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Abstract
Background: Immune responses to N- glycan structures from allergens and parasites 
are often associated with pronounced, high affinity IgE reactivities. Cross- reactive 
carbohydrate determinants (CCDs) are constituted by modified N- glycan core 
structures and represent the most frequently recognized epitopes in allergic immune 
responses. Although recently accepted as potentially allergenic epitopes, the 
biological and clinical relevance as well as structural and functional characteristics of 
CCD- specific antibodies remain elusive.
Methods: In order to gain structural insights into the recognition of CCDs, two 
specific antibody fragments were isolated from a leporid immune repertoire library 
and converted into human/leporid IgE and IgG formats. The antibody formats were 
assessed by ELISA and surface plasmon resonance, structural and functional analyses 
were performed by X- ray crystallography, mediator release, and ELIFAB assays.
Results: The recombinant IgE exhibited highly specific interactions with different types 
of CCDs on numerous CCD- carrying glycoproteins. Crystal structures of two CCD- 
specific antibodies, one of which in complex with a CCD- derived disaccharide emphasize 
that mechanisms of core glycan epitope recognition are as specific as those governing 
protein epitope recognition. The rIgE triggered immediate cellular responses via FcεRI 
cross- linking and mediated facilitated antigen presentation by binding of IgE/antigen 
complexes to CD23, a process that also could be blocked by IgG of allergic patients.
Conclusions: Our study provides evidence for the relevance of N- glycan recognition 
in TH2 responses and corroborates that IgE and IgG antibodies to ubiquitous 
carbohydrate epitopes can be equivalent to those directed against proteinaceous 
epitopes with implications for diagnostic and immunotherapeutic concepts.
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1  |  INTRODUC TION

Carbohydrate antigens of pathogens and environmental substances 
can provoke pronounced responses of the adaptive and innate im-
munity.1 Although carbohydrates mostly are considered to be T cell 
independent antigens and incompetent to raise high affinity re-
sponses,2 low affinities of carbohydrate- specific proteins are often 
compensated by multivalency to enable the physiologically intended 
effects. In contrast to their immunological significance, little is 
known about molecular aspects of carbohydrate recognition.

In pathological conditions associated with elevated levels of IgE 
such as type I allergy, pronounced IgE reactivities to carbohydrate 
structures can be found. IgE is an isotype that often exhibits out-
standing affinities, which allow potent stimulation of immediate 
type immune responses by minute amounts of allergen.

The carbohydrate epitopes recognized by IgE, also called 
cross- reactive carbohydrate determinants (CCDs), have recently 
been included in the allergen database of the WHO/IUIS Allergen 
Nomenclature Sub- Committee as potentially allergenic epitopes.3 
CCDs are established by specific glycosyltransferases of mostly 
non- mammalian species such as helminths, plants, and insects. The 
hallmark of classical CCDs is constituted by α1,3- linked core fucose 
residues found on insect and plant glycans, and, additionally, spatially 
separated β1,2- linked xylose on plant-  and helminth- derived CCDs 
(Figure 1A). These highly immunogenic glycotopes represent an uni-
versal principle for cross- reactivity of glycoproteins.4 Core- modified 
glycans were also shown to be part of the humoral response in hel-
minth parasite infection and allergy and are potent inducers of TH2 
immune responses.5,6 The exact role of the core modifications in al-
lergy and parasite infection, however, still remains unclear.7

Notably, anti- CCD antibodies are detected in up to 50% of the 
normal human population and IgE antibodies to CCDs are present in 
>30% of allergic patients.8,9 Hence, modified N- linked glycans rep-
resent the most frequently recognized IgE epitope. Although initial 
studies suggest high antibody affinities for core- modified carbohy-
drates, the clinical consequences of their binding to IgE antibodies 
however remain open.10 In contrast, IgE with specificity for the well- 
known α- Gal carbohydrate epitope is the underlying principle of a 
novel type of anaphylaxis and high affinity of the IgE appears to be a 
crucial parameter.11 Apart from phenomenological knowledge, how-
ever, structural details on the interaction of IgE with carbohydrate 
antigens and the basis for in vivo activity remain scarce.

