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ABSTRACT

BACKGROUND: IgE causes anaphylaxis in type-1 hypasitivity diseases by activating degranulatioefbéctor
cells such as mast cells and basophils. The mexinanihat control IgE activity and prevent anaphiglaxnder
normal conditions are still enigmatic.

OBJECTIVE: We aimed to unravel how anti-IgE autdaodies are induced and understand their rolegnleting
serum IgE level and allergic anaphylaxis.

METHODS: We immunized mice with different forms IgE and tested anti-IgE autoantibody responsesttzaid
specificities. We then analysed the effect of thastbodies on serum kinetics and thaivitro andin vivo impact
on anaphylaxis. Finally, we investigated anti-lgEcantibodies in human sera.

RESULTS: Immunization of mice with IgE-immune comgbs induced glycan-specific anti-lgE autoantibsdie
The anti-IgE autoantibodies prevented effector selisitization, reduced total IgE serum levelstquted mice
from passive and active IgE sensitization, andlredun cross-protection against different allergeRurthermore,
glycan-specific anti-lgE autoantibodies were prégesera from allergic and non-allergic subjects.
CONCLUSION: In conclusion, we provide first evidenthat in the murine model the serum level and laylaptic

activity of IgE may be down-regulated by glycan-fie IgG anti-IgE autoantibodies.

KEY MESSAGES

e Immunization with IgE-allergen complexes induces-&gE autoantibodies
* Those anti-IgE autoantibodies recognize glycarctiires on IgE
e The anti-lgE autoantibodies down-regulate endogehghi levels and protect against passive and active

allergic sensitization

Capsule summary
Glycan-specific anti-lgE autoantibodies are indleciy IgE-immune complex immunization in mice amdtpct

from allergy. Hence, anti-IgE autoantibodies cdutda novel therapeutic approach in allergic disease
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INTRODUCTION

IgE antibodies are one of the most powerful weapoihthe immune system intended to fight threatshsas
parasites or venoms (1). IgE is capable of actigathe degranulation of effector cells such as plais® and mast
cells. In this process, antigen-specific IgE fgensitizes the effector cells to an antigen by ibmécRI receptors
with high affinity. Upon antigen re-encounter,eR¢ cross-linking causes degranulation of the caflig leads to
inflammatory responses (2,3). When falsely induegginst non-hazardous antigens, IgE can cause Itype
hypersensitivity such as asthma, hay fever, and fatbergy (4,5). IgE might also be a contributor ttee
pathogenesis of several chronic inflammatory diegdsuch as rheumatoid arthritis bullous pemphigdiaonic
spontaneous urticaria (CSU), and systemic lupushenyatosus (SLE) (6). Direct targeting of IgE witte
therapeutic monoclonal anti-IgE antibody omalizunhas shown clinical efficacy in allergic asthmavadd| as in
chronic spontaneous urticaria (7-9). Mechanisticalmalizumab neutralizes free IgE, causing downlagn of
FceRI expression on effector cells and even disrugfS:FEcRI complexes (10-14). However, the natural
mechanisms of IgE regulation are still poorly ustieod. An important feature of IgE regulation & short serum
half-life of 2-2.5 days compared to serum IgG, whias a half-life of about 3 weeks in humans (16,I6e two Fc
receptors for IgE, FRI and CD23 (FeRll) are thought to regulate IgE serum levels (8., B cell-expressed
CD23 is thought to further provide a negative fesdkbsignal for the synthesis of new IgE antibodits,20).
Another interesting attribute of IgE is its adjuvdanction. IgE-antigen complexes have been shawimduce
strong antigen-specific IgG and T cell immune resss (21-23). Other studies have observed thaitdgkE may
be a target of anti-IgE autoantibodigfose antibodies were shown to be functionally dogfeneous, some being
able to activate effector cell degranulation whitber inhibited degranulatiq24—27). These findings have raised
the possibility that anti-lgE autoantibodies mayertxregulatory functions. Here, we investigated tlbe
immunization with IgE-antigen complexes not onlsuks in antigen-specific responses but also inbady
responses against IgE itself. For our immunizatioodel, we used the major cat allergen Fel d 1 &gemin
complex with a Fel d 1-specific monoclonal IgE (28)e next examined how those antibody responsesitmig

functionally impact serum IgE levels, allergic sémation, and antigen-mediated anaphylaxis.

METHODS

Fel d 1 and Fel d 1-specific monoclonal antibodies
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Production of recombinant monomeric and dimeric drdl is described elsewhere (29,30). Briefly, tagquence
encoding a fusion of chains 1 and 2 of Fel d 1 sgday a 15aa-linker (GGGGS)x3 was linked to a diisé tag and
then cloned into plasmid pET42 (Addgene, WatertoW8A). After plasmid transformation intéscherichia coli
C25661 (New England, Biolabs, Ipswich, UK), reconarit Fel d 1 was produced at 20°C for 20 hourds@etre
then sonicated and cell supernatant was purifiedliy affinity column. To separate monomer and dsnfgom
multimers, a size exclusion chromatography usir8uperdex 75 column (GE Healthcare, Chicago, IL, Y®As
performed. The monoclonal antibodies were engirmktzebe expressed as either human or mouse argibadid
were produced in CHO cells (Evitria AG, Zurich, &erland) and purified by affinity chromatographyeo a
protein L or protein G Sepharose column (GE Healthcrespectively. If not otherwise stated, the aotonal Fel d
1-specific IgE F127 was always chosen for immunizabr ELISA coating. In some cases, the non-coitipet
mouse IgE clone A044 was used. Mouse 1gG immurgatiand coatings were performed with 1gG1 F127 and
IgG2a F127. For human IgE, we mainly used the ralmmal human hybridoma-produced IgE SUS11 (31).
Antibodies were deglycosylated using PNGase F (N®wland Biolabs, Ipswitch, MA, USA) under native
conditions according to the protocol of the suppligith slight modifications. Briefly, 2fg of IgE was mixed with
2.5ul Glycobuffer 2 (10X) in a final volume of 28 adjusted with sterile water. After the additioh5oul PNGase

