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Abstract

Background: Successful treatment of IgE mediated allergies by allergen-specific immunotherapy (AIT) usually correlates with
the induction of allergen-specific IgG4. However, it is not clear whether IgGG4 prevents the allergic reaction more efficiently than
other IgG subclasses. Here we aimed to compare allergen-specific monoclonal IgG1l and IgG4 antibodies in their capacity to
inhibit type I allergic reactions by engaging FcyRIIb. Methods: Three monoclonal antibodies (F127, A044 and G078) against
Fel d 1, the major cat allergen in humans, recognizing three non-overlapping epitopes of Fel d 1 were tested for their capacity
to block human basophils activation in vitro. The affinity of the three monoclonal antibodies in IgG1l and IgG4 formats to
FcgRIIb were investigated by Biolayer Interferometry. Results: We found that IgG1, which is the dominant subclass induced
by viruses, binds with a similar affinity to the FcyRIIb as IgG4 and is comparable at blocking human basophil activation from
allergic patients; both by neutralizing the allergen as well as engaging the inhibitory receptor FcyRIIb. Conclusion: Hence,
the IgG subclass plays a limited role for the protective efficacy of AIT even if IgG4 is considered the best correlate of protection

because it is the dominant subclass induced by classical AITs.

1 INTRODUCTION

The World Health Organization (WHO) identifies chronic respiratory diseases including allergies and chronic
rhinosinusitis as one of the four major diseases affecting the world’s population'. According to the ARIA
initiative (Allergic Rhinitis and its Impact on Asthma), IgE-mediated inflammation of the nasal mucosa
defines allergic rhinitis and causes the respective symptoms upon allergen exposure?. Allergies are charac-
terized by two phases: sensitization causing development of allergen-specific memory Th2 and B cells as
well as the production of allergen -specific IgE at the early stage and effector functions associated with
tissue inflammation and damage at later stages. Patients suffering from allergies usually treat their symp-
toms with antihistamines or corticosteroids or try to reduce allergen exposure by their avoidance and use of
high-efficiency particulate air (HEPA) filters or temperature-controlled laminar airflows. However, for actual
treatment of type I allergies, such as allergies against pollen, house dust mite, pet dander, food, or venom
toxins, allergen-specific immunotherapy (AIT) represents the only disease modifying option addressing the
cause of the illness?>®. Commonly, allergens are administered subcutaneously or sublingually but also novel
routes such as epicutaneous and intra-lymphatic have also been established during AIT%12. AIT usually
requires numerous allergen applications over 3-5 years'>!4. The main disadvantages are the duration of the
therapy and the risk of severe side effect such as anaphylactic reactions. However, successful AIT induces
immune tolerance to allergens and affects rhino-conjunctival symptoms and improves asthmatic conditions.
AIT does not only mediate short-term but also long-term protection and is qualified as disease-modifying
therapy leading overall reduced allergy disease severity, reduced less drug consumption and prevention of
future allergen sensitization?->15-1?, In addition to novel routes of allergen administration, clinical testing of



AIT strives for safer and more efficient therapy conditions including use of allergens or allergoids formulated
with stronger adjuvants?’-25or use of peptides rather than full-length allergens?%-2° In addition, we have
recently proposed that allergens displayed on virus-like particles may be a safe and efficacious alternative to
standard AIT protocols?6:30:31,

