induced immunity was understood. It was believed 

that ‘toxins’ contained in pollen were responsible for the exaggerated reactions and 

that ‘anti-pollen toxins’ were formed during the treatment. Since then, a lot of 

progress has been made towards understanding the underlying mechanism of the 

treatment, improving efficacy and reducing side effects (reviewed in Dorofeeva et al. 

2021). 

First, it is well established that during AIT IgG antibodies are induced, which compete 

for binding to the allergen (reviewed in Valenta 2002; reviewed in Shamji and 

Durham 2017). The most abundant subtypes that are formed are IgG1 and IgG4 

(Jutel et al. 2005; Purohit et al. 2008; Eckl-Dorna et al. 2019b). Especially IgG4 is 

thought to play a major role in inhibiting binding of IgE to the allergen and hence 

preventing the release of mediators from effector cells, IgE-facilitated allergen 

presentation to T cells and IgE memory cell stimulation (reviewed in Wachholz and 

Durham 2004; James and Till 2016; Groh et al. 2017). Not only IgG formation, but 

also an altered cell reaction has a positive impact on the outcome of AIT. These 

exact mechanisms are, however, not fully understood yet. Nevertheless, it has been 

found that T cell differentiation is modulated by a distinct cytokine expression pattern. 

More precisely, the secretion of cytokines IL-12, IL-27 and IL-10 by tolerogenic 

regulatory dendritic cells (DCreg) drives the differentiation of T cells to TH1 cells 

which, in contrast to TH2 cells, produce interferon-γ (INF-γ) and IL-10 that promotes 

Ig class switching to IgG in allergen-specific B cells. Moreover, IL-10 induces 

maturation of regulatory T (Treg) and B (Breg) cells, which themselves produce more 

IL-10 to suppress TH2 proliferation and IgE+ B cell activity. Additionally, a decrease in 

IL-4, IL-5 and IL-13 has been observed explained by the lower number of TH2 cells 

(reviewed in Shamji and Durham 2017). Another positive outcome that has been 

discovered is that the numbers of effector cells involved in allergic reactions like mast 

cells, basophils and eosinophils are reduced (reviewed in Larché et al. 2006). 

Second, efficacy and safety of AIT have been improved over the decades by using 

recombinant allergens and even short allergen fragments and allergen-derived 

peptides over allergen extracts. Extracts often vary in their composition, lacking 

important allergens and thereby inducing an incomplete immunity (reviewed in 

Zhernov et al. 2019). They can also be contaminated and may cause unwanted 
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sensitization (Dzoro et al. 2018). Purified recombinant allergens bypass these 

problems and induce similar immunity responses in patients (Pauli et al. 2008). 

Recombinant allergens have also been used in combination to improve efficacy. For 

example, in a double-blind, placebo-controlled study a vaccine for timothy grass 

pollen allergy compiled of five allergens had been very successful (Jutel et al. 2005). 

Since recombinant allergens may still elicit an unwanted allergic reaction by binding 

to IgE which might even result in anaphylactic shock, they have been modified by 

mutation or fragmentation to alter the structure and termed (recombinant) 

hypoallergens (Niederberger et al. 2004; Chen et al. 2012; Swoboda et al. 2013). 

Such fragments do not show IgE reactivity (mostly because they are not properly 

folded for IgE to recognize conformational epitopes) but contain T cell epitopes to 

induce blocking IgG antibodies (Vrtala et al. 1997; Focke et al. 2001; Focke et al. 

2004, Twaroch et al. 2011; Focke-Tejkl et al. 2015). Interestingly, a study from Pree 

et al. showed that unfolded Bet v 1 fragments as well as a folded recombinant Bet v 

1-trimer both lead to the formation of IgG1 and IgG4 against new sequential 

epitopes, which overlap with conformational IgE epitopes (Pree et al. 2007). In a 

following study, a Bet v 1-specific ScFv isolated from the blood of a non-allergic 

subject that was vaccinated with these fragments, showed the potential to inhibit Bet 

v 1-allergic patients’ IgE binding to Bet v 1 and partially suppressed allergen-

mediated basophil activation (Gadermaier et al. 2018). These findings underline the 

importance of epitope specificity of IgG antibodies, formed during AIT with 

hypoallergens, for a protective outcome. 

The latest development in AIT are peptide carrier-based vaccines which contain B 

cell epitopes to bypass unwanted late phase reactions when using vaccines that 

contain T cell epitopes (reviewed in Curin et al. 2018). This concept uses viral carrier 

proteins that are already used in other types of vaccines, such as the hepatitis 

surface antigen PreS. Not only lack the non-folded allergen-derived peptides IgE-

reactivity, but also reduce allergen-specific T cell reactions. Furthermore, the carrier 

protein is highly immunogenic which helps to raise an appropriate immunological 

response to less immunogenic allergen-derived peptides, while still targeting the IgE 

binding site (reviewed in Curin et al. 2018). 

Overall, AIT has advanced much over the years and its unique disease-modifying 

effect is well documented. It can prevent the progression from mild to severe 
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symptoms (e.g. in asthma) and hence improve the situation of patients. Furthermore, 

AIT is envisioned to serve as a prophylactic vaccination to stop the worldwide 

increase of allergic patients (reviewed in Tulaeva et al. 2020). Still, there are a few 

drawbacks remaining, including time-consuming schedules for patients and possible 

side-effects which have to be monitored (reviewed in Zhernov et al. 2019). 

 

1.4.3. Passive immunization by administration of allergen-specific blocking 

antibodies 

Another method to alleviate symptoms is transferring blocking antibodies from an 

immunized individual to achieve passive immunization in non-treated patients. These 

allergen-specific blocking antibodies were initially discovered by Robert Cooke in 

1935 during a study investigating the mechanism of AIT. More precisely, he found 

that an inhibiting substance was formed in the course of AIT, which prevents the 

activation of effector cells, and that this substance was transferable to other 

sensitized patients (Cooke et al. 1935). In 1940 Mary Hewitt Loveless could show 

that the inhibiting antibodies bind to the same allergen, thus protecting by competing 

with IgE (Loveless 1940). The next important step was the identification of the 

blocking substance as IgG, which was published by Lawrence M. Lichtenstein 

(Lichtenstein et al. 1968).  

Nowadays it is well established that the induction of allergen-specific IgG antibodies 

during AIT is largely contributing to its disease modifying effect (reviewed in Flicker et 

al. 2003). Through modern biotechnological methods (combinatorial libraries, phage 

display, hybridoma technique, EBV transfection, recombinant protein expression) it is 

possible to isolate such induced blocking IgGs and produce them as monoclonal 

antibodies in larger quantities to assess their usefulness in allergy therapy. Since the 

half-life of IgGs is approximately 35 days, a single injection of allergen-specific IgG 

antibodies is envisioned as useful and convenient alternative treatment for seasonal 

allergies (e.g. pollen allergy) (reviewed in Flicker et al. 2011).  

Blocking antibodies act at least in three modes (Figure 3). First, they can inhibit 

degranulation of effector cells by competing with IgE for the same epitope (Figure 

3a). Second, they may also prevent IgE facilitated allergen-presentation to T cells by 

hindering binding of the allergen to IgE, thus decrease T cell activation and 
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proliferation (Figure 3b). Last, blocking antibodies may be able to capture allergens 

before they can induce IgE production in memory B cells (Figure 3c) (Flicker et al. 

2011).  

Looking at the listed mechanism it seems obvious that epitope specificity is probably 

the most important feature of a blocking antibody. If it does not occupy an IgE 

epitope (fully or partial) it cannot prevent the allergen from binding to IgE (Flicker et 

al. 2011). However, it has been demonstrated that binding to a different epitope than 

IgE, allergen-specific IgG can still prevent crosslinking of two FcεRIs and instead lead 

to crosslinking of FcεRI and FcγRIIB (a receptor for IgG), which inhibits degranulation 

in mouse and human basophils (Daëron et al. 1995; Cassard et al. 2012).  

Besides epitope specificity there are several other features which need to be fulfilled. 

A high affinity (i.e. strength of binding), preferably in the nanomolar range, is required 

for a blocking antibody to be able to compete with IgE. Affinity has also an influence 

on the half-life of antibodies, which affects dosing and frequency of administration. It 

is desired to use a low dose and frequency for the highest effect, which is achieved 

when the antibody displays high affinity (reviewed in Flicker et al. 2011). 

Furthermore, cross-reactivity to related allergens is an advantage, as many patients 

do not only react to the sensitizing allergen but also homologous ones (reviewed in 

Flicker et al. 2011). 
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Figure 3 | Possible mechanisms with which blocking antibodies can decrease allergic 
symptoms upon allergen encounter. (from Flicker et al. Curr Top Microbiol Immunol 2011;352:141–

159). 
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All these prerequisites have made it hard to find a suitable candidate which may be of 

use in a passive therapeutic approach. For example, Visco et al. isolated five Bet v 1-

specific IgG antibodies from a patient receiving AIT, but only one (titled Bab 1) was 

able to inhibit binding of IgE to Bet v 1, while three had no influence on the binding 

and one IgG antibody even enhanced patients’ IgE binding to Bet v 1 (Visco et al. 