F the mix was incubated at 37°C in a shaker with &dn overnight. The deglycosylation with Endo Fitl &ndo
F2 was performed as described (Sigma-Aldrich, S#lidnd). Briefly, 200ug of IgE was incubated with @l of
Endo F1 or Endo F2 in a 30 final volume adjusted with reaction buffer (Cat R9025) and incubated for 1 hour
at 37°C. Cleavages with PGNase F and Endo F1 avdf2 then monitored on SDS-PAGE and Western blog¢. T
antibodies were additionally purified with Zeba™ irsfDesalting Columns (40K, MWCO) (Thermo Fisher
Scientific, Waltham, USA), which are polypropylertevices containing a high-performance size-exctusio

chromatography resin allowing removal of the enzymsged for deglycosylation.

Lectin Blots

Two 4-15% Mini-Protean TGX gels (Bio Rad, Hercul€®\, USA) were used for SDS-PAGE analysis of digést
IgE. ProSieve Color Protein Marker (Biozym ScieantiGmbH, Hessisch Oldendorf, Germany) was used as a
ladder. 3ug IgE was loaded in non-reducing conditions. Thenges first run at 70 V for 15 min. and then at 220

for 1 h. One SDS-PAGE was incubated overnight gtdntBlue (Abcam, Cambridge, UK). The other gel wssd
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for the Western Blot, by using the Trans-Blot® Ta®b Transfer System (Bio Rad). The membrane was then
incubated with biotinylated Galanthus Nivalis Lec{\Vector Laboratories Inc, Burlingame, CA, USA) detect
high-mannose-type N-glycans for 1h at RT. The ga$ washed twice before the secondary antibody tatriejn
HRP (Biolegend, San Diego, CA, USA) was added andbated for 1h at RT. The gel was again washecketemnd
developed with SuperSignal West Pico PLUS Chemihgstent Substrate (Thermo Scientific, Waltham, MA,

USA).

M ouse immunization and serum collection

BALB/c mice (Envigo, Huntingdon, UK) were used fexperiments at the age of 6 weeks and were kefteat
central animal facility (Murtenstrasse 31, Bern,it3arland). All animals were treated for experinggitn
according to protocols approved by the Swiss Fédéeterinary Office. CD23-/- mice on BALB/c genetic
background were kindly provided by Prof. J. RaveMite on a mixed C57BL/6J—-C57BL/6N background juled
by Dr. A. Eggel were originally described and reeei from Prof. JP. Kinet (32). For immunization§,nit
otherwise described, mice were injected intravelyofis’) with 22.5ug IgE, 5ug Fel d 1 in dimeric sronomeric
form or 118ug IgG, always dissolved in J0®BS. Blood from tail veins was collected usingckditainer® serum
tubes (BD Biosciences, Franklin Lakes, NJ, USA)aSef allergic donors who had a positive ImmunoCaéiP
timothy grass pollen (clasg 4) and of healthy donors (no specific IgE detectedmmunoCAP) were used for

ELISA.

Mast cell binding and activation assay

Isolation of murine bone marrow-derived mast céB8MC) for in vitro anti-lgE serum blocking assay was
previously described by our group (33). Mouse FJR7 was added at different concentrations in meesa of
either naive mice, or IgE-Fel d 1 immunized miderai4 days. The mixture was then incubated withVBBAfor 1h

at 37°C. For IgE binding assays, the cells werkectdd at this step and stained for surface IgBgIBE anti-mouse
IgE (clone RME-1, Biolegend). To assess degraranatihe cells were washed and incubated with 5nMdFe
diluted in PBS for 30 min at 37°C. The cells werasthed and stained with anti-CD63 (clone REA563teviii
Biotec, Bergisch Gladbach, Germany) for 15 min &t Rhe cells were analyzed by flow cytometry. Tettthe

allergenic activity of anti-IgE IgG antibodies, nssulgE F127 was added at different concentratiolBMMC for
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1 h at 37°C followed by subsequent incubation widlive or immunized sera that have been previousdyed for
30 min at 56°C. The cells were washed and staingd anti-CD63 (clone REA563, Miltenyi Biotec, Besgh

Gladbach, Germany) for 15 min at RT and analyzefldyy cytometry.

Flow Cytometry from murine blood

Blood from tail veins was collected using PBS contey 10mM EDTA (Thermo Fisher Scientific). Redobd
cells were lysed using ACK buffer (Thermo Fisheie8tific) according to the manufacturer's protocBefore
antibody staining, the cells were washed threedimith PBS. The cells were then stained for 15 teiswat RT.
Basophils were marked with APC anti-mouse CD49bnEel HMu2, Biolegend) and PE anti-mouse IgE (clone
RME-1, Biolegend) and negative for FITC anti-CD1({cfone 2B8, BD Biosciences) after blocking unsgecif
binding with mouse Fc gamma block (BD Biosciené@dw cytometry was performed with BD FACSCant(BD

Biosciences) and analyzed using FLOWJO softwareg3tar Inc, Ashland, OR, USA).