The therapeutic mechanisms of AIT still remain a matter of debate. While some argue that induction of
allergen-specific IgG antibodies is the key, as they can both neutralize the allergen and engage the inhibitory
receptor FcyRIIB32, others prefer the hypothesis that regulatory T cells are the masters to keep mast cells
and basophils at bay and promote the production of IgG antibodies by altered cytokine secretion?. Recently,
it has been demonstrated in mice 3*and humans that monoclonal antibodies against Fel d 1, the major cat
allergen, can abrogate cat allergy, clearly indicating that anti-allergen IgG antibodies can reduce allergic
symptoms3?. Furthermore, it is clear that successful immunotherapy correlates with induction of allergen-
specific I[gG4%. This has led to the general consensus in the field that induction of IgG4 is the major goal of
specific immunotherapy. Others, however, have argued that dominant induction of IgG4 merely reflects the
way AIT is performed, namely by multiple injections of small amounts of allergen formulated in Alum and
does not reflect a superior efficacy of IgG4 at neutralizing allergens or engaging FcyRIIB!2:35. In addition to
IgG subclasses, affinities of the antibodies are also important, at least for neutralizing antibodies; the affinity
antibodies engaging the FcyRIIB has been shown to be less demanding®’. Here we demonstrate that IgG4
binds to FcyRIIB with similar efficiency as IgG1 and inhibits basophil activation with equivalent efficacy
both via the FcyRIIB as well as the allergen-neutralization pathway. Hence, IgG subclasses play a limited
role in the efficacy of AIT.

2 METHODS
2.1 Ethics statement

The experiments involving human blood from cat-allergic and non-cat allergic patients was approved by
the KEK (Zurich, Switzerland) ethics committee by the license ZU-Basophils-001 and by the KEK (Bern,
Switzerland) ethics committee by the license 00699.

2.2 Production of recombinant Fel d 1 protein

The expression, production, and purification of recombinant Fel d 1 dimer was performed as described
elsewhere 38,

2.3 Generation of mAbs against recombinant Fel d 1

By using mammalian cell display 3°, isolation and generation of 3 mAbs recognizing the non-overlapping
epitopes A044, F127, and G078 on Fel d 1 were recently described 4°.

2.4 Basophil activation test with blood from cat-allergic and non-allergic subjects

Whole blood samples were collected in EDTA tubes no more than 18 hours prior testing. Degranulation
of basophils was determined using the FLOW CAST Basophil Activation Test (Bithlmann Laboratories,
Schénenbuch, Switzerland) following the producer’s instructions.

Samples from non-allergic subjects were primed with 1 yg/ml IgE for 1.5 hours at 30°C followed by cen-
trifugation at 400xg for 5 min. The supernatant was discarded to remove the unbound IgE Abs, with the

cells subsequently washed twice and resuspended in stimulation buffer following the producer’s instructions
of the FLOW CAST protocol.

2.5 IgG1 and IgG4 kinetics by Bio-Layer interferometry (BLI)

The analysis of binding kinetics of anti-Fel d 1 IgG1 and IgG4 monoclonal antibodies (F127, A044 and GO78)
to FeyRIIb was analyzed by Bio-Layer Interferometry (BLI) using an Octet RED96e (Sartorius) instrument.
Briefly, high precision Streptavidin (SAX, Sartorius, Fremont, CA, USA) biosensors were saturated with
2 pg/ml of human recombinant biotinylated FeyRIIb (CD32b) (Sino Biological, Cat No 10259 _H27H-BI,
Beijing, China) in kinetics assay buffer (PBS, 0.1% BSA, 0.02% Tween 20) for 10 min. Association was



carried out in 300 s, with the IgG serially diluted from 100 to 6.3 nM in 1:2 steps. Finally, dissociation was
also performed in 300 s. All proteins were diluted in kinetics buffer (KB), a loaded sensor dipped in BLI
assay buffer served as drift control. The resulting curves were aligned to the beginning of association step
and a 1:1 global model was applied on the fitting.

2.6 BLI-based binding IgG immune-complexes

A comparison of binding kinetics between IgG or IgG in complex with dimeric Fel d 1 and FeyRIIb (CD32b)
was also performed using BLI assays. Briefly, SAX biosensors were saturated with 2 pg/ml of human
recombinant biotinylated FcyRIIb (CD32b) followed by association with 25 nM of either monomeric IgG1
and IgG4 F127 or in pre-complexed form with 25 nM Fel d 1 for 300 s. Dissociation was also performed
in 300 s in kinetics buffer. Drift control was performed with a loaded sensor dipped in kinetics buffer
only. The resulting data were normalized to the highest response, using OriginPro (OriginLab Corporation,
Northampton, MA, USA) software analysis