Generally, only a few structures of antibodies in complex with 
carbohydrate antigens- mostly LPS from different species- have been 
determined.12– 17 Two structures of murine antibodies in complex 
with mammalian Lewis antigens are known.18,19 Analyses of human 
carbohydrate- specific antibodies20 are often hampered by low affin-
ities, low serum concentrations, and broad unavailability. Molecular 
and structural data regarding carbohydrate- specific IgE antibodies 
are not available at all, since the very low number of IgE- producing 
cells renders hybridoma technology,21 single- cell technologies, 
and the establishment of IgE- derived immune repertoires highly 
difficult.22,23

Antibodies against carbohydrate epitopes that are characterized 
by high immunogenicity and a defined architecture can also be ob-
tained from animals and constitute a valuable tool if the recognized 
epitopes are identical to those of human antibodies. Although the 
immunogenicity of xenobiotic glycan core structures in rodents, for 
example, rabbits, is described, immunological analyses yielded con-
tradictory findings on specificity and affinity so far.24

G R A P H I C A L  A B S T R A C T
Monoclonal antibody fragments with specificity for CCD structure were generated. Derived CCD- specific IgE detect CCD- carrying allergens 
and are capable for mediating effector cell activation and facilitated allergen binding. A Fab in complex with an epitope surrogate provides 
direct insights into the binding mode of CCDs.
Abbreviations: CCD, cross- reactive carbohydrate determinant; Fab, fragment antigen binding; HRP, horseradish peroxidase; MUXF, the N- 
glycan from bromelain
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    |  123PLUM et aL.

Hence, the aim of our work was to obtain insights into the recog-
nition of CCDs by specific antibodies using structural and functional 
analyses. Recombinant chimeric IgE and IgG formats and derived 
fragments were employed for characterization of the interaction, 
cellular activation tests, and molecular dissection of the glycotope 
by crystallographic analyses. This work contributes to the dissection 
of the antibody carbohydrate interaction and molecular aspects in 
carbohydrate- mediated anaphylaxis.

2  |  MATERIAL AND METHODS

2.1  |  Materials

Anti- V5 antibody was purchased from Life technologies. Polyclonal 
rabbit anti- horseradish (HRP) serum, anti- rabbit, and anti- mouse- IgG 
alkaline phosphatase (AP) conjugates, and HRP containing the MMXF 
(Manα1- 6(Manα1- 3)(Xylβ1- 2)Manβ1- 4GlcNAcβ1- 4(Fucα1- 3)- GlcNAc) 
structure were obtained from Sigma- Aldrich. The anti- IgE antibody 
was purchased from BD Pharmingen. The MUXF- HSA conjugate 

(Manα1– 6(Xylβ1– 2)Manβ1– 4GlcNAcβ1– 4(Fucα1– 3)GlcNAc- human 
serum albumin) was kindly provided by Siemens Healthcare Diagnostics.

2.2  |  Structural analysis of the antibodies

The purification of the antibodies, crystallization and structure so-
lution as well as the synthesis of the epitope disaccharide are de-
scribed in the Appendix S1.

2.3  |  Cellular mediator release assays

In vitro degranulation was analyzed as described previously.25 After 
sensitization of RBL- SX38 cells with IgE, CCD- carrying proteins were 
added and incubated for 60 min at 37 °C. As reference, cross- linking 
was achieved by polyclonal goat anti- human IgE antibody (1 μg/ml, 
Sigma- Aldrich). β- Hexosaminidase release of viable versus lysed cells 
was assessed with p- nitrophenyl N- acetyl- glucosaminopyranoside 
(Sigma- Aldrich) as a substrate.

F I G U R E  1  Generation of CCD- specific IgE and IgG antibodies. (A) N- glycan core structures and their modification as found on 
glycoproteins from mammals, plants, and insects. The α- Gal and the Neu5Gc epitope represent other important epitopes recognized by 
antibodies. (B) Recombinant expression of carbohydrate- specific IgE and IgG antibodies. Purified proteins were assessed under non- reducing 
and reducing conditions by PAGE and Coomassie staining. (C– F) The immunoreactivity of CCD- specific IgE and IgG isotypes (D, F) was 
assessed by ELISA using isotype- specific secondary antibodies conjugated to alkaline phosphatase. Simultaneous binding of the IgE and 
IgG isotypes (C, E) to the allergen and Fc receptors was performed by using the particular high affinity Fc receptor and anti- chicken IgG 
conjugated to alkaline phosphatase for detection
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124  |    PLUM et aL.