1996), which is clearly not desired for a successful therapy. So far only one group 

managed to generate two IgG antibodies (REGN1908 and REGN1909) which in 

combination block binding of IgE to the cat allergen Fel d 1 in mouse models and cat-

allergic patients (Orengo et al. 2018). These recombinant antibodies bind two 

separate epitopes, have affinities in the subnanomolar range, and only a single 

subcutaneous injection was necessary to significantly reduce allergic symptoms over 

a period of three months (Durham et al. 2017; Orengo et al. 2018). Thus, they are 

fulfilling the requirements mentioned above. Recently, the therapeutics successfully 

finished the phase II clinical study (https://clinicaltrials.gov/ct2/show/NCT03838731).  

Since generating and producing full monoclonal antibodies in sufficient amounts is 

cumbersome and expensive, researchers are also investigating whether smaller 

antibody fragments (antigen-binding fragment, Fab; single-chain variable fragment, 

ScFv; nanobody, Nbs), which are easier to produce, may display similar blocking 

abilities. Several allergen-specific Fabs and ScFvs have been isolated but only few 

could inhibit IgE binding (de Lalla et al. 1996; Flicker et al. 2002; Jakobsen et al. 

2004; Jylhä et al. 2009; Padavattan et al. 2009; Gadermaier et al. 2014; Gadermaier 

et al. 2018). Nanobodies, however, have not been investigated so far in regards of an 

allergy treatment. 
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1.5. Antibodies 

Throughout evolution our body has developed a complex immune system to fight of 

any kind of intruders. Antibodies play a major role in our defense system. They are 

highly specified for their cognate antigen and can recognize foreign structures, such 

as bacteria, virus particles, fungi or toxic molecules, and lead to their destruction.  

 

1.5.1. Structure of antibodies 

Antibodies, or immunoglobulins (Igs), are highly conserved among mammals. An Ig 

molecule is composed of two identical heavy (H) and two identical light (L) chains, 

which are about 55 to 70 kDa and 24 kDa, respectively (Figure 4A). Each L chain is 

covalently attached to an H chain by a disulfide bond, while the two H chains are also 

connected to each other via a disulfide bond. H and L chains can further be divided 

into a constant (C) and variable (V) region. Based on the constant region, Igs are 

separated into five classes or isotypes: IgA, IgD, IgE, IgG and IgM. The constant 

region is the same in the respective Ig class and is important for distinct effector 

functions for example recruiting other cells of the immune system (e.g. phagocytes, 

natural killer cells) by binding to their cell receptors. The (N-terminal) variable region 

determines the specificity of an antibody. The antibody repertoire, i.e. the total 

collection of antibodies with different specificities, of an individual can recognize up to 

109 different structures. This high variability is achieved by somatic recombination, 

somatic hypermutation and combination of the variable H and L chain domains during 

the maturation of B cells, which are the sole cell type that produce antibodies (Abbas 

et al. 2005). 

The diverse variable region contains three hypervariable regions, called 

complementarity-determining regions (CDRs). Three CDRs from the H chain and 

three CDRs from the L chain form the paratope, with which antibodies primarily bind 

to their antigen. The CDRs each contains around 10 amino acids in the form of loops 

that together form a three-dimensional surface, which, as the name suggests, is 

complementary to the binding site on the antigen (Figure 4B). The antibody-antigen 

affinity is dependent on the complimentary fit between paratope and epitope and 

involves several non-covalent bonds such as van-der-Waals force, ionic forces, 

hydrogen bonds and apolar bonding (Cruse and Lewis 1999). 
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Figure 4 | A. Structural composition of IgG. Heavy chains (blue and red) and light chains (light 
green) are subdivided into Ig domains, with the N-terminal domain of each heavy and light chain 
forming the paratope (antigen-binding site). B. Schematic view of the antigen binding site. 3 CDRs 
from the VH and VL each bind the antigen. (adapted from Abbas et al. Cellular and molecular 
immunology 2005; 5. ed., Elsevier Saunders) 

 

1.5.2. Antibody derivates 

Monoclonal antibodies i.e., antibodies produced from a cell line that derive from one 

single B cell clone, are exploited in numerous analytical tasks such as detection and 

quantification of proteins (Shire 2015), but also as therapeutics for diseases like 

cancer, viral infections, or asthma (reviewed in Berger et al. 2002; reviewed in 

Posner et al. 2019; reviewed in Agache et al. 2020). However, the production is often 

time-consuming and cumbersome. Furthermore, antibodies are large molecules 

(150kDa) and not suitable in some cases, e.g., when the penetration of tissue is 

favored (Nelson et al. 2010), thus smaller versions are preferable. 

So far, three antibody fragments decreasing in size have emerged (Figure 5). The 

first derivate developed were antibody binding fragments (Fabs). They consist of the 

variable domain and the first constant domain of both heavy and light chain. The 

chains are only connected via a disulfide bond. Next, a smaller variant was generated 
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by getting rid of the constant region and connecting the two remaining variable 

regions (VH and VL) with a peptide linker. This form is called single-chain variable 

fragment (ScFv). While Fabs can be generated by enzymatic digestion of monoclonal 

antibodies, ScFvs are purely recombinant molecules that are expressed as one chain 

and thus considered easy to produce in E. coli or other expression systems (Zhao et 

al. 2009; Ahmad et al. 2012). The third group worth mentioning are nanobodies that 

derive from heavy-chain antibodies and are made up of one single, variable domain. 

Nanobodies will be discussed in detail in the next chapter. 

 

Figure 5 | Overview of antibodies and their derivates. (from Hybribody: VHH Nanobody Properties, 
available at https://www.hybribody.com/contenu/synthetic-vhh-library-menu/take-advantage-of-vhh-
antibody-properties, accessed 21.12.2020) 
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1.6. Nanobodies – small but powerful antibody fragments 

 

1.6.1. History 

In 1993, a new antibody class was reported that differs distinctly from the 

conventional model. When isolating the IgG fraction from camels’ blood, the authors 

found that beside the familiar IgG1 subclass comprising of two heavy and two light 

chains two other subclasses (IgG2 and IgG3) exist, which are devoid of light chains 

and were therefore named heavy chain antibodies (HCAbs). Additionally, the first 

constant domain of the heavy chain (CH1) is missing and partly substituted by an 

extended hinge between the variable and the constant region (Hamers-Casterman et 

al. 1993). HCAbs are present in all other camelids like llamas or alpacas and were 

also surprisingly found in certain sharks (Greenberg et al. 1995; reviewed in Nguyen 

et al. 2001; Nuttall et al. 2001). Before this discovery, HCAbs were only known to 

occur in the so called heavy chain disease reported in human patients, where due to 

mutations non-functional antibodies lacking the light chain and CH1 are formed 

(reviewed in Wahner-Roedler and Kyle 2005). In contrast, HCAbs in camelids and 

sharks are fully functional and have evolved besides conventional antibodies 

(reviewed in Conrath et al. 2003). Depending on the camelid family, they make up to 

75% of the IgG fraction (reviewed in Arbabi-Ghahroudi 2017).  

 

1.6.2. Properties and generation 

The variable domain of the heavy chain (VHH) serves as the single antigen binding 

domain and is the equivalent to Fabs in conventional antibodies. The isolated, cloned 

and recombinantly expressed VHH is called single-domain antibody (sdAb) or 

nanobody (Nb) because its dimensions are in the nanometer range. VHHs consist of 

three hypervariable regions (H1, H2, H3) forming the CDR, and four more conserved 

framework regions (FR1, FR2, FR3, FR4) (reviewed in Muyldermans 2013). 

Therefore, it displays a similar composition like the conventional VH. However, 

comparative studies revealed a few crucial differences between these two antigen-

binding fragments regarding amino acid sequences and structure. Four important 

amino acid substitutions (positions 37, 44, 45, 47; Kabat numbering) in framework 2 

have been noticed and are considered hallmarks to distinguish between VH and 
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VHH: V37F/Y, G44E/Q, L45R/C and W47G/S/L/F (Desmyter et al. 1996; Vu et al. 

1997; reviewed in Muyldermans et al. 2001) (Figure 6). In conventional antibodies 

these non-polar amino acids cover the VH-VL interface to allow hydrophobic van der 

Waals interaction, but in VHHs this part is solvent exposed. The substitutions render 

the surface more hydrophilic, which improves solubility and represents the adaption 

to the loss of an associated VL (Desmyter et al. 1996). Indeed, exchanging those 

amino acids in a mouse or human VH (termed ‘camelized’ VH) led to better stability 

and removed their reported ‘sticky’ behavior (Davies and Riechmann 1994; 

Riechmann 1996, reviewed in Muyldermans 2013).  