3 RESULTS
3.1 IgG1 and IgG4 block activation of basophils with similar efficiency

We recently have described and characterized three monoclonal antibodies (F127, A044 and GO078) against
Fel d 1, the major cat allergen in humans, recognizing three non-overlapping epitopes of Fel d 1 (Figure
1A)3940, Those variable regions were cloned in front of the human gamma 1, 4 or epsilon chain backbone to
express Fel d 1 specific fully human IgG or IgE antibodies of three specificities and 2 different IgG subclasses.
To test the neutralization capacity of the Fel d 1 specific IgG1 and IgG4 antibodies, basophils from 2 different
individuals (A and B) suffering from cat allergy were stimulated with recombinantly expressed dimeric Fel
d 1 and up-regulation of CD63 was used as a read-out for basophil activation (Figure 2). Basophils of both
individuals were activated by Fel d 1 and, most importantly, all three Fel d 1 specific mAbs (G078, A044 and
F127) either of the IgG1 or IgG4 subtype were able to block basophil activation with similar efficiency. This
inhibition may be a mixture of allergen-neutralization and engagement of FcyRIIB as basophils from allergic
individuals likely carry polyclonal Fel d 1-specific IgE antibodies via FceRI on their surface. To dissect these
2 possibilities, we loaded basophils from non-allergic individuals with the mAbs used above but expressed
as IgE.

3.2 IgG1 and IgG4 similarly neutralize allergen and prevent primed basophils from degranu-
lation

To test the ability of IgG1 and IgG4 to block basophil activation by neutralization (Figure 1B), basophils
from non-allergic individuals were loaded with each of one of the IgE antibodies (G078, A044, F127) and
challenged with Fel d 1 complexed with IgG antibodies of the same specificity. Figure 3A shows that
neutralizing inhibition occurred independent of the IgG subclass, as both IgG1 and IgG4 inhibited basophil
activation in a similar manner. This may also have been expected as both IgG1 and IgG4 antibodies share
the same variable region for each of the 3 mAb types. Differences in neutralizing capacity therefore would
have been somewhat unexpected.

3.3 IxT'1l avd IyT'4 npeevt nelped Baconnile @eow deypavuratiov B evyayivy $cyPIIP

We have previously demonstrated in vitro and in vivo that the allergic reaction mediated by an anti-Fel d
1 IgE of one specificity can be blocked by a single anti-Fel d 1 IgG mAb of a different specificity%41:37,
The mechanism of the inhibition involves the inhibitory FeyRIIB (Figure 1C). IgE bound on mast cells via
the FceRI can bind to the allergen Fel d 1 formed as complex with IgG. The IgG antibody of the allergen
complex may bind to the FcyRIIB simultaneously, which inhibits the signal cascade of the FceRI and prevents
degranulation. To study the ability of IgG subclasses to drive this process, we performed this experiment
to compare IgG1 and IgG4 for their ability to engage the FcyRIIB. Indeed, both antibody subtypes equally
well impeded primed human basophils from degranulation (Figure 3B, D). In addition, while a single IgG-
specificity distinct fom the IgE used for priming, was able to block basophil activation, addition of 2 IgGs
of different specificities further increased inhibition (Figure 3C, D). Comparison of the inhibition obtained



with IgG1 and IgG4 antibody subclasses show no appreciable overall difference between the subclasses. The
only minor exception was basophils primed with IgE A044 and then incubated Fel d 1 immune-complexed
with IgG1 or IgG4, where inhibition was greater with IgG1 compared to IgG4. This was, however, not the
case when basophils were primed with either IgE F127 or IgE G078 (Figure 3 C, D). Thus, IgGl1 is at least
as potent as IgG4 at blocking basophil activation.