2.4  |  Analyses of CD23 binding using ELIFAB assay

In order to evaluate the capability of CCD- specific IgE for estab-
lishment of IgE/allergen complexes and their binding to CD23 the 
surface- based ELIFAB assay, a cell- free variant of the cellular FAB 
assay was performed.26,27 Moreover, the capacity to block IgE/al-
lergen complex formation of insect venom- allergic patients' sera 
containing HRP-  and CCD- specific IgG antibodies was assessed. 
Therefore, 20 μl of rIgE (10 μg/ml) either mixed with 20 μl of indi-
vidual patient serum or 20 μl of RPMI medium were preincubated 
with 5 μl HRP (1 μg/ml) at 37 °C for 1 h in order to allow for forma-
tion of IgE/allergen complexes. The rIgE was previously proven to 
exhibit an optimal antibody/allergen ratio for complex formation at 
a concentration of 1 μg/ml HRP. HRP was used as glycosylated al-
lergen to allow defined assay conditions. After preincubation, IgE/
allergen complexes were transferred to plates coated with soluble 
CD23 (R&D Systems) and incubated for 1 h at room temperature. 
After washing, IgE/allergen complexes bound to immobilized soluble 
CD23 (Sigma- Aldrich) were detected by adding biotin- conjugated 
anti- human IgE antibody (BD Biosciences), streptavidin- peroxidase 
and 3,3′,5,5′- tetramethylbenzidine (TMB; both Sigma- Aldrich). All 
samples were analyzed in duplicates.

Other methods including the generation, conversion, and pro-
duction of the antibody formats as well as the analyses of immuno-
reactivity are described in the Appendix S1.

3  |  RESULTS

3.1  |  Generation and characterization of 
carbohydrate- specific IgE and IgG1 antibodies

After HRP immunization, leporid IgG variable region of the heavy 
and light chains (VH and VL) repertoires was amplified from spleen 
and bone marrow cDNA and combined to a scFv format using a clon-
ing strategy allowing for an unbiased assembly of VH and VL. After 
iterative panning by phage display against HRP carrying the MMXF 
structure and a HSA conjugate carrying the MUXF structure found, 
for example, on bromelain, ELISA analyses demonstrated enrichment 
of the library and immunoreactivity of individual clones (Figure S1). 
The use of different targets for selection yielded two predominant 
antibody clones, for both of which additional sequences with single 
substitutions were found at lower frequency (Figure S2).

The predominant antibody fragments H1 and M5 then were con-
verted into leporid/human IgG1 and IgE immunoglobulin formats 
comprising the scFv- based binding moiety and the IgE and IgG Fc 
constant domains and produced in mammalian cells. Notably, ex-
pression yields of the IgG and IgE format were found comparable. 
PAGE analyses verified the molecular masses suggesting proper 
folding and glycosylation, in particular for the highly glycosylated IgE 
as compared to the IgG (Figure 1B). The H1 IgG and IgE antibody ex-
clusively detected the particular MMXF target structure of HRP and 
the M5 IgG and IgE antibody predominantly the MUXF structure as 
present on different glycoproteins in ELISA (Figure 1C– F). The ability 

to interact with recombinant soluble Ig Fc receptor proteins further 
suggested proper folding of the IgE as well as the IgG Fc domains 
(Figure 1C,E). These data underline that the recombinant antibodies 
represent functional equivalents of natural IgE and IgG antibodies 
and should exhibit comparable characteristics.

To further address specificity and sensitivity, the two rIgE 
were applied to diagnostically important allergens and extracts 
(Figure 2). In contrast to non- glycosylated and CCD- devoid pro-
teins, allergens and extracts of known CCD reactivity exhibited 
pronounced immunoreactivity and also reflected the fine speci-
ficities of H1 and M5 IgE for the different CCD structures. Minor 
IgE reactivities were also demonstrated for parasitic Anisakis and 
Ascaris, but not Echinococcus species. As assessed by glycan arrays, 
the H1 and M5 IgE did not show immunoreactivity to 100 differ-
ent carbohydrate epitopes (data not shown) including fucosylated 
and 1,3- linked oligosaccharides such as Lewis antigens and blood 
group antigens.