Nanobodies are ten times smaller than conventional antibodies (approximately 15 

kDa compared to 150 kDa) and are missing the high antigen binding repertoire 

resulting from heavy and light chain pairing. Conclusively, other strategies must have 

been evolved to assure high variability, as they are binding with similar affinities and 

comparable specificity as conventional antibodies (reviewed in Mitchell and Colwell 

2017). One noticeable feature of nanobodies is an extended CDR3 (compared to 

conventional antibodies), which is thought to partially make up for the missing VL 

domain to ensure a large binding surface (Figure 6). Furthermore, CDR3 is relatively 

flexible due to its length and can therefore insert itself into cavities of antigens, and 

thus bind to epitopes which are inaccessible for the larger conventional antibodies 

(reviewed in Muyldermans 2013). Additionally, it seems that not only the CDRs but 

also part of the framework (especially FR2) is involved into antigen binding (reviewed 

in Arbabi-Ghahroudi 2017). Along with a higher structural flexibility in CDR1 and 

CDR2 (reviewed in Mitchell and Colwell 2017) and a larger number of unique VHH 

genes for combining (reviewed in Arbabi-Ghahroudi 2017), these features are 

considered the strategies by which nanobodies retain high specificity regardless of 

the size.  

Moreover, nanobodies convince with high thermal and chemical stability while 

retaining antigen binding ability (van der Linden et al. 1999), and also remain 

functional for several months when being stored at 4°C or -20°C, making them very 

suitable for various biochemical, diagnostic and therapeutic applications (reviewed in 

Muyldermans 2013). 

 



 

29 
 

 

Figure 6 | Comparison of a camelid VHH and human VH. (from Schumacher et al. Angew Chem Int 
Ed 2018;57:2314 –2333) 

 

The traditional method to generate nanobodies in vivo is to immunize a camelid 

several times with the respective antigen and, after a few weeks (e.g. six weeks for 

llamas), isolate B lymphocytes from the blood of the immunized animal. The mRNA 

coding for VHHs is extracted and amplified by PCR and subsequently reverse 

transcribed to DNA using RT-PCR. The DNA of VHHs is then cloned into a phage 

display vector using specific primers for the hinge region and the N-terminus to build 

an immune library. From this library, high affinity clones can be selected by 2-3 round 

of phage panning. The DNA representing high affinity clones can then be cloned into 

vectors suitable for different expression systems (e.g. E. coli, yeast) or modified to 

add tags for facilitated purification and/or detection purposes (e.g. His6-tag, HA-tag) 

(Pardon et al. 2014). 

More recently, other forms of libraries, such as naïve or (semi-) synthetic, have 

emerged to enable the production of nanobodies against antigens which are possibly 

toxic or uncapable to raise a natural immune response (Monegal et al. 2009; 

Goldman et al. 2006; Moutel et al. 2016). 
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1.6.3. Applications and future visions 

Due to the discussed properties nanobodies have emerged as useful tools in 

biomedical and biochemical fields. They represent meanwhile well accepted 

alternatives to conventional antibodies and have shown great potential for diagnosis 

as well as therapy (reviewed in Huang et al. 2010; reviewed in Bannas et al. 2017; 

reviewed in Jovčevska and Muyldermans 2020; reviewed in Sroga 2020). 

Besides diagnostics, possible applications as therapeutics have been explored within 

the last fifteen years. An important point to consider regarding the development of 

drugs is safety. A crucial advantage of nanobodies is the ease of humanization to 

reduce immunogenicity. Due to a high similarity to the human VH, only a few amino 

acid substitutions are necessary are required to improve safety (reviewed in Vincke 

et al. 2009). Furthermore, nanobodies are well susceptible to engineering and can be 

modulated to fit their purpose. Consequently, bivalent, bispecific, or oligomeric 

constructs have been reported, as well as fusion to Fc domains to enable effector 

functions. The small size of nanobodies is considered a disadvantage as therapeutic 

because of the fast renal clearing, therefore strategies have evolved to elongate their 

half-life, for example the fusion to PEG or human serum albumin (HSA) or building 

larger constructs by oligomerization (reviewed in De Vlieger et al. 2018). The ease of 

manufacture of nanobodies in e.g., E. coli resulting in low production costs also 

provides a positive aspect from an economical view in comparison to monoclonal 

antibodies (reviewed in Arbabi-Ghahroudi 2017). 

The above mentioned and well-documented qualities make nanobodies attractive 

agents to be applied for a wide spectrum of human diseases. In general, nanobodies 

are highly researched in oncology. Different strategies are applied where nanobodies 

can function as receptors antagonists, target effector domains or target moieties of 

drug delivery systems (reviewed in Kijanka et al. 2015; reviewed in Jovčevska and 

Muyldermans 2020). For example, nanobodies binding to classical cancer receptors 

such as epidermal growth factor receptor (EGFR) or human epidermal growth factor 

(HER2) can inhibit signaling from their respective ligands, hence delay tumor growth 

(reviewed in Bannas et al. 2017). Another route to cancer therapy may be the use of 

nanobody-based immunotoxins, where nanobodies targeting a cancer marker protein 

(e.g. VEGFR2) are genetically fused with a toxin that is designed to kill cancer cells 

(reviewed in Bannas et al. 2017). 
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Furthermore, nanobodies are currently used in clinical trials for other diseases like 

rheumatoid arthritis, osteoathritits and RSV-infection, as well as more have been 

developed against other viral infections like influenza and HIV (reviewed in De 

Vlieger et al. 2018; reviewed in Jovčevska and Muyldermans 2020; reviewed in 

Sroga et al. 2020). Recently, the first nanobody based drug, Caplacizumab, has been 

approved by the US Food and Drug Administration (FDA) and the European 

Medicinal Agency (EMA) for treating thrombotic thrombocytopenic purpura. Due to 

the mentioned advantages and characteristics, they have recently also been 

envisioned as a possible treatment for allergy (reviewed in Flicker et al. 2020). 

 

2. PROLOGUE 

Several treatment options are currently available for allergic patients, with 

antihistamines being the most common ones, while AIT promises the only causative 

treatment that modulates the immune response to allergens. However, time 

schedules for AIT can be inconvenient for patients and the therapy may elicit side 

effects, although much effort has been put into developing safer strategies over the 

past years. The passive administration of blocking antibodies seems to be a welcome 

alternative that is especially applicable for seasonal allergies such as pollen allergy. 

The first blocking antibodies with specificity for Bet v 1 are currently evaluated in 

phase I clinical trials (www.regeneron.com/pipeline) while Fel d 1-specific antibodies 

have shown promising results in phase II clinical trials by reducing allergic symptoms 

(Orengo et al. 2018). Since nanobodies can be described as the smaller variant of 

antibodies with high stability and low production cost, it is tempting to explore the 

therapeutic potential of pollen allergen-specific nanobodies. To our knowledge no 

one else has yet investigated the use of nanobodies as treatment of pollen allergy. 

For this proof of principle study, we chose Bet v 1 as our allergen of interest, as it 

represents an important sensitizing allergen in the northern hemisphere. We 

hypothesize that Bet v 1-specific nanobodies, when binding to an IgE epitope, can 

inhibit IgE from interacting with Bet v 1 in a similar way as blocking antibodies. Thus, 

degranulation of effector cells resulting from crosslinking of IgE through Bet v 1 

should be prevented.  
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3. AIM OF THE THESIS 

The aim of this thesis is the expression, purification, and immunological 

characterization of nanobodies raised against the major birch pollen allergen Bet v 1. 

To investigate whether those nanobodies might be useful for treatment for birch 

allergic patients, we checked if they display cross-reactivity to Bet v 1-related 

allergens, determined the epitope specificity and measured affinity constants. Lastly, 

we investigated their potential to inhibit IgE-binding to Bet v 1 and basophil activation 

in vitro. 

Figure 7 | Schematic workflow of the project.  
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Abstract 

Background: A recent proof of concept showed that a single injection of two human 

monoclonal allergen-specific IgG antibodies significantly reduced allergic symptoms 

in cat allergic patients. Since the production of full monoclonal antibodies in sufficient 

amounts is laborious and expensive, we sought to investigate if smaller recombinant 

allergen-specific antibody fragments, i.e., nanobodies deriving from heavy chain 

antibodies from camels have similar protective potential. 

Objective: We generated nanobodies specific for Bet v 1, the major birch pollen 

allergen to evaluate their efficacy to inhibit IgE-mediated responses.  