3.4 IyT'1l ovd IyI'4 Bwd o nupav PcyPIIB witn owpiloe appuvitd

In comparison to other Fcy receptors, the affinity of IgG antibodies to the FcyRII is low even if immune-
complexed to antigens. We nevertheless measured the affinity of IgG1l and IgG4 antibodies to FcyRIIb
(CD32b) by Biolayer Interferometry using Octet technology #2. To this end, biotinylated recombinant
human FcyRIIB was immobilized on streptavidin biosensor before incubation with either F127, G078 and
A044 in either IgG1 or IgG4 format. As shown in Figure 4, IgG1 and IgG4 antibodies bound with similar
affinity to recombinant FcyRIIB (Figure 4A and Table 1).

We also investigated the effects of immune complex formation on the binding of IgG1 or IgG4 to FcyRIIb by
BLI, performing the association step with IgG1 and IgG4 F127 either in monomeric or in complex form with
dimeric Fel d 1 (Figure 4 C). The results showed similar association rate (kon) for monomeric and complexed
IgG1 and IgG4 whereas the dissociation rate (kog) was 10 times less for the uncomplexed forms of IgG1 and
IgG4 indicating an overall higher binding for IgG immune complexes than for IgGs alone. Hence, antibody
subclass may have a limited influence on FcyRIIB binding in both monomeric and complexed form thereby
confirming the results obtained in the above cellular assays.

4 DISCUSSION

ATT is the only disease modifying treatment to treat the cause of allergy. Several immune cells and mediators
contribute to various degrees to the severity of the allergic reaction. Mast cells and basophils are effector
cells of the early phase that are involved in tissue damage, itching and swelling. However, ablating those
cells may be technically difficult and also be potentially dangerous, as they are also involved in the fighting
against tick and helminth infections, detoxification of arthropod and reptile venoms, and, as recently shown,
preserving cardiac function after myocardial infarction?34®. B cells expressing as well as IgE and Th2
cells specific for the respective allergen are therefore potentially better targets. However, allergen-specific
lymphocytes do not have a unique characteristic to specifically delete them other than the T cell receptor
which is notoriously difficult to target. AIT focusses on rendering the body more tolerant to the allergen
by changing the immune environment and induction of IgG antibodies?>#647, The high potential of IgG
antibodies to reduce the severity of allergic reactions has been shown in mouse models®®4%32 and more
recently in a clinical study demonstrating that it is possible to treat cat allergy with monoclonal anti-Fel d
1 IgG antibodies®*. In addition, induction of allergen-specific IgG4 or allergen-specific IgE/IgG4 ratio are
considered to be the best correlate of AIT efficacy. However, whether IgG4 is more potent than other IgG
subclasses or merely happens to be the preferred IgG subclass induced by classical AIT remis still a matter
of debate. In fact, induction of IgG4 during classical AIT may actually reflects to some degree natural
allergen exposure as seen in bee keepers who are not allergic to bee venom but have high serum levels of
specific IgG4%849_ Indeed, inducing B cell responses in the absence of innate stimuli, such as toll-like receptor
ligands, may preferentially drive IgG4 responses!?36.

Nevertheless, the role and importance of the induced IgG subclasses during AIT may have important con-
sequences, since use of modern vaccination regimens such as inclusion of stronger adjuvants or formulation
with virus-like particles (VLPs) may favour induction of IgG1 rather than IgG43°. Indeed, a clinical study
to treat house dust mite with Der p 1 coupled to a VLP induced strong IgG1 instead of IgG4 responses?S.
Another important aspect of the safety of AIT is the availability, standardization, and formulation of al-
lergens. Given the fact that allergens coupled to VLPs do not activate basophils®®, but induce strong IgG
responses in compared to other approaches, may render AITs safer and more efficient in future; however,

the ability of IgG1 to block the allergic reaction remains an important caveat for such new therapies.