Against the tenet of lower affinities governing protein/carbo-
hydrate interactions, robust interaction of the CCD- specific im-
munoglobulins was validated by SPR analyses yielding a KD value 
of the H1 IgE of 1 × 10−7 M for HRP (Figure S3). The M5 IgE exhib-
ited KD values of 8 × 10−8 M and 8 × 10−9 M for HRP and MUXF 
conjugate, respectively. In an inverse setting mimicking receptor- 
bound antibodies on effector cell surfaces by immobilization of 
antibodies, a KD value in a similar range was obtained for the H1 
IgE and HRP (Figure S3). These values, however, have to be taken 
with care, as the bivalencey of the IgE format and, in the inverse 
setting, the multiplicity of CCDs on HRP and the MUXF conjugate 
complicate the analyses.

3.2  |  Biological activity of CCD- specific antibodies

The potential of H1 and M5 IgE for activation and degranulation of 
effector cells by FcεRI cross- linking was assessed by determination 
of β- hexosaminidase release from RBL- SX38 cells (Figure 3). Since 
receptor cross- linking by monoclonal IgE demands the availability of 
more than one epitope per allergen we used the HRP and MUXF 
having multiple CCD epitopes. The two glycoproteins mediated 
clear- cut antigen- dependent activation as compared to anti- IgE- 
mediated antigen- independent activation (Figure 3A,B). Thereby, 
the two IgE exhibited clearly varying characteristics in line with their 
immunoreactivity to the different antigens. H1 IgE exclusively medi-
ated degranulation by HRP. For M5 IgE, both antigens resulted in 
mediator release although to varying extend. Notably, even lowest 
concentrations of antigen (0.01 ng/ml MUXF conjugate) were highly 
efficient in mediating degranulation.

Binding, uptake, and presentation of allergens via CD23 in form 
of allergen/IgE complexes are considered key processes in aller-
gic immune responses. Therefore, the M5 IgE was further evalu-
ated for facilitated antigen binding (FAB) and inhibition by specific 
IgG using a surface- based variant of the FAB assay, the ELIFAB 
assay. Complexes of the M5 IgE and MUXF conjugate (Figure 4A) 
or the HRP (Figure 4B) bound efficiently to CD23, corroborating 
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    |  125PLUM et aL.

the capability of CCD- specific IgE to form immune complexes of 
higher- order and facilitate allergen binding via CD23. Addition of 
allergic patients' sera with varying levels of CCD- specific IgG (Table 
S3) reduced the binding of the glycoprotein/IgE complexes to 
CD23, in contrast to sera without CCD- specific IgG (Figure 4A,B). 

Notably, the mere CCD- specific IgG level did not correlate with the 
extent of reduction.

These data clearly suggest that CCD- specific IgE provide the en-
tire intrinsic potential to interact with receptors, activate effector 
cells, and facilitate allergen presentation.

F I G U R E  2  Analyses of specificity 
and cross- reactivity of CCD- specific IgE 
antibodies using a panel of diagnostic 
extracts. The immunoreactivity of the IgE 
H1 (A) and M5 (C) to HRP and CCDs was 
determined in dilution series of cellular 
supernatant by ImmunoCAP. Thereafter, 
specificity and cross- reactivity of the 
H1 and M5 IgE (B, D) was assessed by 
ImmunoCAP using a panel of natural and 
recombinant proteins as well as natural 
extracts with or without presence of 
CCDs

F I G U R E  3  Mediator release of humanized RBL- SX38 by CCD- carrying proteins. RBL- SX38 cells providing the human FcεRI were 
sensitized with CCD- specific H1 and M5 IgE (A, B). Degranulation was induced by addition of anti- IgE as control (left data point) and HRP 
and MUXF- HSA conjugate and monitored by β- hexosaminidase released from the cells. Data are mean ± SD of triplicate measurements
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3.3  |  Structural insights into recognition of glycans 
by CCD- specific antibodies

In order to obtain molecular information on the recognition of N- 
glycan core structures, we aimed for structural analyses of the CCD- 
specific antibodies by crystallography.