Methods: After an immune response against Bet v 1 was raised, a cDNA-VHH library 

was constructed and screened for Bet v 1 binding by phage display. Selected 

nanobodies were expressed, purified and analyzed in regards of epitope-specificity 

and affinity to Bet v 1, cross-reactivity to Bet v 1 homologous allergens, and their 

efficacy to inhibit IgE binding to ELISA-plate bound allergens and allergen-induced 

basophil activation. 

Results: We isolated three nanobodies that recognize Bet v 1 with high specificity 

and affinity and cross-react with Aln g 1 (alder) and Cor a 1 (hazel), but not with Mal 

d 1 (apple). The epitope was mapped to the alpha-helix at the C-terminus of Bet v 1. 

All nanobodies inhibit allergic patients´ polyclonal IgE binding to Bet v 1, Aln g 1 and 

Cor a 1 and partially suppress Bet v 1-induced basophil activation. 

Conclusion: We isolated high affinity Bet v 1-specific nanobodies that reduce Bet v 1-

induced basophil activation revealing the first proof that allergen-specific nanobodies 

comprise potential to be useful for future treatment of pollen allergy. 
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Key messages 

 First-time isolation of Bet v 1-specific nanobodies from an immunized camel 

 These Bet v 1-specific nanobodies bind Bet v 1 with high affinity in the 

nanomolar range and cross-react with Bet v 1 homologous allergens from 

alder (Aln g 1) and hazel (Cor a 1) 

 These Bet v 1-specific nanobodies reduce polyclonal IgE binding to Bet v 1, 

Aln g 1 and Cor a 1 and decrease Bet v 1-induced IgE-mediated basophil 

activation 

 

Capsule Summary 

Nanobodies specific for Bet v 1, one of the most prominent and clinically potent 

pollen allergens were isolated and shown to have the capability to inhibit polyclonal 

IgE binding to Bet v 1. 

 

Key words 

allergy, Bet v 1, Nanobody, VHH, IgE, competitor 
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AIT: allergen-specific immunotherapy 

ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

BSA: Bovine serum albumin 

HCAb- Heavy Chain-only Antibody 

HSA: human serum albumin  

KLH: Keyhole limpet hemocyanin 

PBMC: peripheral blood mononuclear cell 
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PBS: phosphate-buffered saline  

PBST: phosphate-buffered saline + tween 20 

RBL: Rat basophil leukemia 
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INTRODUCTION 

Birch pollen allergy ranks among the most prevalent pollen allergies in Northern and 

Central Europe (Biedermann et al., 2019). Estimated 100 million individuals 

worldwide suffer from this IgE-mediated disease leading to clinical manifestations 

such as hayfever causing a major health and economic burden (Kiotseridis et al., 

2013; Zuberbier et al., 2014). Bet v 1 was identified as the only major birch pollen 

allergen and is responsible for the sensitization of more than 90% of individuals 

allergic to birch pollen (Biedermann et al., 2019; Jarolim et al., 1989) and mainly 

contributes to pollen associated food allergy (Treudler & Simon, 2017). Representing 

such a clinically important allergen, a lot of effort was done in the last decades to 

understand its mode of action (Jensen-Jarolim, 2014). Based on this knowledge 

strategies have been elaborated to treat and ameliorate birch pollen allergy (Valenta 

et al., 2018, Moingeon et al. 2016; Linhart & Valenta, 2012; Mutschlechner et al., 

2009). Many attempts have focused on the development of Bet v 1 hypoallergenic 

derivatives for vaccination of birch pollen allergic patients to induce protective IgG 

antibodies competing with the interaction between specific IgE antibodies and 

allergens causing a variety of effects on distinct immune cells (Niederberger et al., 

2004; Gafvelin et al., 2005; Dorofeeva et al., 2021; Zhernov et al., 2019; Shamji & 

Durham, 2017).  

Within this study we pursued a different approach to answer the question if 

recombinantly produced Bet v 1-specific antibody fragments, i.e. nanobodies are able 

to offer protection by inhibiting patients´ IgE binding to Bet v 1. Support for this idea 

came from the recent finding that the mechanisms of action of passively administered 

monoclonal antibodies are comparable to those induced in the course of an active 

immunization if they are directed to or overlap with IgE epitopes (Orengo et al., 

2018). The proof of principle study showed for the first time that passive 

immunization with allergen-specific IgG antibodies that inhibit patients´ IgE binding to 

the culprit allergen is a rapid, effective and well-tolerated treatment to reduce allergic 

inflammation (Orengo et al., 2018). 

Since the generation and identification of blocking monoclonal human or humanized 

antibodies is laborious and expensive, recombinant antibody fragments including 

nanobodies turned out to be attractive molecules extensively studied for diverse 

applications in the recent past. Thus, nanobodies deriving from naturally occurring 
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heavy-chain antibodies of camelids have been proven to be useful tools in imaging 

technology, diagnosis, prevention and therapy of several diseases as cancer, viral 

infection and blood disorders (Bannas et al., 2017; Jovceska et al., 2020; Sgora et 

al., 2020). They combine several advantagous qualities like unique biochemical 

characteristics and low immunogenicity (Muyldermans, 2020). Owed to their 

particular paratopes, i.e. finger like extensions that facilitate the recognition of a 

broad panel of various epitopes on antigens, and their reported antigen affinities 

comparable with affinities of monoclonal antibodies they recently aroused our interest 

to evaluate their potential to compete with IgE antibodies for allergen binding 

(Muyldermans, 2013; Bannas et al., 2017; Flicker et al., 2020). 

We hypothesize that nanobodies raised against Bet v 1 may block IgE binding similar 

to protective whole IgG antibodies and thus prevent activation of effector cells. 

Therefore, we generated nanobodies specific for Bet v 1 to characterize their 

capacity to prevent binding of IgE antibodies of allergic patients to allergens with the 

long-term goal to identify nanobodies that are suitable tools for prospective passive 

allergy treatment. 

 

 

METHODS 

Materials, reagents, patients’ sera 

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

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

were kindly provided (Vrtala et al., 1997). Bet v 1-derived peptides 1-6 were freshly 

synthesized for the camel´s immunization as previously described (Focke et al., 

2004). Mouse anti-HA-tag antibody labelled with HRP was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Donkey anti-His6-tag antibody labelled with HRP was 

purchased from Invitrogen (Carlsbad, CA, USA). Mouse anti-human-IgE labelled with 

AKP was purchased from BD Biosciences (Franklin Lakes, NJ, USA). Sera were 

obtained from patients suffering from birch pollen allergy according to case history, 

skin prick testing and IgE serology after informed consent was obtained. Serum and 

blood samples were analyzed in an anonymized manner with permission from the 

Ethics committee of the Medical University of Vienna (EK641/2014). 
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Camel immunization with the major birch pollen allergen, Bet v 1 and Bet v 1-

derived peptides 

All animal work was undertaken in strict accordance with the 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 of 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 

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

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

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

time in its life. The immunization was carried out by 5-stage subcutaneous injections 

(each time the injection was carried out at 4-5 sites relatively more accessible for 

piercing and located at the upper part of the sides of the body or in the neck region). 

The second injection was carried out 3 weeks after the first, and the next 3 injections 

8-14 days after the previous one. Complete Freund's adjuvant (Difco Laboratories, 

Detroit, MI, USA) for the first stage and incomplete Freund's adjuvant (Difco 

Laboratories) for the subsequent stages were used as adjuvants for the 

immunization. The adjuvants were mixed in equal proportions with the antigen 

solution right before immunization (typically, it was a mix of 4 and 4 mL). We used 

both the full-length Bet v 1 protein and Bet v 1-derived peptides (25-32 aa long) 

corresponding to the surface-exposed regions of this protein (Focke et al., 2004). For 

immunization, peptides and full-size protein conjugated to the carrier protein were 

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

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

and conjugated with bovine serum albumin (BSA), Amresco, Solon, OH, USA) for the 

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

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

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

protein were taken. Peptides were conjugated to the carrier protein using the 

glutaraldehyde cross-linking procedure as described (Adrian, 2002). Full-size 

recombinant Bet v 1 protein was conjugated to the carrier protein using DSS 

(disuccinimidyl suberate) crosslinker according to the protocol of the manufacturing 

company (Thermo Fisher Scientific, Waltham, MA, USA). 
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The final blood sample (150 mL) was taken 6 days after the fifth injection to analyze 

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

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

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

(3 mM) was added to the blood. 

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

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

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

steps (once in 1x PBS, twice in 1x PBS with 0.05% Tween 20 (1x PBST), or 1x PBT, 

and in 1x PBS once again), immune and pre-immune sera samples (diluted from 

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

at room temperature. After several washing steps, secondary anti-camel HCAb 

polyclonal affinity-purified rabbit antibodies conjugated to Horseradish Peroxidase 

(previously obtained by Tillib et al., unpublished) were added in concentration of 1 

μg/ml. After 1 hour incubation and the final thorough washing step, the activity of the 

bound peroxidase was detected using ABTS (Sigma-Aldrich) as a chromogenic 

substrate. The optical density was measured at a wavelength of 405 nm using a 

planshet fluorometer. Results of the ELISA experiments are expressed as means of 

duplicate determinations with a deviation of less than 5%. 

