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IgE glycans promote anti-IgE
IgG autoantibodies that
facilitate IgE serum clearance
via Fc Receptors
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Bern, Switzerland, 2Department of Biomedical Research (DBMR), University Clinic for
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Background: Recent studies have shown that IgE glycosylation significantly

impacts the ability of IgE to bind to its high-affinity receptor FceRI and exert

effector functions. We have recently demonstrated that immunizing mice with

IgE in a complex with an allergen leads to a protective, glycan-dependent anti-

IgE response. However, to what extent the glycans on IgE determine the

induction of those antibodies and how they facilitate serum clearance is unclear.

Therefore, we investigated the role of glycan-specific anti-IgE IgG

autoantibodies in regulating serum IgE levels and preventing systemic

anaphylaxis by passive immunization.

Methods: Mice were immunized using glycosylated or deglycosylated IgE-

allergen-immune complexes (ICs) to induce anti-IgE IgG antibodies. The anti-

IgE IgG antibodies were purified and used for passive immunization.

Results: Glycosylated IgE-ICs induced a significantly higher anti-IgE IgG

response and more IgG-secreting plasma cells than deglycosylated IgE-ICs.

Passive immunization of IgE-sensitized mice with purified anti-IgE IgG

increased the clearance of IgE and prevented systemic anaphylaxis upon

allergen challenge. Anti-IgE IgG purified from the serum of mice immunized

with deglycosylated IgE-ICs, led to a significantly reduced elimination and

protection, confirming that the IgE glycans themselves are the primary drivers

of the protectivity induced by the IgE-immune complexes.

Conclusion: IgE glycosylation is essential for a robust anti-IgE IgG response

and might be an important regulator of serum IgE levels.
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1 Introduction

IgE and its effector cells, such as basophils and mast cells,

help eradicate pathogens, like parasites and helminths, and

degrading venoms (1). However, type I hypersensitivity

disorders are also IgE-mediated. IgE binds with high affinity to

the FceRI receptor on effector cells. The cross-linking of bound

IgE antibodies by antigens leads to the activation and

degranulation of effector cells, resulting in an inflammatory

response and the associated typical allergic symptoms (2, 3).

Since approximately one-third of the world’s population suffers

from allergic disease, it is crucial to know how levels of IgE are

regulated (4). Unfortunately, the mechanisms of how the body

regulates IgE are poorly understood.

IgE’s shorter serum half-life of 2-2.5 days, compared to serum

IgG, which has a half-life of roughly three weeks in humans, is a

crucial aspect of IgE control (5, 6). In addition, it has been

demonstrated that the IgE Fc receptors FceRI and FceRII (CD23)
control the levels of IgE in the serum (7, 8). Additionally, the

synthesis of new IgE antibodies is negatively regulated by CD23 on

B cells (9, 10). IgE is the most glycosylated antibody, but IgE-

glycans’ role in their serum regulation is poorly understood.

Glycosylation, required for antibody maturation and effector

function, has been shown to affect IgE function. Crystal structures

of human IgEs have revealed seven and nine N-glycosylation sites

for human and mice constant epsilon chains, respectively (11).

Recently, Shade et al. have provided insights into the role of IgE

glycosylation in allergic diseases. They showed that IgE from

peanut-allergic individuals has more sialic acid than non-atopic

individuals and that removal of sialic acids leads to an attenuation of

effector cell degranulation, contributing thereby to the effector

function of IgE (12). The same group also demonstrated that a

conserved oligomannose attached to N394 on the human Ce3
domain is essential for binding to the FceRI (13).

In mice, the equivalent of N394 is N384. Consistent with

human findings, IgE mutated or lacking oligomannose could not

elicit an anaphylactic reaction in a passive cutaneous anaphylaxis

mouse model (13). In addition to endogenous regulation, external

factors like anti-IgE IgG antibodies also influence IgE levels. For

example, the monoclonal anti-IgE antibody omalizumab got

approval for moderate to severe persistent asthma, chronic

idiopathic urticaria, and nasal polyps and has shown clinical

efficacy in these diseases (14–19). Omalizumab might also be

effective in other allergic conditions like food allergies (20, 21).

Mechanistically, omalizumab acts primarily by neutralizing free

serum IgE but also disrupts IgE : FceRI complexes (22, 23). As a

result, less IgE is bound by FceRI on effector cells over time,

preventing their IgE-dependent activation.

Interestingly, the body can produce anti-IgE IgG antibodies

itself. Atopic and healthy individuals express endogenous anti-IgE
Frontiers in Immunology 02
IgG antibodies, which may define another way of IgE regulation

(24, 25). Although the presence of these antibodies has been

known for a long time, their function is still enigmatic. Anti-IgE

IgG antibodies can potentially activate effector cells by cross-

linking FceRI-bound IgE and thus lead to an anaphylactic reaction

(26). On the other hand, they also have beneficial effects by

reducing type I allergic reactions. The induction of anti-IgE

antibodies significantly suppresses total and antigen-specific IgE

responses (27–30). CD23may also play a role in the mechanism of

action of IgG and IgE antibodies. Indeed, IgE immune complexes

bind better to CD23 than IgE alone (31), which might also

increase the protection of CD23 from being enzymatically

cleaved (32). Recently, our group has shown that immunizing

mice with IgE in a complex with an allergen can induce glycan-

dependent anti-IgE IgG antibodies. These mice were protected

from challenges with different allergens (33). However, it was

unclear whether glycans on IgE antibodies are responsible for that

protection and how they promote IgE clearance. Here we

performed passive immunization with glycan-specific and non-

glycan-specific anti-IgE IgG autoantibodies and investigated

differences between anti-IgE IgG antibodies in IgE clearance and

protection upon allergen challenges, concluding that glycans are

critical for anti-IgE IgG mediated protection.
2 Materials and methods

2.1 Allergens and allergen-specific
monoclonal antibodies

The production of recombinant Fel d 1 and monoclonal Fel

d 1-specific IgE F127 antibody used in these experiments have

been described previously (34).