Passive and active sensitization

For passive sensitization (IgE re-injection) of ionmezed mice, 22.5ug IgE F127 was administered pausa by

intravenous injection. The next day, baseline btedyperature was measured by MiniTemp rectal probenice

(Vetronic Services Ltd, Abbotskerswell, UK). IgEnsé@ized mice were then challenged by intravenojection

with 5ug Fel d 1 and rectal temperature was medsarelOmin-intervals for 1 hour. Crude peanut ettigas

prepared as previously described (34). For actamsitization, mice were injected i.p. with crude peanut
extract mixed in 20Ql 10 mg/ml Al(OH)3, Alhydrogel, referred to as Alu@mvivoGen, San Diego, CA, USA).

For the induction of anaphylaxis, mice were i.yeated with 1Qg peanut extract in PBS.

ELISA
96-well Nunc Maxisorp" ELISA plates (Thermo Fisher Scientific, WalthamAMJSA) were coated with 2pg/ml

antibody in PBS at 4°C overnight. For the deteridmaof mouse IgE-specific 1gG, plates were coatgtth mouse

IgE F127. For the detection of human IgG anti-Igieviously described IgE clone SUS11(31) was coated

Alternatively, native human IgE protein (Abcam, Gaidge, UK) was coated. For mouse IgE capture ELI&A

anti-mouse anti-IgE (clone R35-7, BD Bioscienceay(wsed for coating. For human IgE capture ELISAgipusly
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described anti-IgE clone Le27 (35) was used. Alflecking with PBS/0.15% Casein solution for 2 houykates
were washed five times with PBS/0.05% Tween. Selilations of sera were added to the plates andgbated for 2
hours at RT. Plates were then washed eight timés RBS. Thereafter, HRP-labeled goat anti-mouse (&
Jackson Laboratory, Bar Harbor, ME, USA) antibodiese incubated at RT for 2 hours. To detect IgBckasses,
rat anti-mouse IgG1 (clone X56, BD Biosciences) argi-mouse IgG2a (clone R19-15, BD Biosciences) anti-
mouse IgG2b (clone R12-13, BD Biosciences) ratauatise IgG3 (clone R40-82, BD Biosciences) werel @sal
developed with polyclonal HRP-labeled goat antiigg® (Biolegend). For IgE detection, polyclonal Hi#Beled
goat anti-mouse IgE (Bio-Rad Laboratories) was usetllSAs were developed with TMB (3,30,5,50-
tetramethylbenzidine) and,B8, and stopped with 1 mol/L sulfuric acid. Opticahdities were measured at 450 nm.
Half-maximal antibody titers (OD50) are definedtlas reciprocal of the dilution leading to half bEtOD measured

at saturation.

Glycan microarray and analysis

Glycan microarray screening, using slides from ®¢ikiLLC, Moscow, Russia was performed as previpusl
reported (36). Briefly, pooled sera (10 mice peyug) of Fel d 1, IgE-Fel d 1, IgE or IgE(PNGaseated)-Fel d 1
immunized BALB/c mice were diluted 1 in 30 (v/v) RBS containing 1% Tween 20 and 3% BSA and appulied
array microchips for 1.5 h at 37°C. Biotinylatedag@anti-mouse IgG (SouthernBiotech), followed byhpL of
streptavidin conjugated with Alexa Fluor 633 (TherfFisher Scientific, Waltham, USA) were used toalep the
fluorescent signal. Scanning of Semiotik slides vpasformed on a GenePix® 4100A Microarray Scanner
(Molecular Devices) with jom resolution. Values that were below two-fold chesgespect to the control group and
in the lower 25 percentile of fluorescence intgneiere excluded from the analysis. Heatmap reptaten of the
data was performed using the function heatmap.bh ftbe package gplots2 of the “R” environment (The R
Foundation for Statistical Computing, Vienna, AigtrVersion 3.0.2). Other representations were dosiag

Microsoft Excel (Microsoft Corporation, 2011, Vergi14.0.0).

Statistical analysis
All statistical tests were performed using GraphP&ISM 6.0 (GraphPad Software, Inc.). For all ekpents

throughout the manuscript=0.05 and statistical significance are displaye<®.05 (*), p<0.01 (**), p<0.001
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(***), p<0.0001 (****). Two groups were analyzed by Two-tadl Student's t-test. All data in graphs are dispthy
as mean * SEM. Dose- and time-dependent comparisens performed by 2-way ANOVA followed by Tukey

testing.