 

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

coding sequences by phage display 

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

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

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

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

described (Hamers-Casterman et al., 1993; Tillib et al., 2010, 2013, 2014; Pardon et 

al., 2014). This procedure resulted in a new specific nucleotide sequence library of 

nanobody-coding sequences in the pHEN4 phagemid vector (Arbabi-Ghahroudi et 

al., 1997). This library consisted of two sub-libraries, which were different in the 

restriction sites used for insertion into the phagemid vector of sequences coding for 

antigen recognition domains, (i) NcoI + NotI and (ii) PstI + NotI. Escherichia coli cells 

(strain TG1) were transformed by electroporation with recombinant plasmid DNA 
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obtained by ligation of the two insert sub-libraries and two corresponding vector 

sequences. Standard cloning, bacterial and bacteriophage M13 procedures were 

performed following the techniques described (Sambrook et al., 1989; Barbas et al., 

2001). The generated VHH-library satisfied the criteria of 107 clones and about 80% 

of inserts of the expected size.  

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

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

recognize a given antigen were performed using the previously described techniques 

(Tillib et al., 2010, 2013, 2014). Recombinant Bet v 1 (10 µg in 100 µL of 1x PBS) 

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

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

alternating blocking agents. On average, approximately 1011 phage particles from the 

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

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

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

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

TG1 cells with a purpose to amplify the eluted phages for the next round of selection. 

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

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

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

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

infected cells were plated in different dilutions on LB agar (with Ampicillin 100 µg/ml 

and 1% glucose) in Petri dishes. Forty-eight most enriched clones of nanobody-

coding sequences were analyzed in terms of DNA primary structures (fingerprint-like 

analysis (Tillib et al., 2010) or/and sequencing and of Bet v 1 binding activities (using 

ELISA with the corresponding bacterial periplasmic protein extracts) of expressing 

nanobodies (with the C-terminal HA-tag). Three major groups (variants) of cloned 

and selected nanobody-coding sequences were identified representing 52% 

(including clone 24), 35% (including clone 32) and 4% (including clone 23) of all 

selected clones correspondingly. The selected cDNA sequences (clones 23, 24 and 

32) encoding the three selected major nanobody groups/variants were subcloned (by 

conventional or PCR cloning) into the pHEN6 expression plasmid (Conrath et al., 

2001) together with the pelB leader sequence (for periplasmic production), camel 

upper hinge (the longest hinge variant) and two short tag sequences (HA-tag and 
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(His)6-tag) at the C-terminus coding region to obtain the formatted nanobodies (Tillib 

et al., 2013, 2014) that are easy to purify (using Ni-NTA-agarose) and to detect (with 

antibodies against HA-tag). 

 

Expression and purification of nanobodies 

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

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

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

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

containing 100 µg/mL ampicillin and 0.1% glucose overnight at 37°C. Cultures were 

transferred into 200 mL fresh YT-medium each, and after an OD600 of 0.5 – 0.7 was 

reached, the temperature was reduced to 30°C and expression was induced by 

adding 0.2 mM IPTG. After incubation at 30°C overnight, cultures were centrifuged 

(3,500 rpm, 4°C, 15 min) and nanobodies were extracted from the periplasm by 

incubation of the pellet with 4 mL TES buffer (50mM Tris pH = 8.0, 0.5mM EDTA, 

20% saccharose) containing 100 mg/mL PMSF and 0.04% (v/v) β-mercaptoethanol, 

and subsequently with 6 mL 50 mM Tris buffer (pH = 8.0) containing 5 mM MgCl2 for 

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

min) and the supernatant containing nanobodies was purified by affinity 

chromatography using HIS-Select® Nickel Affinity Gel (Sigma-Aldrich) according to 

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

were dialyzed against DPBS (Gibco, Life Technologies, Carlsbad, CA, USA) 

containing 10 mM imidazole using 3K Amicon Ultra centrifugal filter tubes (Millipore, 

Billerica, MA, USA). Concentrations were determined by absorption at 280 nm 

(DeNovix DS-11 FX+ spectrophotometer, Wilmington, DE, USA) and Bradford-based 

colorimetric protein assay (Bio-Rad, Hercules, CA, USA). Extinction coefficients, 

theoretical isoelectric points and molecular masses for all three nanobodies, Nb23, 

Nb24 and Nb32, were calculated using the Expasy tool ProtParam. 

A successful purification was checked by SDS-PAGE (14%) under reducing 

conditions following Coomassie Brilliant Blue staining. Nanobodies were mixed with 

4x sample buffer (50 mM Tris/HCl, 50% SDS, 8.5% glycerol, 0.005% 

bromphenolblue, 5% (v/v) beta-mercaptoethanol) and boiled at 95°C for 5 min. 
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Nanobodies were separated and blotted onto nitrocellulose membrane (0.2 µm, 

Amersham Protran, GE Healthcare). The membrane was blocked with buffer A (40 

mM Na2HPO4, 0.6 mM NaH2PO4, 0.5% BSA, 0.5% Tween 20, 0.05% NaN3) for 30 

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

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

temperature. Bound antibodies were traced with HRP-substrate DAB (0.6 mg/mL, 

Roth, Karlsruhe, Germany) in 50 mM Tris/HCl (pH = 7.3). 

 

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

a 1 and Mal d 1 

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

onto ELISA plates (MaxiSorp) at 4°C overnight. Wells were washed three times with 

1x PBS and blocked with 1x PBS containing 1% (w/v) BSA (PBS/1%BSA) for three 

hours at room temperature. Plates were washed three times and purified Nb23, Nb24 

and Nb32, diluted in 1x PBS containing 0.1% (w/v) BSA (PBS/0.1%BSA) to a final 

concentration of 1 µg/mL, were incubated overnight at 4°C. Bound nanobodies were 

traced with HRP-labelled mouse anti HA-tag antibody (1:4000 in PBS/0.1%BSA) and 

HRP substrate ABTS (1mg/ml, Sigma-Aldrich). ODs were measured at 405 nm and a 

reference wavelength of 495 nm with a TECAN Infinite F50 microplate reader 

(Männedorf, Switzerland). Results are shown as means of triplicates and error bars 

indicate standard deviation (SD). 

 

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

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

fragment 1 (aa 1- 74) and 2 (aa 75-160) (Vrtala et al., 1997) or 5µg/mL Bet v 1 

peptides 1-6 encompassing the entire Bet v 1 sequence (Focke et al., 2004) and 

saturated as described. Nanobodies diluted 1:10 in PBS/0.1% BSA were incubated 

overnight at 4°C and detected as detailed before. Results are shown as means of 

triplicates and error bars indicate standard deviation (SD). 
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Affinity studies of Nb32 by plasmon surface resonance 

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

(GE Healthcare, Uppsala, Sweden) at 25°C. The surface of a CM5-chip was 

activated by injecting a 1:1 mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC) and N-hydroxysuccinimide (NHS) for 7 minutes at a flow rate of 5 µL/min. Bet 

v 1, diluted in 10 mM acetate buffer pH 4.5 according to pH scout, was immobilized 

on the surface to a level of 150 resonance units (RU) resulting in a theoretical Rmax 

of 176 RUs for the nanobody. The surface was deactivated with 35 µL 1M 

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

deactivated as described above. 

Multicycle kinetics were repeatedly conducted to determine binding affinities for 

Nb32. Nb32 diluted in HBS-EP (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005% 

vol/vol surfactant P20 (pH 7.4)) was injected in two-fold increasing concentrations 

(0.98 nM – 500 nM) into the flow cells with a flow rate of 30 µL/min. Dissociation was 

investigated by injecting HBS-EP for 30min at 30 µL/min. Regeneration of the chip 

surface was established by injecting 10 mM glycine-HCl (pH 1.5) three times for 30 

seconds at 30 µL/min. Dissociation constants and rate constants (on-rate, off-rate) 

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

(Langmuir) binding model. 

 

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

and Cor a 1 by nanobodies 

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

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

experiment, all three nanobodies applied individually and in combination 

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

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

Nb 32 was applied in 2-fold decreasing dilutions ranging from 20 µg/mL to 0.15 

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

optimal concentration of Nb 32 for patients´ IgE inhibition. Based on the results of 

these pilot experiments, for the following study Nb 32 was used in a concentration of 

10 µg/mL to ensure excess of nanobodies. 
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ELISA plates coated with 1 µg/mL Bet v 1, Aln g 1 and Cor a 1, washed and 

saturated as described above were incubated with nanobodies overnight at 4°C. 