Briefly, the sequence encoding a fusion of chains 1 and 2 of

Fel d 1 spaced by a 15aa-linker (GGGGS) 3 was linked to a

histidine tag and then cloned into the plasmid pET42 (Addgene,

Watertown, Mass). Recombinant Fel d 1 was generated at 20°C

for 20 hours after the plasmid was transformed into Escherichia

coli C25661 (New England Biolabs, Ipswich, Massachusetts). A

Ni2+ affinity column purified the supernatant after the cells had

been sonicated. Size-exclusion chromatography was used with a

Superdex 75 column (GE Healthcare, Chicago, Illinois) to

separate monomers and dimers from multimers.

The monoclonal IgE F127 was produced in CHO cells (Evitria

AG, Zürich, Switzer land) and purified by affinity

chromatography over a protein L or protein G Sepharose column

(GE Healthcare), respectively.

The anti-Ara h2 IgE sequence (P12P3D08) was obtained

from Croote et al. (35). It was expressed as mouse IgE and

produced in HEK cells using Expifectamine® (Thermo Fisher
frontiersin.org
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Scientific, Waltham, MA, USA) and purified by immunoaffinity

using a CaptureSelect XP C‐tag column (Thermo Fisher).

Roasted peanut extract (Ara R) was prepared according to

the protocol of Koppelman et al. (36)

Antibodies were deglycosylated using PNGase F

deglycosylation kit (Thermo Fisher) under native conditions

according to the supplier’s protocol, except that the protein was

deglycosylated at 37°C and overnight. Zeba™ Spin Desalting

Columns (MWCO 40K MWCO; Thermo Fisher) were used to

purify the antibodies. PNGase F treated IgE is from now on

called IgE(PNG).
2.2 Mouse immunization and sampling

Mice were kept at the central animal facility (Murtenstrasse

31, Bern, Switzerland) and used for an experiment between the

ages of 8 and 12 weeks. BALB/c mice were purchased from

Envigo (Envigo, Huntingdon, UK). The Swiss Federal

Veterinary Office approved all protocols used to treat

experimental animals. Prof. J. Ravetch kindly provided

CD23-/- mice. FcgRIIb -/- and Fcg common chain KO (FcgR
KO) mice (Jackson Laboratory, Bar Harbor, Maine, MA, USA)

were purchased at 6 weeks and bred in our facility. All animals

were acclimatized to the facility for at least one week. IgE-Fel d 1

complexes were formed for immunizations by incubating 25mg
IgE and 5mg Fel d 1 for 1h at 37°C dissolved in 100ml PBS before
intravenous (i.v.) injection into mice. To analyze IgE clearance,

mice were injected with or without 25mg anti-IgE IgG or anti-IgE

(PNG) IgG 1h before receiving 25mg IgE intravenously. Blood

from tail veins was collected using Microtainer® serum tubes

(BD Biosciences, Franklin Lakes, NJ, USA) or in PBS containing

10mM EDTA (Sigma-Aldrich, St Louis, Mo, USA). Blood was

collected from naïve mice and from IgE injected mice 30

minutes, 2 hours, and 24 hours after injection.
2.3 Fluorospot analysis

Fluorospot assay was performed according to the

manufacturer’s protocol. The Fluorospot plate (Mabtech) was

coated with 50mg/mL IgE per well at 4°C overnight. First, 1x106

cells from BM and spleen from triple immunized mice were

seeded per well. The plate was incubated at 37°C (5% CO2) for

20h. Next, goat anti-mouse IgG biotin primary Ab

(SouthernBiotech, Birmingham, AL, USA) diluted in PBS-0.1%

BSA (1:1000) was incubated for 2h at RT. Then, streptavidin-550

(Mabtech) diluted in PBS-0.1% BSA (1:200) was added for 1h at

RT. Next, fluorescence enhancer-II (Mabtech) was added for

15 min at RT. The plate was dried at RT overnight. Finally, the

plate was read at 550nm using the Fluorospot reader

(Mabtech IRIS).
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2.4 IgG isolation and purification