RESULTS

IgE-Fel d 1 complexesinduce | gG autoantibodies against | gE

We first investigated the IgE-specific 1gG respoirs#uced by immunization of mice with IgE-Fel d antplexes
(Figure 1A-F). All respective Fel d 1 specific Igésponses are shown in Figure E1A-D. First, eitherFel d 1
complexes or monomeric IgE as a control was ingegtravenously. On day 14 after immunization mie@re bled
for the detection of anti-lgE autoantibodies by &Al (Figure 1A). Mice treated with IgE-Fel d 1 comypds
generated anti-IgE autoantibodies as well as aitdA antibodies of the IgG isotype (Figure Eljeveas injection
of monomeric IgE did not result in detectable dgk- autoantibodies. We also observed IgG anti-lg&ponses
when mice were immunized intraperitoneally and sténeeously (Figure E2A). Next, we assessed whdtier
induction of anti-IgE autoantibodies is &and not variable region dependent and used the sarti-Fel d 1
antibody clone (F127) expressed as 1gG. IgG1-FE| ldG2a-Fel d 1, or IgE-Fel d 1 complexes weredtgéd and
mice bled after 14 days. Anti-IgE antibodies wexelasively generated upon IgE-Fel d 1, but not Ig&&l d 1 or
IgG2a-Fel d 1 complex injection (Figure 1B). Immzation with 1gG-Fel d 1 complexes did also not l¢adgG
anti-IgG responses (Figure E2B). The Fel d 1 usedgE-Fel d 1 complex immunizations is a dimeryiling two
IgE binding sites and thus allowing the formatidrcomplexes (28). Injection of IgE in complex wittonomeric
Fel d 1 did not induce anti-IgE responses (FiguZg We next tested a different Fel d 1 specific tgane (A044)
to evaluate whether the anti-IgE response dependbenIgE clone used (Figure 1D). IgE-Fel d 1 campt with
A044 and F127 clones induced equal anti-IgE resgomdile IgE A044 alone, like IgE F127, did notucd anti-
IgE antibodies. Interestingly, the complexationg# with a rat IgG anti-mouse IgE also induced-égifi responses
in absence of Fel d 1 (Figure E2C). The most fratjuenduced IgE-specific IgG subclass upon IgE-Hel
immunization was 1gG1l and IgG2b (Figure E2D). Hipawe evaluated whether the induction of anti-IgE

responses is dependent on IgE Fc receptors. Teetlds we immunized mice lacking CD23 £Rtl) or FRla
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(Figure 1E and 1F) with IgE-Fel d 1. Surprisingly,both FeR deficient mice, the induction of anti-IgE antilbesl

was significantly enhanced, indicating thatRs suppress rather than facilitate anti-lgE resgens

ThelgE-Fe d 1induced 1gG anti-lIgE autoantibodies ar e glycosylation-specific

We next investigated whether the anti-IgE sera @oss-reactive and react with another mouse Ig&tyfie-
specific), human IgE (species-specific), or onlg thmunized IgE (idiotype-specific). As shown irglrie 2A, sera
from IgE F127-Fel d 1 complex immunized mice redegnigE A044 and IgE F127 indicating that anti-Igggta are
isotype-specific. Since IgE is heavily glycosyla{@), we speculated that the anti-IgE responséddoel directed
against glycans on IgE. To test this, we digestedisa IgE F127 with deglycosylation enzyme PNGasarf,
amidase that cleaves between the innermost GlcM#caaparagine residues of N-linked oligosaccharéaeswas
previously used to deglycosylate IgE (38). Deglytated IgE is here referred to as IgE(PNG) and f&dt8 shows
that the PNG digestion was efficient. Figure 2B dastrates that the coating of ELISA plates is nghificantly
altered for IgE(PNG), as the signal of polyclonati4gE developing antibody is equal for both uated IgE and
deglycosylated IgE. However, we observed a cless laf binding to IgE(PNG) by sera of IgE-Fel d Ingdex
immunized mice (Figure 2C). Additionally, when miegere immunized with IgE(PNG)-Fel d 1, the anti-IgE
response was much weaker than that obtained witkdeglycosylated IgE-Fel d 1 (Figure 2D). To asselssther
glycans may be recognized independent of IgE, wdopeed a glycan-array analysis with sera from IgE,
IgE(PNG)-Fel d 1 or IgE-Fel d 1 immunized mice (kg 2E). We found a number of glycans that weregeized
by IgG upon IgE-Fel d 1 immunization, including MatMannose), one of the previously described oligonose
N-glycans found at the N394 of IgE (38). Some @f tacognized glycan structures contain monosaagsxvhich
are generally of low abundancy (Kdn (3-deoxy-D-ghy:D-galacto-nonulosonicacid)) or not present (K8e
deoxy-D-manno-octulosonic acid) and Rha (rhamnasejjammalian glycans. This finding suggests sonosss
reactivity of the IgG anti-IlgE antibodies. All glgu structure hits are additionally summarized ibl&d. Finally,
we also digested IgE F127 with Endoglycosidase EAd¢ F1) or Endoglycosidase F2 (Endo F2). Endo F1
preferentially cleaves oligomannose-type and hylstidictures whereas Endo F2 cleaves complex biaatgn
structures (38). As seen in Figure 2F, Endo Fldlige had a similar impact on anti-IgE recognitas PNGase
digestion whereas Endo F2 digestion had less impadfE recognition suggesting that oligomannosdydorid
glycan structures are preferentially recognizedyefber, these data clearly show that immunizatiah igE-Fel d

1 complexes induces glycan-specific anti-IgE respsn

10
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IgE-Fel d 1immunization down-regulates serum and basophil I1gE levels