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

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

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

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

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

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

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

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

 

Influence of nanobodies on Bet v 1-induced basophil degranulation tested by 

rat basophil leukemia cell-based mediator-release assay 

Rat basophil leukemia (RBL) cells (RS-ATL8, Nakamura et al., 2010) transfected with 

the human FcεRI were cultivated in Minimal Essential Medium (Gibco) 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) and 0.2 mg/mL Hygromycin B (Life Technologies). 1.5x105 cells/well 

were seeded in transparent, flat-bottomed, sterile 96-well cell culture plates (Costar, 

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

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

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

0.1% BSA and then exposed for one hour at 37°C to different concentrations of Bet v 

1 or Bet v 1 preincubated with Nb32. In detail, Bet v 1 (three-fold dilutions, 0.01 nM - 

0.00037 nM) had been preincubated with 20 µg/mL Nb32 diluted in buffer B 

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

flat-bottomed, transparent 96-well microplates (Greiner, Kremsmünster, Austria) 

before being added to the cells. For control purposes, cells loaded with IgE were 

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

highest concentration of Bet v 1 (0.01 nM) with or without Nb 32 (20 µg/mL) to 

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

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

hexosaminidase content (100%). All cell supernatants were transferred to a fresh 96-
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well microplate (Greiner) and mixed 1:1 with 0.16 mM 4-Methylumbelliferyl N-acetyl-

β-D-galactosaminide (Sigma-Aldrich) in 0.1 M citric acid buffer (pH = 4.2). β-

hexosaminidase amounts were measured one hour after adding 4-MUC by 

fluorescence (excitation wavelength: 360nm; emission wavelength: 465nm) with a 

TECAN infinite M200pro plate reader (TECAN). Allergen-specific releases are given 

as percentages of the total mediator content (Vogel et al., 2005). All results are 

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

 

RESULTS 

Construction of a phage- displayed cDNA-VHH-library from a camel immunized 

with rBet v 1 and Bet v 1-derived peptides and isolation of Bet v 1-specific 

nanobodies 

The camel had received five subcutaneous immunizations with Bet v 1 and Bet v 1-

derived peptides according to a defined scheme (Fig 1, A). PBMCs to isolate RNA for 

the construction of the cDNA-VHH library were obtained 6 days after the fifth 

vaccination. At this time point, the camel had developed IgG antibodies specific for 

Bet v 1 as a result of the immunization (Fig 1, B). The cloning of cDNA-sequences 

encoding the entire set of VHHs of specific heavy chain-only antibodies led to a final 

library size of 1 x 107 independent clones. A restriction enzyme analysis of randomly 

picked clones from the original library revealed that about 80% of picked clones 

comprise inserts of the expected size displaying high divergence (data not shown). 

Three rounds of panning were conducted against Bet v 1 resulting in a strong 

enrichment of phages displaying Bet v 1-specific nanobodies. Forty-eight clones were 

picked after the third round of panning and their nanobody-coding sequences were 

PCR amplified and investigated using fingerprint-like restriction analysis (Tillib et al., 

2010). This analysis allowed us to identify three major groups (variants) of VHH 

sequences in a ratio of 25 clones to 17 clones to 2 clones.  

Two to three representatives from each identified group of clones as well as all 

unique variants (about 4 variants out of 48 were left ungrouped) were further used to 

produce the corresponding soluble nanobody (in the format of VHH with C-terminal 

HA-tag and His-tag) in bacterial periplasmic extract. These extracts were analyzed 
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for their reactivity to Bet v 1 and for control purposes to Casein/BSA by ELISA. All 

tested clones were confirmed to recognize Bet v 1 but not Casein/BSA. After verified 

binding to Bet v 1, detailed sequence analysis of the binders revealed typical VHH 

sequences having hallmark amino acid substitutions (hydrophobic to hydrophilic) in 

the region corresponding to the framework 3 of VH sequence of a classical antibody, 

which represents the site of the interface between VH and VL. Furthermore, all three 

VHH variants show characteristically for VHH sequences two Cystein residues 

reflecting possible bond formation between CDR1 and CDR3 hypervariable regions 

stabilizing the nanobody paratope conformation. For further analysis, we took one 

representative clone from all three VHH variants designated clone 23, clone 24 and 

clone 32. Comparing their sequences in detail it turned out that they share highly 

homologous framework and CDR 1 hypervariable region but differ slightly in their 

CDR 2 and CDR 3 hypervariable regions resulting in a few amino acid residue 

substitutions (data not shown because they are currently evaluated by the 

Technology Transfer Office of the Medical University of Vienna for patent 

application). 

 

Expression and purification of Bet v-1 specific nanobodies 

Nanobodies (Nb23, Nb24 and Nb32) were expressed as C-terminally HA- and His-

tagged proteins in E. coli XL1-Blue and purified via affinity chromatography. 

Theoretical isoelectric points of 7.00 (Nb23), 8.62 (Nb24) and 8.62 (Nb32) and 

molecular masses of 19.37 kDa, 18.92 kDa and 19.30 kDa, respectively were 

determined for each nanobody (13-15kDa) including linker, HA-tag and His-tag (~5 

kDa). The analysis by SDS-PAGE under reducing conditions and Coomassie staining 

(Fig 2, A) as well as Western blot (Fig 2, B) revealed purified nanobodies of a size of 

approximately 20 kDa corresponding to the estimated molecular masses due to the 

C-terminally added tags.  

 

Cross-reactivity and epitope mapping of Bet v 1-specific nanobodies 

To further investigate the reactivity of Bet v 1-specific Nb23, Nb24 and Nb32 to Bet v 

1-homologous allergens Aln g 1 (alder), Cor a 1 (hazel) and Mal d 1 (apple) ELISA 
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experiments were performed (Fig 3, A). Besides Bet v 1, all three nanobodies further 

recognized Aln g 1 and Cor a 1 in a similar intensity but did not bind to Mal d 1 at all. 

By increasing the avidity of nanobodies by formatting nanobody trimers, Mal d 1 was 

specifically bound but with a lower intensity compared to Aln g 1 and Cor a 1 (data 

not shown). Incubation of allergens with detection antibodies only gave no signal (Fig 

3, A: buffer). 

Next, we intended to map the binding sites of all three nanobodies on Bet v 1 by 

using ELISA-plated recombinant Bet v 1 fragments (F1 and F2) (Fig 3, B) and, for a 

more detailed analysis, six smaller synthetic Bet v 1-derived peptides (P1-6), 

containing each 25 to 32 amino acids covering almost the whole allergen sequence 

(Fig 3, C). It revealed that Nb23, Nb24 and Nb32 bound specifically to the C- terminal 

fragment 2 (F2; aa 75-160) (Fig 3, B) and to the C-terminal peptide 5 (P5; aa 130-

160) (Fig 3, C). The fact that all three nanobodies bind to the C-terminus of Bet v 1 

offers a possible explanation for their marginal binding to Mal d 1. Earlier sequence 

alignment of peptide 5 from Bet v 1 with the corresponding peptide sequences from 

alder, hazel and apple showed only 55 % sequence identity between Mal d 1 and Bet 

v 1 in this distinct region (Gadermaier et al., 2018). 

 

Nb32 binds to Bet v 1 with high affinity and has a slow dissociation rate 

Interaction between Nb32 as representative for all three Bet v 1-specific nanobodies 

and Bet v 1 was assessed using surface plasmon resonance (SPR). Nb 32 binds to 

Bet v 1 with high affinity exhibiting a slow dissociation rate (kd= 2*10-4/s). Fig 4 

displays recorded and calculated curves of Nb32 binding to immobilized Bet v 1 when 

Nb32 was applied in lower concentrations (i.e., 0.98 nM - 15.63 nM). As could be 

seen recorded and calculated curves are superimposable using the 1:1 binding 

model indicating a monomeric binding between the nanobody and the Bet v 1. When 

Nb32 was administered in high concentrations (i.e., > 30 nM) it revealed that the best 

overlay of curves was achieved applying the bivalent analyte model suggesting a 

slight tendency of Nb32 to also form dimers when available above a certain threshold 

in solution (data not shown). 
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Bet v 1-specific nanobodies compete with polyclonal IgE binding for Bet v 1 

and for cross-reactive Aln g 1 and Cor a 1 

To check whether the isolated nanobodies can inhibit polyclonal IgE from binding to 

Bet v 1, plate-bound allergen was incubated with a 10-fold excess of purified 

nanobodies and then exposed to birch allergic patients’ sera containing specific IgE. 

Figure 5, A shows a similar blocking capability for all nanobodies for three 

representative patients (Patient 1, 2 and 3). Combining all three nanobodies (i.e., 

each still 10-fold excess) did not lead to a stronger inhibition of IgE binding to Bet v 1. 