To investigate whether IgG4 was more potent than other IgG subclasses at blocking basophil activation,



we expressed 3 different monoclonal antibodies recognizing distinct epitopes on the allergen Fel d 1 in a
human IgG1 and IgG4 format“®. We compared 1) the ability to neutralize the allergen and block basophil
activation, 2) to inhibit basophil activation via engagement of FcyRIIB, and 3) the ability of the IgG1 and
IgG4 subclasses to bind to FeyRIIB. In all 3 types of assays, IgG1 and IgG4 antibodies showed similar efficacy
at blocking basophil activation and engaging FcyRIIB. Hence, IgG4 does not have preferable characteristics
for the treatment of allergy. This may indicate that induction of IgG4 is not a pre-requisite for efficient
therapy but that amounts and affinities of total IgG may be more important.
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Table 1: Kinetic parameters for the IgG1/IgG4 — CD32b interaction calculated by BLI

Analyte Kp [M]  kon [M1s'] kog [s!] R?

IgGl F127 2.7x10% 6.0 x 104 1.6 x 10 0.9950
IgGl G078 2.8x10% 8.2x10% 1.2 x 10 0.9862
IgGl A044 1.8x10® 4.5x 10* 8.1x 10 0.9980
IgG4 F127 2.7x10% 5.1 x 10* 1.4x 10 0.9952
IgG4 G078 3.6 x 10° 2.3 x 10* 1.2x 102 0.9980
IgG4 A044 3.4x 108 4.8x 104 1.6 x 10 0.9975

FIGURE LEGENDS

Figure 1. Binding and protective role of allergen-specific IgG antibodies in mast cell degranu-
lation. A) Mice were immunized with the vaccine Fel d 1 coupled to QB-VLP. By mammalian cell display,
three monoclonal antibodies (G078, A044, F127) were cloned in IgG and IgE formats that recognize non-
overlapping B cell epitopes. B) Anti-Fel d 1 IgG antibody (e.g. F127) having the same epitope specificity as
anti-Fel d 1 IgE (e.g. F127) neutralizes Fel d 1. C) Anti-Fel d 1 IgG antibody (e.g. F127) having a different
specificity as anti-Fel d 1 IgE (e.g. G078) inhibit degranulation via FcyRIIb.

Figure 2. IgG 1 and IgG4 mAbs equally well prevent basophil activation from cat allergic
subjects. Blood from two (A and B) cat allergic subjects were collected and incubated with the amount
of recombinant Fel d 1 (subject A: 0.015 nM; subject B: 0.022 nM) that causes 50% of their basophils
to degranulate. That respective amount of Fel d 1 was also pre-mixed with 3, 30, and 300 nM of Fel d 1
specific mAbs either in the format of IgG1 or IgG4. The percentage of CD63+ within the CCR3+ basophil
population was measured.

Piryvee 3. IyT'l avd IyT'4 mpeevt deypavuratiov B veutpaAilatiov avd oLy VOAALVY L
tne wniBitopd pegentop PgyPIIR. Blood from two non-allergic subjects was collected and primed
with Fel d 1 specific IgE. A) Basophils were primed either with IgE A044, F127 or GO78. Primed basophils
were treated with recombinant Fel d 1 alone or pre-mixed with the same epitope expressed as IgG1l or
IgG4. B) Basophils were primed either with IgE A044, F127 or GO78. Primed basophils were treated
with recombinant Fel d 1 alone or pre-mixed with the IgG1l or IgG4 antibodies exhibiting the other two
epitopes than the one used for priming. C) Basophils were primed either with IgE A044, F127 or GO78.
Primed basophils were treated with recombinant Fel d 1 alone or pre-mixed with a combination of two IgG1
or IgG4 antibodies exhibiting the other two epitopes than the one used for priming. D) % inhibition of
basophil activation when basophils were primed either with IgE A044, F127 or G078 and treated with Fel d
1 pre-mixed with either IgG1 or IgG4 antibodies.

Piyvpe 4. BAI ocevoopypopg tAALoTeatvy Tne wicpagtiov Iyl avd IyI'4 avTiPodieg
to ®cyPIIB. A) Binding of monomeric F127, G078 and A044 in either IgG1 or IgG4 format. B) Binding
of IgG1 and IgG4 F127 either as monomer or in pre-complexed form with Fel d 1. The on-rate (kon) and
off-rate (kofr) constants were compared. In both assays association and dissociation were performed 300s.

Figure 1
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