The clones H1 and M5 were produced as human IgG Fab antibod-
ies in insect cells. PAGE and ELISA analyses demonstrated proper as-
sembly of the two Fab fragments (Figure S4). The monovalent Fabs 
were subjected to SPR analysis, which revealed KD values of M5 Fab 
of 5.9 × 10−7 M to HRP and 1.5 × 10−7 M to MUXF. The KD value of 
1 × 10−6 M was obtained for the H1 Fab to HRP (Figure S3). These 
values reflect the relation of KD values observed for the bivalent rIgE. 
The epitope surrogate disaccharide Fucα1- 3GlcNAcα1- OMe (Fuc- 
mNAG) (Figure S5, Tables S1 and S2) was used for co- crystallization 
with the Fab fragments, and we obtained diffraction data extending 
to at least 1.8 Å for both. Data collection and refinement statistics 
are summarized in Table 1.

Upon structure determination, it became clear that the M5 Fab 
had bound the disaccharide in the crystalline state. Difference mFo- 
DFc electron density calculated without the disaccharide included in 
the model (Figure 5A) unambiguously allowed us to place the fucose 
and the methylated N- acetylglucosamine in a manner compatible 
with their α1,3 glycosidic bond, the N- acetyl group on the glucos-
amine and both pyranose rings adopting a chair conformation. Due 
to the relative weak density 2mFo- DFc obtained upon inclusion of 

F I G U R E  4  ELIFAB analysis of allergen/IgE complex binding 
to CD23. The capability of CCD- specific M5 IgE (sepia bar) for 
mediating the formation and binding of complexes with the CCD- 
carrying glycoprotein MUXF conjugate (A; purple bars) and HRP (B; 
wisteria bars) to the low affinity IgE receptor CD23 was assessed 
by ELIFAB. Sera of insect venom- allergic patients with CCD- 
specific IgG antibodies to HRP and MUXF (apricote bars) reduced 
the binding of allergen/IgE complexes to CD23

TA B L E  1  Statistics for data collection and refinement

H1 (5I8K)
M5:Fuc- mGlcNAc 
(5I8O)

Data collection

Wavelength (Å) 0.8726 0.8726

Space group P43212 P212121

a, b, c (Å) 62.647 
62.647227.891

63.447 63.587108.771

α, β, γ (°) 90 90 90 90 90 90

Resolution range 48.33– 1.77 
(1.83– 1.77)

44.91– 1.80 (1.86– 1.80)

Total no of 
reflections

457,333 273,313

No of unique 
reflections

45,033 (3813) 41,512 (3833)

Completeness (%) 99.21 (92.74) 99.97 (100.00)

Multiplicity 10 6

⟨Ι/σ(Ι)⟩ 21.15 (1.71) 9.05 (1.72)

Rmerge 0.077 (0.59) 0.17 (0.982)

Wilson B- factor 
(Å2)

19.66 16.14

Refinement

RWork 0.1826 (0.2766) 0.1643 (0.2685)

Rfree 0.2113 (0.3157) 0.2047 (0.3456)

No. of non- H 
atoms

3767 3899

Protein 3223 3250

Ligand – 26

Water 544 664

Protein residues 434 436

R.m.s. deviations

Bonds (Å) 0.003 0.007

Angles (°) 0.91 1.12

Average B- factor 
(Å2)

Protein 22.70 18.00

Ligand – 44.80

Solvent 34.70 31.40

Ramachandran 
plot

Favored (%) 96 97.7

Additionally 
allowed (%)

3.53 2.3

Outliers (%) 0 0

Clashscore 4.41 0.92

Note: R- sym = (ΣhΣi|I(h)i−<I (h)>|/ΣhΣi I(h)i) for the intensity of reflection 
h measured N times. Values in brackets are for outer resolution shell. 
R- factor = (Σh||Fo|– k|Fc||/Σh|Fo|) where Fo and Fc are the observed 
and calculated structure factor, respectively, and k is a scaling factor. 
Rfree- factor is identical to the Rwork on a subset of test reflections not 
used in refinement. One crystal was used for each data set. Highest 
resolution shell is shown in parenthesis. Ramachandran plot analysis 
and clashscore were calculated with Molprobity. Both data sets were 
collected at the ESRF beamline 23– 1.
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the ligand at full occupancy (Figure 5B), we refined the occupancy of 
the disaccharide in phenix.refine, which turned out to be 70%. The 
reason as to why the H1 crystals did not contain the ligand remains 
unclear as crystal packing around the complementarity determining 
regions (CDR) appears to be compatible with a ligand of this size, 
but a subphysiological pH used for crystallization may explain the 
absence of the ligand.