According to the manufacturer’s manual, total IgG was

purified by Protein G column chromatography (HiTrap

Protein G HP, 1ml, Cytiva, Marlborough, MA, USA) from

pooled sera (5ml) obtained by terminal bleeding. For isolating

Fel d 1-specific IgG, Fel d 1 was coupled to the HiTrap NHS-

Activated HP 1ml column (Cytiva) according to the

manufacturer’s manual. The total IgG was applied. The flow-

through and the eluate were collected. Buffer exchange to PBS

was performed using Vivaspin® 6 10 kDa MWCO (Cytiva).
2.5 Flow cytometry

Red blood cells were lysed using ACK buffer (Thermo

Fisher). Unspecific binding was blocked by using mouse Fc

gamma block (BD Bioscience). Basophils were marked with APC

anti-mouse CD49b (clone HMa2, Biolegend) and PE anti-

mouse IgE (clone RME-1, Biolegend). Antibody staining were

carried out at 4°C for 30min. After the staining, the cells were

washed 3x with PBS. Flow cytometry was performed with

CytoFLEX S 4L 13C (B2-R3-V4-Y4) plus 96 DW plate loader

(Beckman Coulter Life Sciences, CA, USA) and analyzed using

FLOWJO software (TreeStar Inc, Ashland, OR, USA).
2.6 Passive immunization and challenge

Mice were injected with 25µg anti-IgE IgG, 25µg anti-IgE

(PNG) IgG, or 25µg control IgG (Purified mouse IgG1, k,

MOPC-31C, BD Bioscience) in 100ml PBS i.v. 24 hours later,

mice were sensitized with 5µg IgE F127 or 5µg anti-Ara h2 IgE in

100µl PBS. The following day, the MiniTemp rectal probe for

mice (Vetronic Services Ltd, Abbotskerswell, UK) was used to

measure the baseline body temperature. Rectal temperature was

monitored every ten minutes for an hour after intravenous

injections of 20µg of roasted peanut extract (Ara R) or 5µg of

Fel d 1 in IgE-sensitized mice.
2.7 Elimination of IgE-anti-IgE IgG
complexes in vitro

Primary mouse B cells were isolated from the spleen of Balb/

c and CD23 KO mice. The B cells were isolated using EasySep™

Mouse B cell isolation Kit (STEMCELL Technologies,

Vancouver, Canada) according to the manufacturer’s manual.

The B cells were kept in RPMI1460 medium with 10% FBS at a

density of 100’000 cells in 100µl. IgE anti-IgG complexes were

formed by incubating 2µg/ml of 4µg/ml of anti-IgE IgG in

medium for 1h at 37°C. Next, the medium of the B cells was
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removed and 5µl of complexes were added per well. Supernatant

was taken and used for ELISA after 10min and 30min of

incubation time. After removing the supernatant, the cells

were immediately stained with rat anti-mouse IgE-FITC

(Clone R35-72 (RUO), BD Bioscience) and goat anti-mouse

IgG-APC (ThermoFisher Scientific) as described above. The

cells were washed twice with PBS and fixed with 4%

formaldehyde in PBS for 15min at room temperature. Flow

cytometry was performed as described above.
2.8 ELISA assays

96-well Nunc Maxisorp™ ELISA plates (Thermo Fisher)

were coated with 2µg/ml antibody in PBS at 4°C overnight. After

blocking with PBS/0.15% Casein solution for 2h at room

temperature, plates were washed 5x with PBS. Incubation of

antibodies or sera was performed for 1h at RT. Afterward, plates

were washed 5x with PBS/0.05% Tween. ELISAs were developed

with TMB (3,30,5,50-tetramethylbenzidine) and H2O2 and

stopped with 1mol/L sulfuric acid after 10 minutes. OD was

measured at 450 nm.
2.8.1 Detection of mouse IgG specific to IgE,
IgE(PNG), and Fel d 1 and their subclasses after
immunization with IgE-ICs

Plates were coated with mouse IgE F127, IgE(PNG), or Fel d

1. Serial dilution of sera (1:25, then serially 1:3) was added. HRP-

labeled goat anti-mouse IgG (The Jackson Laboratory)

antibodies were used to detect IgG (1:2’000). To detect IgG

subclasses, HRP labeled rat anti-mouse IgG1 (BD Pharmingen),

goat anti-mouse IgG2a (Bio-Rad), goat anti-mouse IgG2b

(Invitrogen, Carlsbad, CA, USA), and goat anti-mouse IgG3

(SouthernBiotech, Birmingham, AL, USA) were used in a

1:2’000 dilution.
2.8.2 Assay for assessing IgE and IgE-IgG
complexes clearance in serum and in vitro

Anti-mouse IgE STAR110 (Bio-Rad) was coated. Then,

serial dilution of sera (1:25, then 1:3 serially), or supernatant

from the B cells were added. Goat anti-mouse IgE-HRP

STAR110P (Bio-Rad) was used to detect mouse IgE (1:2’000),

and HRP-labeled anti-mouse IgG was used to detect IgE-IgG

complexes (1:2’000).
2.8.3 Assessment of anti-IgE IgG purification
Plates were coated with IgE, IgE(PNG), or Fel d 1. The eluate

and flow-through of the protein G and Fel d 1-column were

tested starting with 2mg/ml and further serially diluted 1:3. HRP-

labeled goat anti-mouse IgG (The Jackson Laboratory)

antibodies were used for detection of IgG (1:2’000).
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2.8.4 Avidity ELISA
IgE F127 was coated. Isolated anti-IgE IgG or anti-IgE(PNG)

were applied at 2mg/ml and were further serial diluted (1:3).