We next aimed to evaluate the impact of inducedlgft autoantibody responses on total endogenokddgels in
mice. To this end, we immunized mice with monomé&gie, IgE-Fel d 1 or IgE(PNG)-Fel d 1 complexestaldgE
levels in serum as well as surface IgE levels aodlbasophils (gated as CDICD4951gE") were evaluated 14
days post-immunization. Figure 3A shows that td¢dt levels were reduced in IgE-Fel d 1 immunizecteni
whereas no reduction of IgE levels was observadige immunized with IgE(PNG)-Fel d 1 or with IgElpnThe
same was true for basophil surface IgE levels, whie shown as raw dot plots in Figure 3B and &dgid MFI in
Figure 3C. We next investigated the impact of &gf-antibodies on IgE serum clearance of secondgyted IgE.
Therefore, mice were immunized with either monomdégE, IgE-Fel d 1 or IQE(PNG)-Fel d 1 complexes ae-
injected with IgE 14 days later. Total serum Igkels were measured after three hours (Figure 3fB-Hel d 1
complex immunization increased clearance of pabsimgected IgE in comparison to free IgE or IgE@NFel d 1
complex immunized mice. The next day, we assesasdphil surface IgE levels in these mice. In linéhwhe
serum clearance, basophils carried significanthg IBE on their cell surface in IgE-Fel d 1 compiexnunized
groups as compared to the other groups (Figurea®Edata are shown in Figure E4A). From these éxjsats, we
conclude that actively induced anti-IgE antibodies physiologically active, as they down-regulatdagenous and

passively administered IgE.

IgE-Fel d 1 immunization protects from passive | gE sensitization and Fel d 1 challenge

Given that anti-IgE autoantibodies can regulate |lls in the serum, we assessed whether theypatsect mice
from allergen challenge. As anti-IgE antibodies Idopotentially crosslink cell surface bound IgE acause
systemic anaphylaxis, we measured body core teryperapon IgE re-injection after IgE:Fel d 1 coepl
immunization. Figure 4A shows that the mice showesmall drop in core temperature upon i.v. injactiath a

high IgE dose, but no sign of severe systemic aylapis. We next investigated, whether induced &gffi-
autoantibodies may be protective during allergesllehge. Therefore, mice immunized with IgE-Fel ddinplex
were challenged with Fel d 1 one day after IgEjesition and systemic anaphylaxis was measuredigily, IgE-

Fel d 1 immunization protected mice from Fel d Lhhallenge whereas mice immunized with IgE alonensd a

severe anaphylactic reaction to Fel d 1 challefggute 4B). Figure 4C shows that immunization wgts-Fel d 1

11
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failed to induce protection from passive systermetd1 challenge in contrast to IgE-Fel d 1, whichtected from
anaphylaxis. In a last step, we compared IgE(PN&)eF1 immunized mice with IgE-Fel d 1 immunizedcmi
Figure 4D shows, that IgE-Fel d 1 immunization lieaties significant protection compared to IgE(PN<&) d 1
immunization. In summary, these data provide strewmiglence that IgE-Fel d 1 immunization confersréased

protection against allergen challenge in a passimesitization model by inducing anti-IgE autoanties that

reduce serum and basophil surface IgE levels. Taluate whether allergen challenge induces anti-IgE

autoantibodies, we passively sensitized mice wih, Ifollowed by Fel d 1 challenge the next day.efden
challenge of sensitized mice did not induce arf-kEutoantibodies and did also not lead to resistaagainst
secondary IgE sensitization and challenge (FigutB Bnd E4C). Using bone marrow-derived mouse melét ¢
(BMMCs), we also tested whether sera from IgE-Hetdmplex immunized mice (anti-IgE serum) displayitro
blocking activity of IgE binding to FRI. As shown in Figure 4E, IgE binding to BMMCs wiakibited by anti-IgE
serum from immunized mice but not by naive serddpon Fel d 1 challenge, BMMCs incubated with agi:I
serum displayed reduced degranulation as measyr&DB3 up-regulation (Figure 4F). To further invgate the

allergenicity of anti-IgE IgG antibodies, we heateive and immunized sera to inactivate heat-ldglieand tested

them on BMMCs. Figure E4D shows no difference inivation between heated naive or immunized sera

demonstrating that anti-IgE IgG antibodies per aendt induce mast cell activation. Together thesia dhow that
IgE-Fel d 1 immunized mice are protected from sdaoy passive Fel d 1 sensitization and systemiptaiaxis
and serum from IgE-Fel d 1 immunized mice inhibifE mediated activation of ERI on allergic effector cells in

vitro.

IgE-Fel d 1immunization cross-protects from active peanut extract sensitization and challenge

Given that IgE-Fel d 1 immunization protects fromsgive anaphylaxis, we next investigated wheth&rlgh
immunization might protect against active, polyabmsensitization to a different allergen than Fel dcross-
protection). Therefore, we used a common modelatiz& peanut sensitization where alum is mixed with
allergen extract to induce IgE upon i.p. injecti@®). Figure 5A-C shows a clear increase in serum as agll
basophil surface IgE upon peanut sensitization.théa investigated whether IgE-Fel d 1 immunizatighdays
before sensitization has a protective effect orsiigation. To this end, we immunized mice with rooreric IgE,

IgE-Fel d 1 or IgE(PNG)-Fel d 1 complexes 14 dagfoke inducing active sensitization with peanut. Ydéected
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blood 28 days after immunization and evaluated! ttg& and basophil bound IgE. We monitored anti-IgE
autoantibody titers during the sensitization peribjure 5D shows that IgG anti-IgE titers werebktaover the
sensitization phase and only detectable in IgEdFElimmunized mice. Figure 5E shows that total le\els were
reduced in IgE-Fel d 1 complex immunized mice hattin untreated, monomeric IgE or IgE(PNG)-Fel dinplex
immunized mice. The same effect was also obsemmebdsophil IgE levels, as seen in Figure 5F andT3@ mice
were then intravenously challenged with peanutaektand systemic anaphylaxis was assessed by rirepbody
core temperature. As shown in Figures 5H and I;FgEd 1 immunized mice were protected from peaxitact
challenge whereas this was not the case when nece immunized with IgE or IgE(PNG)-Fel d 1. Altoget our
results show that induction of anti-IgE autoantilesdby IgE-Fel d 1 complex immunization leads taréversal

reduction of IgE levels and thereby cross-protaginst active sensitization to other allergens.