In the M5 Fab complex, the disaccharide is recognized entirely by 
VH CDR and mainly through hydrogen bonds with donor- acceptor 
distances shorter than 3.3 Å, although both the fucose C6 methyl and 
mGlc acetyl group C8 methyl make van der Waals interactions shorter 
than 3.8 Å with tyrosines (Figure 5C). All three hydroxyl groups on 
the fucose are recognized by the Fab through hydrogen bonds with 
CDR1 or CDR2, while the pyranose O6 acts as an acceptor for a hy-
drogen from CDR1 Asn32 (Figure 5C). The N- acetylglucosamine is 
recognized by a single hydrogen bond between the amino group and 
the main chain carbonyl of CDR3 Phe97. Notably, the observed bind-
ing mode is compatible with that an Asn- linked glycan could bind in 
the same manner. At the C1 atom, there is plenty of room for an Asn 
side chain to form the N- glycosidic bond and, at the O4 atom, there is 
also room for the glycosidic bond and the next N- acetylglucosamine 
unit. In fact, the structure suggests that this could be recognized by, 
in particular, VL CDR1 and CDR3, while the protein Asn and perhaps 
the immediate surrounding residues potentially could interact with 
VL CDR2 and VH CDR1 and CDR3 (Figure 5D). In addition, a fucose 
bound to the first N- acetylglucosamine with an α- 1,6 glycosidic bond 
might be orientated towards VL CDR1 and CDR3. Hence, with a true 
Asn- linked glycan bound to the M5, it is likely that VL CDRs would 
contribute significantly to Fab- glycan interaction. Although we did 
not succeed in determining the structure of H1 with a glycan bound, 
the structure of the Fab alone reveals a cleft shaped by the CDRs of 
the VH and the VL, which similar to the M5 complex may contain the 
binding site (Figure 5D).

4  |  DISCUSSION

The molecular recognition of carbohydrates by antibodies and 
the consequences of this interaction are important aspects of 
the human immune response but remain difficult to analyze due 
to the limited affinity of the majority of carbohydrate- specific 
antibodies.12,28– 30 Hence, high affinity CCD- specific IgE represent 
an excellent basis for detailed molecular analyses. The high affin-
ity response to HRP is predominantly directed to the CCD24 and 
anti- HRP serum is an important tool for analyses of these modi-
fications.31 We therefore pursued the isolation of CCD- specific 
antibody fragments from leporid immune repertoire libraries.32,33 
Subsequent conversion of the antibody fragments into IgG and IgE 
formats could then provide the Fc domains for receptor interac-
tion, with the highly glycosylated IgE isotype as the more complex 
molecule to produce.34

Notably, IgE is often considered a highly affinity matured iso-
type. Human polyclonal anti- CCD IgE is reported to have affinities 

of approx. 1010 M−1 (IgG 50- 100- fold weaker).10 However, polyclonal 
anti- CCD IgG is also reported to have high affinities of approx. 
109 M−1.24 These high affinities are in general agreement with the 
high affinities observed in this study. Hence, the H1 and M5 anti-
bodies are prototypical for CCD- specific antibodies in mammals in-
cluding humans.

For more than two decades, the relevance of IgE to classical CCDs 
provokes controversies and a variety of phenomenological studies 
has not shown coherent results. Recent analyses supported a weak 
activation of effector cells by anti- CCD IgE for insect venom35,36 and 
plant allergens.37,38 Clinical relevance however could not be shown 
conclusively. Recent studies on core glycans on allergens6 corrobo-
rated a role in strongly inducing TH2 immune responses in helminth 
parasite infection.5 Other studies suggested positive and negative 
impact on allergenic epitopes.39,40

Independently, a clearly IgE- mediated anaphylaxis triggered by 
the well- known Gal- α1,3- Gal structure (α- Gal) has provided evidence 
for the detrimental allergenicity of glycans.11 α- Gal is also essential 
for red meat- induced delayed- type allergy41 and cross- reactivity to 
other mammalian allergens.42 Strong induction of α- Gal- specific IgE 
could be correlated with bites of distinct ticks.43 In a previous study, 
however, a recombinant IgE against α- Gal was found unable to me-
diate basophil degranulation.44 Apart from the antigen architecture, 
limited affinity and avidity might decrease effector cell sensitivity.45

The CCD- specific IgEs generated in this study exhibited pro-
nounced carbohydrate- dependent activation of effector cells in 
mediator release assays at very low concentration of antigen. This 
finding demonstrates that CCD- specific IgE is fully capable of exert-
ing pronounced effects. Interestingly, the mediator release induced 
by the two antibodies is highly specific for particular carbohydrate 
structures as represented by HRP and MUXF conjugates. This vari-
able activity suggests that also the general anti- CCD response relies 
on clonally independent antibodies specific to individual glycoforms 
of the allergens, a finding in line with varying results when using 
different glycoproteins for the determination of CCD- specific IgE 
levels. Competition by IgG has been hypothesized to act antagonis-
tically to CCD- specific IgE, but broader studies on the presence of 
such IgG have not been performed.