After 1h incubation, the plates were washed 3 times for 5min

either with 7M urea in PBST (PBS mixed with 0.05% Tween20)

or PBST only. To detect mouse IgG antibodies, HRP-labeled

goat anti-mouse IgG (The Jackson Laboratory) was used. The

formula used to determine the avidity index (AI) was AIx = OD

(dilution x) + urea/OD (dilution x)–urea.
2.9 Statistical analysis

Statistics were carried out using GraphPad Prism 9.0

(GraphPad Software, Inc, San Diego, CA, USA). To determine

the statistical significance between two groups, a student’s t-test

was used. More than two groups were examined by one-way

ANOVA. Two-way ANOVA was used to compare variables that

depended on concentration and time, and then Tukey testing

was applied. All data are presented as mean SEM in graphs. The

signs for statistical significance are ns = not significant, p ≤ 0.05

(*), p ≤ 0.01 (**), p ≤ 0.001(***), and p ≤ 0.0001 (****).
3 Results

3.1 Higher levels of anti-IgE IgG
antibodies are induced by immunization
with IgE-Fel d 1 complexes compared to
complexes containing deglycosylated IgE

We first investigated the IgE-specific IgG response induced

by immunization with glycosylated (IgE-ICs) or deglycosylated

(IgE(PNG)-IC) IgE in a complex with Fel d 1 (Figure 1A). Serum

anti-IgE IgG antibodies were measured by ELISA (Figures 1B–D).

Both groups generated antibodies against IgE after immunization,

which increased following the first and the second booster.

However, mice immunized with IgE-ICs showed a higher anti-

IgE IgG response than mice immunized with IgE(PNG)-IC. The

IgG response against Fel d 1 and IgE(PNG) also increased after

each boost, and the response was consistently higher in the group

receiving IgE-ICs (Supplementary Figures 1A–D).

IgE-specific plasma cells were quantified in lymphoid organs

upon IgE-ICs or IgE(PNG)-ICs vaccination. For that, spleen and

bone marrow (BM) were collected two weeks after the third

injection (day 42) and analyzed for the presence of IgE-specific

IgG-secreting plasma cells. Bone marrow and spleen contained

anti-IgE IgG-secreting plasma cells (Figures 1E, F). On average,

55 IgG-secreting plasma cells were found per million bone

marrow cells in the mice immunized with IgE-ICs compared

to 22 in the deglycosylated group. In contrast, in the spleens of

mice immunized with glycosylated and deglycosylated IgE, a

similar number of IgG-secreting plasma cells were found
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FIGURE 1

Glycosylated IgE in complex with Fel d 1 induces more IgG antibodies against IgE than deglycosylated IgE-Fel d 1 complexes. Schematic
overview of the immunization regiment and timepoints of experiments (A). Anti-IgE IgG response (at OD450 by ELISA) (B-D) 14 days after first
immunization with IgE-Fel d 1 or IgE(PNG)-Fel d 1 (B), after the second immunization (C), and after third immunization (D). Representative
images of fluorospot experiments of anti-IgE IgG producing B cells (E, F) from Bone marrow (E) or spleen (F). Spot forming units per 1 million
cells in bone marrow and spleen (G). Schematic overview of the immunization of Balb/c, CD23KO and Fcg-chainKO mice to compare the anti-
IgE IgG response (H). Anti-IgE IgG response at OD450 by ELISA (I) or as AUC (J) of Balb/c, CD23KO and Fcg-chainKO mice 14 days after
immunization with IgE-IC or IgE(PNG)-IC. Statistical analysis (mean ± SEM) using unpaired students t-test (G), n = 6, and multiple paired t-test
(J), n=5. The signs for statistical significance are ns = not significant, p ≤ 0.05 (*), p ≤ 0.001 (***), and p ≤ 0.0001 (****).
Frontiers in Immunology frontiersin.org05

https://doi.org/10.3389/fimmu.2022.1069100
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Plattner et al. 10.3389/fimmu.2022.1069100
(Figure 1G). The reduced levels of plasma cells, together with

reduced avidities of the antibodies (see below), may explain the

observed differences in antibody titers.

In addition, we measured the elimination of IgE, IgE(PNG),

IgE-IC, and IgE(PNG)-IC from serum, and observed that IgE

disappears from the serum faster than IgE(PNG). Furthermore,

compared to free IgE antibodies, IgE-IC are eliminated more

quickly, whereby no difference was found between glycosylated

and deglycosylated complexes (Supplementary Figure 2A).

Next, we investigated whether IgE’s glycosylation influences

anti-IgE IgG subclasses’ formation. As in our previous study (33),

IgG1 and IgG2b were the most frequent subclasses. Additionally,

no significant difference between the glycosylated and

deglycosylated groups was detectable (Supplementary Figure 2B).

As we previously showed that IgE-IC binding to B cells was

CD23 dependent we assessed the role of CD23 in generating anti-

IgE IgG by immunizing CD23 KOmice once with IgE-IC and IgE

(PNG)-IC (Figure 1H). Compared withWTmice, CD23 KOmice

showed after two weeks immunization higher anti-IgE IgG levels

supporting the hypothesis that CD23 might act as a regulator for

the production of anti-IgE antibodies (31), However, as for WT

mice higher level of anti-IgE IgG was obtained with glycosylated

than with deglycosylated IgE-IC. Further, we also looked at the

role of FcgR and FcϵRI using Fcg common chain KO (lacking

FceRI, FcgRI, and FcgRIIIa) in mediating anti-IgE IgG and

showed that KO mice immunized with IgE-IC have lower anti-

IgE IgG levels than WT mice. As shown in Figures 1I, J this was

independently of whether IgE-IC is glycosylated or not suggesting

that IgE-ICs binding is not only CD23 dependent.