Glycosylation-specific anti-IgE autoantibodies ar e present in human serum

Having demonstrated the induction, specificity, &mukctional impact of anti-IgE responses in mice, mext aimed

to investigate the presence and specificity of-hgtiautoantibodies in human serum. We first usedhdn IgE
SUS11(31) in untreated or deglycosylated form tdemheine whether natural anti-IgE autoantibodies are
glycosylation-specific in sera of a mix populatiohallergic and non-allergic donors. In line withrdindings in
mice, human IgG anti-IgE autoantibodies were alyoagylation-specific (Figure 6A). We next deglygladed a
purified native polyclonal IgE and Figure 6B shaotliat recognition of native polyclonal IgE was edyglycan-
dependent as for SUS11. Figure 6C shows that rétmgnof untreated and deglycosylated human IgE by
polyclonal anti-IgE antibody in ELISA is comparaldepporting the fact that reduced binding of hurearum to
deglycosylated IgE is due to the absence of glyCarevaluate whether IgG antibodies against othésdtypes are
present, we coated IgE, IgA, or IgM and investiddtee presence of anti-lg IgGs. As shown in Figile only IgE-
specific IgG is present in human serum while no-lgAlgM-specific IgG antibodies are present. Talaate the
physiological relevance of IgG anti-IgE in humanuse we coated the mouse monoclonal anti-IgE antih@®7 to
capture Ige. We then detected IgG with either aygohal anti-human IgE or a polyclonal anti-humagGl
antibody. Figure 6E shows that not only IgE bubdtE-IgG complexes were detected in high amoumtsuiman
serum. In contrast, when high doses of SUS11 wedediinstead of human serum, only anti-lgE but md-lgG

signal was detected, eliminating a possible cresstivity of the developing antibody. Next, we cargd 10 non-
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atopic individuals with no history of atopy and allergic donors with specific IgE to grass pollentérms of IgG
anti-Igg autoantibodies. We found no significarffedience in IgG anti-IgE antibody titers in healtagd allergic
donors. However, in both healthy and allergic dsnee detected less reactivity against deglycosyldtan against
untreated IgE suggesting a dominant anti-glycampaoese independent to allergic status. Nevertheliesther
studies with an increased sample size are reqtordtaw definitive conclusions (Figure E5).

Altogether our data show that glycan-specific Ig@-lgE antibodies are present in human serum afharge
amount of them are found in complex with IgE. Heneati-IgE autoantibodies potentially have a simila

physiological relevance in humans as we have destin mice.

DISCUSSION

Even though the existence of natural anti-IgE antibadies has often been described, their roleiwithe immune
system has long been enigmatic. IgE-specific Ig®antibodies have been detected in atopic patientwell as
healthy human donors and most of them have beenrstm recognize protein epitopes within the2CCe3, and
Ce4 domains (24-26). However, the mechanisms by wthielse antibodies are induced are still not undedst
While other studies have shown that viral antigeas induce anti-antibody responses (40) we herev shat a
single immunization with IgE-allergen complexealsence of adjuvant induces IgE-specific IgG autbadies.

It has never been clear whether anti-IgE autoadi@sare idiotype- or isotype-specific. Here, weore that anti-
IgE autoantibodies in mice and human donors areergéiy glycan-specific, yielding the open questias to
whether IgE “glycotypes” may exist. That said, dshbeen shown that IgE is the most heavily glyaisdl Ig (with
around 12% carbohydrate) in the serum with sevelinbéd glycosylation sites in the epsilon chain ,@&j.
Independent of IgE glycans, the presence of glgmetific IgG antibodies is also well described (3Bhe
immunogenicity of the IgE glycosylation sites raggi further in-depth investigations, especiallyasshow that
induction of anti-IgE autoantibodies is not deperidm FeRs (FeRI and CD23). It seems plausible, that glycan-
recognizing receptors could be involved in posliivegulating this process, also because it is galyeestablished
that glycsosylations regulate serum kinetics otgins (42,43). For IgE specifically, glycans alsem to regulate
its inflammatory activity as the N-linked glycan &in the IgE €3 domain is critical for FgRI binding and for
triggering anaphylaxis (38). A recent study hasaghan increased level of sialic acid and galactosallergic IgE

sustaining the role of glycans in the IgE biology) The targeting of IgE by administration of algit antibodies
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such as Omalizumab for therapy is an establishguoaph to reduce IgE-dependent hypersensitivity. (Dur
study shows that natural IgG anti-IgE autoantibsdigy represent an actual physiological mechanmsnhdould
provide a balancing factor between IgE-dependédfarmmation and homeostasis. With anti-IgE antibedtbere is
typically the potential of side effects, as antlgntibodies could cross-link &eI-bound IgE. However, the fact
that our immunized mice tolerated intravenouslgdtgd IgE at exceptionally high doses without sev@gns of
side effects and anaphylaxis suggests that theaiéis do not efficiently cross-link &Rl-bound IgE. This is in
line with our latest finding showing that IgE inmplexed form is generally non-inflammatory (45).ushserum
anti-Igg could capture IgE leading to complexatiesulting in reduced ERI sensitization and increased serum
clearance. The reason for non-reactivity witkRBebound IgE is still not clear. Since glycans arical for FeRI
binding, we speculate that they may be hidden #RFbound IgE and can thereby not be recognizedribiylge
autoantibodies. Thus, a vaccine inducing non-andatimgenic anti-IgE autoantibodies that prevepthimding of
IgE to F&RI would provide clinical benefits in the treatmetallergic diseases.