Due to the fact that all three nanobodies yielded comparable IgE binding inhibition, 

Nb32 served as representative nanobody for further experiments. To determine the 

critical nanobody titer to compete with polyclonal IgE binding for ELISA-plate 

immobilized Bet v 1, increasing concentrations of Nb32 were applied. Exemplified 

again for three patients (Patient 1, 3 and 5) it could be proven that a nanobody 

concentration of at least 5 µg/mL is efficient to reach the best possible inhibitory 

effect (Fig 5, B). Testing the cross-protectivity of Nb32, the effect of 10 µg/mL Nb32 

(to ensure 10-fold molecular excess) on IgE binding to plate-bound allergens Bet v 1, 

Aln g 1 and Cor a 1 was investigated for a larger cohort of birch pollen allergic 

patients (n=19). Table I summarizes results of patients’ specific IgE binding to Bet v 

1, Aln g 1 and Cor a 1 pre-incubated with Nb 32 or buffer displayed as OD405nm 

values (Table I, columns 2, 3, 5, 6 and 8, 9, respectively). Nb32 caused a mean 

inhibition of IgE binding to Bet v 1 of 56.9% ranging from 74% to 40.6%. The IgE 

binding to Bet v 1-related allergens was reduced to a lesser degree with mean values 

of 46.2% for Aln g 1 (ranging from 71% to 0%) and 13.4% for Cor a 1 (ranging from 

45.7% to 0%) (Table I, column 7 and 10). 

 

Bet v 1-specific nanobodies reduce Bet v 1-induced basophil activation  

To further analyze the capacity of the Bet v 1-specific nanobodies to block Bet v 1-

triggered IgE-crosslinking on basophils and hence IgE-mediated effects, basophil 

activation assays using RBL cells and Nb32 as representative were performed. For 

this purpose, RBL cells were loaded with IgE from patients’ sera (n=11) and the 

mediator release induced by Bet v 1 compared to Bet v 1 complexed with Nb32 was 

measured. Figure 6, A - K shows that Nb32 is able to reduce basophil activation in all 
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tested patients but to a varying degree. While the reduction of ß-hexosamindase 

release is more pronounced for 4 of 11 patients (i.e., patient 3, 4, 9 and 11) ranging 

between 30-fold (i.e., patient 11) to three-fold (i.e., patient 3), Nb32 has limited effect 

for all other 7 tested representative patients. These results revealed that Nb32 is a 

potential competitor for polyclonal IgE binding for certain but not all birch pollen 

allergic patients. These data further confirmed earlier observations (Focke et al., 

2004) that beside this prominent IgE epitope on the C-terminus of Bet v 1, several 

additional major IgE epitopes on Bet v 1 must be blocked to achieve efficient 

prevention of mediator release. Figure 6, L summaries the levels of ß-

hexosaminidase release of RBL cells not loaded with IgE antibodies but induced by 

Bet v 1 or Bet v 1 pre-incubated with Nb32 for each single assay. 

 

DISCUSSION 

Our study is the first to report the immunological characterization of Bet v 1-specific 

nanobodies. Three nanobodies (Nb23, Nb24, Nb32) were isolated from an immune 

library derived from a camel that was immunized with recombinant Bet v 1 and 

synthetic Bet v 1-derived peptides. The immunization induced high affinity 

nanobodies that not only recognize Bet v 1 but also homologous pollen allergens 

from alder and hazel. Since Bet v 1 exhibits a broad cross-reactivity (Biedermann et 

al., 2019), the ability of an antibody to bind those cross-reactive allergens is crucial 

for developing a protective treatment to reduce birch pollen allergic patients’ 

symptoms (Kleine-Tebbe et al., 2020). Surprisingly, the generated nanobodies were 

not able to bind the important related food allergen Mal d 1. This may be explained 

by the lower sequence identity between Mal d 1 and Bet v 1 in the mapped epitope 

compared to the other Bet v 1-homologous allergens tested (Gadermaier et al., 

2018). The nanobodies’ binding site was located in the C-terminal alpha-helix of Bet v 

1, which was identified as an important IgE epitope (Focke et al., 2004). 

Consequently, patients’ IgE antibodies can be inhibited from binding to Bet v 1 by 

occupying this area, as shown in our inhibition assays. 

However, since Bet v 1 contains multiple important IgE epitopes (Gieras et al., 2011), 

one single antibody or antibody fragment appears not to be sufficient to completely 

block IgE binding and basophil activation. In fact, several studies have already shown 
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that two or more antibodies are needed to fully inhibit allergen-induced basophil 

activation (Lebecque et al., 1997; Orengo et al., 2018; Liao et al., 2019). 

Nevertheless, an observed mean inhibition of 56.9% of IgE binding exhibited by 

Nb32 is in accordance to that of other published monoclonal Bet v 1-specific 

antibodies or fragments using similar in vitro assays (ranging from 20% to 77%), 

indicating that this Bet v 1-specific nanobody comprises great potential to represent 

one component of a future mixture of protective nanobodies (Visco et al., 1996; Mirza 

et al., 2000; Gieras et al., 2011; Gadermaier et al., 2018; Brier et al., 2018; Köhler et 

al., 2020).  

Furthermore, the dissociation rate of Nb32 (kd = 2*10-4/s) is comparable to other high 

affinity allergen-specific antibodies, suggesting its dissociation constant is likely to be 

in the nanomolar range (James et al., 2012; Madritsch et al., 2015; Gadermaier et al. 

2018; Brier et al., 2018). However, this has yet to be proven experimentally. 

Allergy is a new field of application for nanobodies, despite being researched for 

almost 30 years. To our knowledge, only one other allergen-specific nanobody has 

been described yet (Chen et al., 2019). This nanobody with specificity to the major 

peanut allergen Ara h 3 has, however, not been explored in regards to IgE blocking 

capacity. Hence, it is not envisioned as a potential allergy treatment, but rather as 

diagnostic tool for peanut allergy detection. Therefore, we are the first to evaluate 

isolated allergen-specific nanobodies for their qualities to be useful tools for passive 

treatment of allergy. The finding that all three isolated nanobodies bind to the same 

epitope is certainly a limitation of our study due to the fact that several important 

epitopes are present on Bet v 1. The investigation and adjustment of half-life times 

have also to be considered before taking further steps towards pre-clinical trials, 

since nanobodies are known to be rapidly cleared from the body as a result of their 

size (Jovceska & Muyldermans, 2020). Nevertheless, our preliminary results point to 

Nb32 being a suitable first candidate that may be used in a nanobody cocktail to 

ameliorate symptoms of birch pollen allergic patients. 
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Figures and Tables 

FIG 1. The camel immunization for the generation of anti-Bet v 1 antibodies. (A) A 

time course of the camel´s immunization and of taking the pre-immune and immune 

blood for sera preparations are indicated. The time point of the isolation of 

mononuclear blood cells for the construction of the cDNA-VHH-library is marked. (B) 

Development of Bet v 1- specific IgG responses in the serum of the immunized camel 

after five immunizations with Bet v 1 and Bet v 1-derived peptides. OD values (y-axis) 

correspond to the amount of bound IgG antibodies and are shown as mean of 

duplicates with a variation of less than 5%. 

 

FIG 2. (A) Coomassie brilliant blue-stained SDS-PAGE of Bet v 1-specific 

nanobodies under reducing conditions and (B) nitrocellulose-blotted Bet v 1-specific 

nanobodies detected with HRP-labeled mouse anti-HA-tag antibody.Lane 1: protein 

molecular mass marker; lane 2: purified Nb23, 0.5 µg; lane 3: purified Nb24, 1 µg; 

lane 4: purified Nb32, 1 µg. Molecular masses (in kDa) are indicated on the left 

margin. 

 

FIG 3. (A) Reactivity of Nb23, Nb24 and Nb32 to plate-bound Bet v 1 and related 

allergens from alder (Aln g 1), hazel (Cor a 1) and apple (Mal d 1). (B) Reactivity of 

Nb23, Nb24 and Nb32 to two Bet v 1 fragments (F1 and F2) and (C) to six Bet v 1-

derived peptides (P1-6). OD values (y-axis) correspond to the amount of bound 

nanobodies and are shown as mean of triplicates ± SDs.  

 

FIG 4. Sensor chip–based study of the interaction between Bet v 1 and Bet v 1–

specific nanobody Nb32. Bet v 1 was immobilized on the chip and Nb32 was injected 

in two-fold increasing concentrations from 0.98 nM to 15.63 nM. Recorded (colored 

lines) and calculated (black lines) curves, which represent fittings of the data to a 1:1 

binding model, were superimposed. Signal intensities (RU) are displayed (y-axis) 

versus time (in seconds; x-axis). The dissociation rate constant (kd)is indicated. 
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FIG 5. Pilot experiments for inhibition ELISAs. (A) The capacity of Nb23, Nb24, Nb32 

and of their combination (Nb23+24+32) to inhibit patients´ IgE binding (patient 1-3) to 

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

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

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

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

nanobody concentration for prevention of IgE binding exemplified for three patients 

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

as means of triplicates ± SDs. 