In conclusion, triple vaccination with IgE-ICs without

adjuvant elicited a solid systemic humoral immune response

against IgE, which was significantly stronger when glycosylated

IgE was used as the immunogen. These results indicate that

glycans play a role in modulating anti-IgE IgG responses that are

probably FcgR dependent.
3.2 Enhanced serum IgE clearance
by anti-IgE IgG compared to
anti-IgE(PNG) IgG

We next wanted to investigate the effects of anti-IgE IgG and

anti-IgE(PNG) IgG antibodies on the serum clearance of

secondarily administered IgE and their ability to prevent

sensitization of effector cells. Therefore, we isolated IgG

antibodies from pooled sera by Protein G chromatography and

analyzed them by ELISA. As expected, these antibodies reacted

against IgE and Fel d 1 (Supplementary Figure 3A for IgE-Fel d 1,

and Supplementary Figure 3D for IgE(PNG)-Fel d 1). Thus, to

remove anti-Fel d 1-specific antibodies, the IgG antibodies were
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separated using a Fel d 1-coupled column. ELISA results of the

eluate fraction show successful removal of Fel d 1-specific IgG

antibodies (Supplementary Figures 3B, 3E for IgE and IgE(PNG)

specific IgG; Supplementary Figures 3C, 3F for Fel d 1 specific

IgG). From now on, the anti-IgE IgG isolated frommice vaccinated

with IgE-ICs will be called anti-IgE IgG, and the ones from mice

immunized with IgE(PNG)-ICs will be called anti-IgE(PNG) IgG.

The purified anti-IgE IgG or anti-IgE(PNG) IgG antibodies

were injected into mice 1h before IgE administration. Serum IgE

was measured 30min, 2h, and 24h after IgE injection by ELISA.

Additionally, Basophil surface IgE was measured one week after

IgE injection (see the outline in Figure 2A). Anti-IgE IgG

significantly increased the clearance of passively administered

IgE in serum (Figure 2B). In contrast, using anti-IgE(PNG) IgG

did not lead to a significant reduction in serum IgE levels

(Figure 2C). Flow cytometry evaluated IgE sensitization of

basophils one week after administration of IgE. The anti-IgE

IgG group showed significantly decreased IgE surface levels

compared to the IgE-only control group. The anti-IgE(PNG)

IgG group also showed decreased IgE levels on basophils.

However, their levels were significantly higher than the IgE

levels of the anti-IgE IgG group (Figures 2D, E). Avidity ELISA

was performed to analyze the avidity of the anti-IgE IgG

antibodies. The results show that approximately 13% of the

anti-IgE IgG and 4% of the anti-IgE(PNG) IgG have high avidity

(Figure 2F). This difference could explain why anti-IgE IgG are

better able to clear IgE from serum than anti-IgE(PNG) IgG.

These experiments conclude that anti-IgE IgG antibodies

induced by glycosylated IgE are more efficient in downregulating

passively administered IgE.
3.3 Anti-IgE IgG provides better
protection against allergen challenges
than anti-IgE(PNG) IgG

Given that anti-IgE IgG antibodies can regulate serum IgE levels

and basophil sensitization, we investigated their ability to protect

mice from allergen challenges after IgE passive sensitization.

Therefore, we first investigated whether passive immunization

with anti-IgE IgG, anti-IgE(PNG) IgG, or a control IgG prior to

IgE sensitization can protect against the Fel d 1 challenge

(Figure 3A). Mice receiving anti-IgE IgG were protected from the

Fel d 1 challenge, whereas this was not the case for mice immunized

with the control IgG (Figure 3B). Immunization of mice with anti-

IgE(PNG) IgG also conferred protection compared to the control

group. However, comparing the area under (AUC) (drop of body

temperature over time) of all three groups shows that anti-IgE IgG

antibodies are significantly better in protecting mice from Fel d 1

challenge compared to anti-IgE(PNG) IgG antibodies (Figure 3C).
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To ensure that not any residual anti-Fel d 1 IgG antibodies

mediate the protection of the anti-IgE IgG antibodies, the same

experiment was performed with Ara R as an allergen

(Figure 3D). The results showed the same protection as when

Fel d 1 was used as allergen indicating that anti-IgE IgG

antibodies confer protection. Anti-IgE IgG and anti-IgE(PNG)

IgG could significantly better protect mice from the Ara R
Frontiers in Immunology 07
challenge than the control IgG. However, again, anti-IgE IgG

was more protective than Anti-IgE(PNG) IgG (Figures 3E, F).