In summary, we have uncovered a novel mechanistihdnregulation of IgE serum levels in a murine mode
Further work in human to examine whether human-glgtian IgE autoantibodies play a similar regulgtaie as
mice anti-glycan in clearing IgE serum and preventgE binding to FceRI will give us perspective umcovering
new light on IgE biology and on paving the way fie design of novel therapeutic strategies in type

hypersensitivity diseases.
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FIGURE LEGENDS

Figure 1. IgE-Fel d 1 complexesinduce | gG autoantibodies against | gE

Shown are scatter plot of IgG anti-IgE titers ofliindual mice as measured from serum dilutions Byby

ELISA of individual mice from at least two indepe&md experiments, 14 days after i.v immunizati¢h) 1gG

responses of mice immunized with IgE F127 or IgR#FEel d 1 (n=10/groupB) IgG anti-IgE responses of mice

immunized with IgG1 F127-Fel d 1, IgG2a F127-Fdl dr IgE 127-Fel d 1 (n=4/group}) IgG anti-IgE responses

of mice immunized with Fel d 1 dimer, IgE F127-el monomer, IgE F127-Fel d 1 dimer (n=8/groy))IlgG

anti-Igg responses of mice immunized with IgE AOKE A044-Fel d 1, IgE F127- Fel d 1 (n=5/group).lgG

anti-lgE responses of mice immunized with IgE 1276 1, BALB/c mice or CD23-/- (BALB/c backgroundjice
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immunized with IgE 127-Fel d 1 (n=5/group)) IgG anti-IgE responses of mice immunized with I Fel d 1

C57BL/6 mice or FeRI -/- (C57BL/6 background) mice immunized with I§27-Fel d 1 (n=3/group).

Figure 2. ThelgE-Fel d 1 induced I gG anti-l1gE autoantibodies ar e glycosylation-specific

In A), C), D) and F) results are shown as scattetspof IgG anti-IgE titers as measured from sedihations at
ODyso by ELISA of individual mice from at least two indapdent experiments, 14 days after i.v immunization.
Cross-recognition of IgE clones by IgE F127-Fel idduced anti-IgE responses was analyzed on cégkedlones
from mouse IgE F127 and IgE A044 (n=4/group). Shown is the effect of deglycosylation on mouse ¢giting
to ELISA plates and recognition by polyclonal amibuse IgE antibodyC) IgE F127 or IgE F127(PNG)
recognition of IgE F127-Fel d 1 induced anti-lgEasén=10/group)D) IgG anti-IgE responses of individual mice
immunized with IgE F127-Fel d 1 or IgE F127(PNG)-Eel (r=5/group).E) Heatmap of glycan structures
recognized by pooled sera (10 mice per group) 6dFe IgE F127-Fel d 1, IgE F127 or IgE(PNG) FI23-d 1
immunized BALB/c mice. Values represent the reltifluorescence units (RFU). GID refers to the ghyca
identification numberF) Recognition of IgG anti-IgE responses of IgE F12glgcosylated with either PNGase F
(removes all N-linked glycans), Endo F1 (removegashannose and hybrid structures), Endo F2 (remowegplex

biantennary structures) (n=5/group).

Figure 3. IgE-Fel d 1 immunization down-regulates serum and basophil IgE levels

In A) C) D) and E) total IgE levels and basophitfage IgE levels from individual mice from leastawndependent
experiment are shown as do?9. Total IgE levels of naive mice and mice immunizethwgE F127, IgE F127-Fel

d 1 orIlgE F127(PNG)-Fel d 1 after 14 dayz4fgroup).B) Representative flow cytometry dot plots of basaphil
mice immunized with IgE F127, IgE F127(PNG)-Fel dot IgE F127-Fel d 1 after 14 days showing arf-Ig
staining versus anti-CD49b staining intensi®). Mean + SEMIgE MFI on basophils from naive mice and mice
immunized with IgE F127, IgE F127-Fel d 1 or IgE2F{PNG)-Fel d 1 (®4/group). D) IgE, IgE F127(PNG)-Fel d
1, or IgE F127-Fel d 1 immunized mice were re-itgecwith IgE after 14 days. Shown are total sergk levels
from IgE F127, IgE F127-Fel d 1 and IgE F127(PN@)-¢ 1 immunized mice 3 hours after IgE F127 reétipn
(n=5/group).E) IgE binding to basophils was measured by flow mgtry 24h after IgE F127 re-injection. Shown

are mean + SEM IgE MRlalues of CD49b+IgE+ basophilsfs/group).
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Figure4. IgE-Fel d 1 immunization protects mice from passive systemic anaphylaxis

A-D) Mice were i.vimmunized with IgE F127 or IgEE7-Fel d 1 for 14 days and re-injected with IggoBn are
mean + SEM temperature changes from at least 4 peicgroup from two individual experimem3 The impact of
IgE F127-Fel d 1 immunization on systemic anaphgléx response to IgE re-injection. 1 day after GR7 re-
injection, the mice were challenged i.v. withgoFel d 1 and systemic anaphylaxis was assessettaguring rectal
body temperature in 10 minute intervals (n=5/gro(B) IgE F127 or IgE F127-Fel d IC) IgG1 F127-Fel d 1,
IgG2a F127-Fel d 1 or IgE F127-Fel ) IgE F127(PNG)-Fel d 1 or IgE F127-Fel dB).IgE F127 binding to
mouse bone marrow-derived mast cells (BMMC) aftéolr at 37°C in pure naive serum or anti-lgE seraised
by IgE F127-Fel d 1 immunization (n=5/group). Igiading was assessed by surface anti-IgE stainihgw8 are
mean + SEM percent IgE positive cell§.Activation of BMMCs upon Fel d 1 challenge as mead by CD63 up-
regulation in presence of naive serum or anti-lgieis raised by IgE-Fel d 1 immunization (n=5/groghown are

mean + SEM percent CD63 positive cells.