 

TABLE I: Inhibition of birch allergic patients’ IgE binding to Bet v 1, Aln g 1 and Cor a 

1 which had been pre-incubated with Nb32 or buffer. ELISA-plate bound allergens 

were pre-incubated with Nb32 or buffer and subsequently exposed to patients’ sera. 

Displayed OD values correspond to allergen-bound IgE antibodies and are shown as 

mean of triplicates. Percentage of reduction of IgE-reactivity to Bet v 1, Aln g 1 and 

Cor a 1 pre-incubated with Nb32 in comparison to buffer are indicated in columns 4, 

7 and 10, respectively. 

 

FIG 6. Rat basophil leukemia (RBL) cell assay to determine the potential of Nb32 to 

suppress Bet v 1-induced IgE-mediated degranulation of basophils. RBL cells 

transfected with human FcƐRI were loaded with sera from 11 birch pollen allergic 

patients (A-K). Decreasing concentrations of Bet v 1 (x-axes: 0.01 nM, 0.0033 nM, 

0.0011 nM, 0.00037 nM) were preincubated with Nb32 (green lines) or buffer (black 

lines) for two hours at room temperature and then added to the IgE-loaded cells. The 

percentage of β-hexosaminidase release induced by Bet v 1 is displayed on the y-

axes in relation to total ß-hexosaminidaseamountof lysed cells. Control experiments 

were performed for each assay (x-axis: graph A-K) with cells that have not been 

loaded with IgE, being exposed to 0.01 nM Bet v 1 preincubated with Nb32 (black 

line) or buffer (grey line) to evaluate background release (L). Values are shown as 

means of triplicates ± SDs.  
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FIG. 2 
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FIG. 3 
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FIG. 4 
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FIG. 5 
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TABLE I 

 

      % Inhibition     % Inhibition     % Inhibition 
  Nb32 buffer to Bet v 1 Nb32 buffer to Aln g 1 Nb32 buffer to Cor a 1 
Patient 1 0.662 2.129 68.9 0.699 1.342 47.9 0.743 0.957 22.4 
Patient 2 0.492 1.300 62.1 0.162 0.307 47.1 0.301 0.426 29.4 
Patient 3 0.852 2.240 62.0 0.390 0.481 18.9 0.705 0.578 0.0 
Patient 4 0.948 1.748 45.7 0.464 0.766 39.4 1.194 1.309 8.8 
Patient 5 0.899 2.562 64.9 0.365 0.928 60.7 0.972 1.093 11.1 
Patient 6 1.050 3.555 70.5 0.753 2.150 65.0 0.959 1.767 45.7 
Patient 7 0.693 2.702 74.3 0.453 0.747 39.3 0.443 0.408 0.0 
Patient 8 0.521 1.942 73.2 0.114 0.395 71.0 1.108 1.476 24.9 
Patient 9 1.087 2.723 60.1 0.400 1.050 61.9 1.405 1.644 14.5 
Patient 10 0.319 0.658 51.5 0.255 0.478 46.7 0.371 0.420 11.7 
Patient 11 0.630 1.096 42.5 0.117 0.304 61.4 0.412 0.422 2.3 
Patient 12 0.589 1.007 41.5 0.185 0.253 26.8 0.411 0.480 14.4 
Patient 13 0.867 1.458 40.6 0.123 0.383 67.8 0.772 0.816 5.4 
Patient 14 1.963 3.750 47.7 0.449 1.284 65.0 2.211 2.529 12.6 
Patient 15 0.711 1.292 45.0 0.309 0.218 0.0 0.322 0.223 0.0 
Patient 16 0.275 0.541 49.2 0.084 0.117 28.0 0.292 0.280 0.0 
Patient 17 0.394 0.795 50.4 0.089 0.093 4.3 0.198 0.170 0.0 
Patient 18 1.637 3.850 57.5 0.668 1.939 65.6 0.818 1.073 23.8 
Patient 19 0.696 2.680 74.0 0.456 1.176 61.2 0.879 1.212 27.5 
Nonallergic 0.083 0.047   0.069 0.056   0.062 0.055   
Mean     56.9     46.2     13.4 
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FIG. 6 
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5. APPENDIX 

Zusammenfassung 

Typ I Allergie ist ein immer größer werdendes Gesundheitsproblem, das fast 30% der 

Menschen auf der ganzen Welt betrifft. Vor allem in der nördlichen Hemisphäre sind 

Birkenpollen eine weit verbreitete Allergenquelle, die allergische Symptome wie 

Heuschnupfen oder Asthma in über 100 Mio. Patienten auslöst und dadurch die 

Lebensqualität verringert.  

Zurzeit werden zwei Behandlungsformen angeboten: symptomatische Medikamente 

(z.B. Antihistaminika) und allergen-spezifische Immuntherapie (AIT). Während 

Antihistaminika nur einen temporären Effekt haben, bietet AIT einen lang 

anhaltenden Schutz durch blockierende IgG Antikörpern, die nach der Injektion von 

Allergenextrakten oder, seit kurzem, Hypoallergenen gebildet werden. AIT wird 

allerdings mit einem aufwändigen Zeitplan für die Injektionen über mehrere Jahre 

sowie möglichen allergische Reaktionen, wenn Allergenextrakte verwendet werden, 

in Verbindung gebracht. 

Neben symptomatischer Medikation und AIT gibt es noch eine dritte Option, nämlich 

passive Immunisierung, die das Interesse von Forschern geweckt hat. Erst kürzlich 

wurde gezeigt, dass die Verabreichung von allergen-spezifischen monoklonalen IgG 

Antikörpern die Bindung von IgE Antikörpern an das entsprechende Allergen 

inhibiert, weiters IgE-vermittelte Effekte an verschiedensten Immunzellen verhindert 

und somit allergische Symptome reduziert. Da die Herstellung von monoklonalen IgG 

Antikörpern aufwändig und teuer ist, wurde eine willkommene Alternative in Form von 

Nanobodies gefunden. Nanobodies stammen von „heavy-chain antibodies“ 

(Antikörper, die nur aus schweren Ketten bestehen) ab, die im Blut von Kameliden 

(z.B Kamele und Lamas) entdeckt wurden. Diese Einzeldomänen-

Antikörperfragmente sind chemisch stabil, ohne großem Aufwand zu produzieren und 

erkennen eine Vielzahl an verschiedenen Epitopen, was auf ihre strukturellen 

Eigenschaften zurückzuführen ist. Des Weiteren sind sie hochspezifisch und 

hochaffin. 
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Das Ziel dieser Arbeit war die Charakterisierung von Nanobodies, die spezifisch für 

das Hauptbirkenpollenallergen Bet v 1 sind, um ihre Anwendung als passive 

Behandlungsmethode von Allergie zu evaluieren. Nanobodies wurden durch die 

Immunisierung eines Kamels gebildet, isoliert und in E. coli exprimiert. Die Spezifität, 

Kreuzreaktivität und die Position des Epitops wurden durch ELISAs ermittelt. Die 

Affinität wurde mittels Oberflächenplasmonenresonance (surface plasmon 

resonance, SPR) gemessen. Schließlich wurden Inhibitions-ELISAs und RBL cell 

assays durchgeführt, um zu untersuchen, ob die Nanobodies die Bindung von 

polyklonalen IgE Antikörpern aus Patientenseren an Bet v 1 inhibieren und Bet v 1-

induzierte Aktivierung von Basophilen verhindern können. 

Es wurden drei hochaffine Bet v 1-spezifische Nanobodies (Nb23, Nb24 und Nb32) 

isoliert, die außerdem zwei wichtige kreuzreaktive Allergene erkennen: Aln g 1 aus 

der Erle und Cor a 1 aus der Hasel. Als Bindungsstelle für die Nanobodies auf Bet v 

1 wurde die C-terminale α-Helix identifiziert. Alle drei Nanobodies können die 

Bindung von polyklonalem IgE an Bet v 1, Aln g 1 und Cor a 1 inhibieren. Des 

Weiteren reduziert Nb32, repräsentativ für alle drei Nanobodies, die Aktivierung von 

Basophilen durch Bet v 1. 

Zusammenfassend lässt sich sagen, dass sich Nb32 aufgrund seiner hoher Affinität, 

Kreuzreaktivität und die Fähigkeit IgE-Bindungen an Bet v 1 zu inhibieren als 

potenzieller Kandidat für eine zukünftige Behandlungsmethode von Allergie 

qualifiziert hat. Wir schlagen Nb32 als Komponente eines Nanobody-Cocktails vor, 

welcher als „proof of concept“ in einem experimentellen Tiermodell untersucht 

werden sollte, um vielversprechende, auf Nanobodies basierende Medikamente zu 

identifizieren, die durch Birkenpollen hervorgerufene allergische Symptome mildern 

können. 

 

 