These results suggest that anti-IgE IgG antibodies mediate

the protection from allergen-challenge by active immunization

of IgE-Fel d 1 complexes. Furthermore, they indicate that IgE

glycosylation impacts the formation of IgG antibodies, which are

efficient in protecting mice from allergen challenges.
A

B

D

F

E

C

FIGURE 2

Anti-IgE IgG antibodies are more effective in lowering serum IgE levels than anti-IgE (PNG) IgG antibodies. Timetable with timepoints of
injections, blood withdrawal, and experiments (A). IgE serum levels were detected by ELISA and displayed as AUC at different time points after
injection of IgE with or without passive immunization with anti-IgE IgG (B, C). Shown are the results for IgE alone compared to IgE with anti-IgE
IgG (B) and IgE alone compared to IgE with anti-IgE(PNG) IgG (C). Representative FACS dot plot of basophils in mice immunized with IgE alone
or with anti-IgE IgG or anti-IgE(PNG) (D). Mean (± SEM) of IgE mean fluorescence intensity on basophils from naive mice, mice injected with
IgE, and mice injected with anti-IgE IgG and IgE (E). Avidity index of anti-IgE IgG and anti-IgE(PNG) to IgE (F). Statistical analysis (mean ± SEM)
using two-way ANOVA (B, C), one-way ANOVA (E), and unpaired students t-test (F). n = 6 from two independent experiments. The signs for
statistical significance are ns = not significant and p ≤ 0.0001 (****).
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3.4 Role of FcgRIIb and CD23 in the
protection from anaphylaxis and
clearance of IgE-IgG complexes

Having shown that FcgRIIb and CD23 play a role in the

binding of IgE-IC, we investigated the role of FcgRIIb and CD23

in the IgE clearance process and protection against anaphylaxis.

For this purpose, we used FcgRIIbKO and CD23KO mice and

passively sensitized them to Fel d 1 (Figure 4A) and Ara R

(Figure 4E) after the passive immunization with the anti-IgE IgG
Frontiers in Immunology 08
antibodies. While FcgRIIbKO mice were still protected from

subsequent challenges with Fel d 1 and Ara R (Figures 4B, F,

respectively), CD23KO mice were not (Figures 4C, G). This

suggests that protection is primarily mediated by neutralization

and is independent of FcgRIIb. Comparing the AUC shows that

FcgRIIB mice are significantly better protected from the Ara R

challenge (Figure 4D) and the Fel d 1 challenge (Figure 4H) than

CD23KO mice.

Next, we investigated whether anti-IgE IgG antibodies elicit

an anaphylactic respons in IgE sensitized mice (Figure 4I) using
A

B

D

E F

C

FIGURE 3

Passive immunization with anti-IgE-IgG protects against allergen challenges. The schematic overview of challenges with Fel d 1 and Ara R as an
allergen in Balb/c mice (A, D). Decrease in body temperature (delta) over time following challenge with Fel d 1 after passive immunization with
anti-IgE IgG, anti-IgE(PNG) IgG, or control IgG (B). The area under the curve of the challenge with Fel d 1 (C). Decrease in body temperature
(delta) over time upon challenge with Ara R after passive immunization with anti-IgE IgG, anti-IgE(PNG) IgG, or control IgG (E). The area under
the curve of exposure to Ara R (F). Statistical analysis (mean ± SEM) with one-way ANOVA (C, D). n = 6 from 2 independent experiments. The
signs for statistical significance are p ≤ 0.05 (*), p ≤ 0.001 (***), and p ≤ 0.0001 (****).
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FIGURE 4

CD23 is important for the protection but not FcgRIIb. Schematic challenge overview with Fel d 1 and Ara R as an allergen, respectively, in
FcgRIIbKO and CD23KO mice (A, E). (B, C) Shows the decrease in body temperature (delta) over time following challenge with Fel d 1 after
passive immunization with anti-IgE IgG, anti-IgE(PNG) IgG, or control IgG, in FcgRIIb KO (B) mice and in CD23KO mice (C). AUC comparison
between of Ara R challenged mice are displayed in (D). Decrease in body temperature (delta) over time following challenge with Fel d 1 after
passive immunization with anti-IgE IgG, anti-IgE(PNG) IgG, or control IgG, in FcgRIIb KO mice (F), in CD23KO mice (G). AUC comparison
between of Fel d 1 challenged mice are displayed in (H). Experimental setup to analyze the anaphylactic potential of the anti-IgE IgG antibodies
(I). (J, K) show the drop of bodytemperature of mice sensitized with anti-Fel d 1 (H) or anti-Ara h2 (I) IgE and challenged with the anti-IgE IgG
antibodies. The signs for statistical significance are p ≤ 0.001 (***), and p ≤ 0.0001 (****).
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IgE anti-Fel d 1 (Figure 4J) or IgE anti-Ara h 2 (Figure 4K). For

this purpose, Balb/c mice were first injected with IgE and 24

hours later with the IgG antibodies and systemic anaphylaxis

was measured by body core temperature. Both mouse groups

were protected against anaphylaxis indicating that anti-IgE IgG

antibodies induced by IgE-IC immunization do not cross-link

FcϵRI bound IgE.