Figureb. IgE-Fel d 1 immunization cross-protectsfrom active peanut extract sensitization and challenge

A-C) To induce peanut allergy, mice were sensitiedl4 days during two independent experimentS{group).
(A) Shown are representative flow cytometry dot pliftbasophils(B) mean £ SEM IgE MFI on basophils from
individual mice andC) mean + SEM total IgE levels of untreated and s$izesl individual mice (rR5/group) .D-

G) Mice were immunized with IgE F127, IgE F127-Fel drigE F127(PNG)-Fel d 1 for 14 days, peanut-sdezesl
and at day 28, total IgE, basophil IgE and IgG-&gti was assessed (two independent experimerits)droup).
Shown are:[@) mean + SEM O} IgG anti-IgE titers from individual micéE) mean + SEM total IgE(F) mean +
SEM IgE MFI on basophils from individual mic8) representative flow cytometry dot plots of bastgpti-l) The
mice were i.v. challenged with peanut extract gt 8a. Systemic anaphylaxis was assessed by megsettal
body temperature in 10 minute intervals from 5 mpez group.H) Shown are mean + SEM changes in body
temperature in mice immunized with IgE or IgE-Fel.d) Shown are mean + SEM changes in body temperature i

mice immunized with IQE(PNG)-Fel d 1 or IgE-Fel ihimunized mice.

Figure 6: Glycosylation-specific anti-l g antibodies are present in human serum
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A) Human hybridoma IgE SUS11 was coated in untreatedeglycosylated form, displayed as SUS11(PNG).
Shown are scatter plot of IgE-reactive Igiters in the serum of a mix of 10 allergic and ridh-allergic human
donors B) Purified native human IgE was coated in untreatedeglycosylated form. Shown are IgE-reactive 1gG
in serum of 7 normal healthy human don@sShown is the effect of deglycosylation on human tgfating to
ELISA plates and recognition by polyclonal anti-ramigE antibodies(D) Human hybridoma IgE, IgA or IgM
were coated. Shown are mean + SEM IgG anti-lgE;lgAt or anti-IgM the serum of 5 normal healthy ham
donors. E) IgE capture antibody LE27 was coated to ELISA glatgE:IgG complexes in the serum of normal
human donors were detected by polyclonal anti-hutgg antibodies. As a control, IgE was detectechgisi

polyclonal anti-human IgE antibodies.

Table 1. Glycans recognized by anti-I gE response upon immunization with Ige-Fel d 1

Glycans recognized by sera of Fel d 1, IgE-Fel &,or IQE(PNG)-Fel d 1 immunized mice. Glycanritigcation
number (GID) with the determined relative fluoresoe unit (RFU) values and the corresponding glystamnctures
according to the IUPAC Nomenclature of Carbohydratp represents the specific linkers used to gamguthe
glycans to the array, while Su represents sulfagiohie indicated oxygen atom. Monosaccharide afdtiens: Fuc
(fucose), FucNAc ( N-acetyl-L-fucosamine), Gal ([2&ctose), GalNAc (N-fcetyl-D-galactosamine), Glc
(glucose), GIcA (D-glucuronic acid), GIcNAc (N-cgeD-glucosamine), Kdn (3-deoxy-D-glycero-D-galacto
nonulosonic acid), Kdo (3-deoxy-D-manno-octulosonacid), Man (Mannose), ManNAc (N-acetyl-D-

mannosamine), Neu5Ac (N-acetylneuraminic acid), Rhamnose) and Rib (ribose).
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Table 1. Glycans recognized by anti-IgE response upon immunization with IgE-Fel d 1

GID Feld1l | IgE IgE(PNG)- IgE-Fel Glycan Structure
Feld1 d1l
362 130.5 1150.5 303.3 5258.3 Galal-3(Fucal-2)GalB1-3GalNAca-sp
48 1335 174.5 123.0 4667.5 Neu5Aca-sp
1016 | 132.0 389.5 142.8 4165.3 RibfB1-4GalB1-4GIcNAcal-4GalB1-3GIcNAcal-sp
822 127.0 858.5 133.8 3967.8 GalNAcal-4GalB-sp
509 | 131.0 | 1405 120.5 39515 | GalB1-3GalNAcBl-4(NeuSAca2-3)GalBl-4GlcB-sp
1004 | 150.5 289.3 139.8 3898.8 Fucal-2GalB1-3GalNAcal-3GIcNAcal-sp
1810 | 1345 370.8 131.5 3822.0 GlcB1-3GalNAcB1-4GalNAcB1-4GalBl-sp
211 137.5 307.0 259.3 33445 Kdoa2-8Kdoa-sp
215 129.0 206.5 123.3 2878.3 Fucal-2GalB1-3GIcNAcB-sp
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