These results suggest that the inhibitory FcgRIIb is not

involved in mediating protection from allergen challenge, but

the low-affinity IgE receptor CD23.
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3.5 Clearance of IgE-IgG complexes is
mainly mediated by CD23

Since CD23KO mice were not protected, we hypothesized

that IgE-IgG complexes might be eliminated via CD23. Thus, we

investigated the influence of FcgRIIb, CD23, and Fcg receptors
on eliminating IgE-anti-IgE IgG complexes. Therefore, we

immunized Balb/c, CD23KO, FcgRIIbKO, and common Fcg-
chainKO mice (lacking FceRI, FcgRI, and FcgRIIIa) with IgE-

anti-IgE IgG complexes (Figure 5A) and analyzed sera by ELISA
A

B

D E

C

FIGURE 5

IgE-IgG complexes are mainly eliminated by CD23. Experimental overview for the clearance of IgE-anti-IgE IgG immune complexes (A). IgE-
anti-IgE IgG serum levels 1h after injection are shown as ELISA OD450 results (B) and as the area under the curve of the ELISA plot (C). ELISA
results of supernatant from IgE-anti-IgE IgG incubated with primary mouse B cells after 10min and 30min (D). FACS results of anti-IgE and anti-
IgG positive primary mouse B cells after 10min and 30min incubation with IgE-anti-IgE IgG immune complexes (E). Statistical analysis (mean ±
SEM) using one-way ANOVA (C) and two-way ANOVA (D, E). n = 4 per group. The signs for statistical significance are ns = not significant,
p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****).
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1h after injection. IgE-IgG complexes were still detected in

CD23KO mice as well as to a lesser extent in Fcg−chain KO

mice. Significantly fewer IgE-IgG complexes were detected in

Balb/c, FcgRKO and FcgRIIbKO mice (Figures 5B, C). To

confirm these results, we isolated primary B cells from Balb/c

and CD23 KO mice and incubated them with IgE-anti-IgE IgG

complexes. The presence of complexes in supernatant were

analyzed after 10 and 30 min by ELISA (Figure 5D). After

30 min incubation significantly fewer complexes were detected

in the supernatant of B cells fromWTmice than from CD23 KO

mice. In parallel, we also assessed B cell surface complexes in

these mice (Figure 5E). In line with the data from the cell

supernatant data, B cells of wild type mice carried significantly

more complexes than those of CD23 KO mice. These results

suggest that CD23 and, to a lesser extent, FcgR mediate the

elimination of IgE-IgG complexes, whereas FcgRIIb alone is not

significantly involved in the clearance process.
4 Discussion

Targeting IgE with therapeutic anti-IgE antibodies such as

omalizumab is a validated strategy to treat IgE-mediated diseases.

Naturally occurring anti-IgE IgG antibodies have been identified in

patients with various diseases, including asthma (37) and atopic

dermatitis (38), but also in healthy individuals (39). Our recent

work demonstrated that a single immunization with IgE-allergen

complexes elicits an anti-IgE IgG response without adding

adjuvants. The resulting anti-IgE IgG bind glycosylated IgE

significantly better than deglycosylated IgE (33). Here we show

that booster immunizations can even enhance the anti-IgE IgG

response suggesting that repeated exposure to IgE-allergen ICmight

lead to a beneficial anti-IgE IgG response. Glycosylation of IgE plays

a vital role in this process. The use of glycosylated IgE leads to an

increased anti-IgE IgG and even an increased IgG anti-Fel d 1

response compared to deglycosylated IgE. The adjuvant effect of IgE

for antigens has been previously demonstrated, but here we show

that glycans are critical for this effect. The reduced immunogenicity

of deglycosylated IgE might be counterintuitive. Removal of the

glycans makes the IgE less soluble and could result in the formation

of aggregates. It is known that aggregates can be important for

antigenicity (40, 41). Hence, it is reasonable to assume that glycan-

recognizing receptors are involved in the process. Shade et al.

showed the impact of IgE glycosylation on pathogenicity. They

showed that the conserved oligomannose at N394 for human IgE

and N384 for mouse IgE is essential for binding to the FceRI (42).
Furthermore, they demonstrated that there are differences in IgE

glycosylation between healthy and atopic individuals (43). While

healthy individuals contain more N-acetylglucosamine and
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terminal galactose, peanut-allergic individuals showed a higher

number of terminal sialic acids. Interestingly, removing sialic acid

from IgE attenuates the degranulation of effector cells and, thereby,

anaphylaxis. In contrast, the interaction between IgE and CD23 is

glycan independent (44) and CD23KO mice show an even higher

anti-IgE response (33). The fact that IgE is the most glycosylated

immunoglobulin further strengthens this assumption. About 12%

of its molecular weight is carbohydrate (11). Moreover,

glycosylation of proteins influences their serum kinetic (45, 46).

Fcg-receptors in mice that bind IgE are FcgRIIb, FcgRIIIa, and
FcgRIV (47). Specifically, for FcgRIV, one study has shown that this
receptor binds IgE when IgE is present as a complex but not

monomeric IgE (47). Moreover, the engagement of FcgRIV led to

the antigen presentation to T cells (48) However, whether

glycosylation of IgE plays a role in this process is unclear.

Interestingly, two amino acids (K117 and E132) essential for

FceRI binding to IgE are conserved in FcgRIV (47, 49). Since IgE

glycosylation is required for binding to FceRI (13), it may also be

necessary for binding to FcgRIV. One study investigated the effect of
glycosylation of IgG-IC on binding to various human FcgRs. They
showed that depending on the IgG subclass and Fcg-receptor,
PNGase F treated IgG-IC show reduced or no binding to the

specific receptors anymore (50). Although the study was performed

with human FcgR and IgG-IC, similar conditions might also apply

to IgE-IC in mice. This would explain why more anti-IgE IgG was

generated in the group with glycosylated IgE than in the group with

deglycosylated IgE. It is also well known that Fcg-receptors can

induce T cell proliferation (51, 52). This would explain why we

could not see a significant difference between glycosylated and

deglycosylated IgE-IC in FcgR KO mice. Furthermore, it would

explain why only IgE-IC, but not monomeric IgE, elicits an anti-IgE

IgG response since FcgRs bind only complexed IgE (47, 53).

However, since there was also an anti-IgE IgG response in

Fcg-common chain KO mice, other receptors may also be

involved in generating anti-IgE IgG antibodies upon IgE-IC

immunization. A possible candidate could be the lectin galectin-

9, which is known to bind IgE. Even though it has an anti-

allergic effect by preventing IgE-antigen complex formation (54),

it is not clear whether it can bind IgE-antigen complexes or not.

However, it is known to induce DC maturation and promote T

cell proliferation and Th1 cytokine production (55). However,

since it binds IgE in a carbohydrate-dependent manner, we

would expect to see differences between glycosylated and

deglycosylated IgE-IC in the FcgKO group.

Further differences can be observed in the ability of anti-IgE

IgG and anti-IgE(PNG) antibodies to clear IgE from serum and

prevent binding to effector cells. The results show that anti-IgE

IgG antibodies are significantly better at controlling the binding

of IgE to FceRI of basophils than anti-IgE(PNG) antibodies. This
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indicates that IgE glycosylation affects the quantity of anti-IgE

antibodies generated and their quality. An explanation for this

could be the difference in affinity since it is higher for the anti-

IgE IgG antibodies than anti-IgE(PNG) antibodies. It could be

that glycans are essential for interacting with anti-IgE IgG to IgE.

Thus, in the case of missing glycans, the anti-IgE IgG binding

site could be altered, resulting in decreased affinity. Another

explanation could be that deglycosylation leads to a

conformational change (13). This change would result in

different conformational epitopes between glycosylated and

deglycosylated IgE.

Passive immunization with anti-IgE IgG and anti-IgE(PNG)

IgG allowed us to see if the difference in serum clearance is also

reflected in the ability to protect mice from anaphylaxis upon

allergen challenges. Our results show that both anti-IgE IgG

antibodies protect BALB/c WT mice compared with controls.

However, protection was always better in the anti-IgE IgG group

than in the anti-IgE(PNG) group. These results are consistent

with the clearance experiment results, where significantly more

IgE was found on the basophils of the anti-IgE(PNG) IgG group

than in those of the anti-IgE IgG group. To better understand the

protection mechanism, allergen challenges were also performed

in FcgRIIb KO and CD23 KOmice. Previous studies have shown

that co-aggregation of FcgRIIb with FceRI inhibits IgE-mediated

degranulation of effector cells (56). Moreover, it has been

observed that allergen-specific desensitization (SIT) induced

allergen-specific IgGs, which act via FcgRIIb (34). However,

since the FcgRIIbKO mice were as protected as the WT mice, we

speculate that the protection is mainly mediated by the

neutralization of IgE, primeraly via CD23 and FcgRs. In both

B cells and monocyte-derived DCs, CD23 was shown to bind

and internalize IgE-allergen complexes better than IgE alone

(57) and could therefore also play a role in the clearance of IgE-

anti-IgE IgG the complexes. Indeed, CD23KO mice were not as

well protected as wild-type Balb/c mice, suggesting that CD23 is

important for the clearance of IgE-IgG complexes. Furthermore,

our serum kinetic results in CD23KO confirmed that most

complexes are eliminated via CD23. Not enough elimination

of complexes leads to the accumulation of IgE-IgG complexes

and then to their dissociation, during which the released IgE can

bind preferentially to FceRI because of its higher affinity for

FceRI than for the IgG antibodies. This results in the

sensitization of effector cells, which can degranulate upon

encountering the allergen. Additionally, while IgE-ICs do not

trigger empty FceRI-mediated degranulation, IgE pre-sensitized

basophils/mast cells can be degranulated by IgE-ICs (31). A lack

of clearance could thus favor the degranulation of IgE pre-
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sensitized effector cells. FcgR might also play a role in the

clearance of immune complexes. Indeed, several studies has

reported FcgR for elimination of IgG complexes. Thus, IgE-

omalizumab complexes has been shown to be cleared via

interactions with FcgR on endothelial cel ls of the

reticuloendothelial system (23). However, whether Fcg-
common chain KO mice respond similarly to allergen

challenge as CD23KO mice cannot be verified since they also

lack FceRI, as FceRI also relies on the common g-chain.
In conclusion, we have demonstrated the importance of IgE

glycosylation for the anti-IgE IgG response and a possible pathway

to eliminate IgG-IgE complexes via CD23 in a mouse model.

Further research is needed to investigate the effects of IgE

glycosylation on anti-IgE IgG antibodies and serum IgE levels in

humans. In particular, the extent to which different IgE

glycosylation patterns affect anti-IgE IgG antibodies should also

be investigated. More insights into the role of IgE glycosylation for

anti-IgE IgG antibodies could help to find even more efficient

strategies against type I hypersensitivity diseases.
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