Notably, efficient activation can also be induced by a combi-
nation of a high affinity IgE combined with a lower affinity IgE45,46 
and even by lower affinity IgE only when using oligovalent anti-
gens.25,47,48 Hence, for diagnosis and intervention strategies, the 
entire IgE repertoire including carbohydrate- specific IgE has to be 
considered.49

Beyond the effector mechanisms via FcεRI, the ELIFAB analy-
ses corroborate that CCD- specific IgE constitute a functional arm 
of the IgE repertoire. Binding of allergen/IgE complexes to CD23 is 
crucial for facilitated antigen presentation and transport across the 
epithelium, and amplifies the generation and epitope spread of spe-
cific IgE.50,51 Hence, the capability of CCD- specific IgE for complex 
binding clearly points to an uptake mechanism for glycosylated aller-
gens. The observed inhibition of CD23 binding by patients´ serum 
IgG resembles the activity of blocking IgG induced by successful 
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allergen immunotherapy.52 However, similar to protein- specific IgG, 
the activity of carbohydrate- specific IgG correlates only in part with 
the serum level.53,54 The degree of blocking is probably linked not 
only to concentration, but also functional characteristics such as fine 
specificity, affinity maturation, and sterical factors such as the epi-
tope density.

Until now, molecular information on the recognition of CCD epi-
topes by antibodies was unavailable. The use of purified or synthetic 
glycoproteins and carbohydrates however suggested CCD- specific 
antibody binding involving either the 1,3 fucose or the 1,2 xylose, 
with relevant contributions of a larger portion of the core glycan.55 
Hence, the mode of interaction is clearly different from that of 
fucose- specific lectins such as Aleuria aurantia lectin, which does not 
differentiate fucose linkages and can be inhibited by a single fucose.

The abolishment of immunoreactivity with the glycan lacking 
the α- 1,3 core fucose clearly suggests that specificity and affinity is 
mediated by the α- 1,3 fucose residue.56 This finding is in accordance 
with the crystallographical analyses of the H1 and M5 Fabs. Using 
the disaccharide as epitope surrogate, we were able to describe the 
epitope for the M5 antibody. The fact that we were able to obtain 
crystals of the complex supports the idea that the α- 1,3 core fucose 
and the adjacent N- acetylglucosamine residues represent the crucial 
part of the epitope of fucose- dependent anti- CCD antibodies in gen-
eral. The manifold interactions of the fucose with several residues 
within the Fab heavy chain explain the loss of IgE reactivity upon 

absence of the α- 1,3 core fucose and demonstrates how the fucose 
determines specificity as well as affinity. It is however of interest 
that the critical fucose is entirely bound by the heavy chain with 
providing sufficient space for further parts of the large glycan to be 
bound in a large cleft between VH and VL. The presence of clustered 
hydrophobic side chains, a key feature in carbohydrate recognition, 
can be found in both antibodies. The potential interaction with the 
VL however has to be taken with a grain of salt, since the VH/VL 
combination has been obtained by combinatorial approaches and 
might not fully correspond to the natural combination.

With the high prevalence of anti- CCD antibodies in allergic and 
healthy individuals, our findings clearly suggest that CCD- specific IgE 
can contribute to the complexity of the IgE repertoire and thereby 
the TH2 response in patients. Carbohydrate- specific IgG thereby 
could contribute to the outcome of disease and immunotherapy.

In summary, we have provided structural and functional evi-
dence for the capability of carbohydrate- specific IgE antibodies for 
executing all biological effects so far only attributed to protein- 
specific IgE. The recognition of core glycans by IgE and other iso-
types constitutes a general principle in the majority of allergies that 
needs to be reconsidered for linking diagnostic and therapeutic ap-
proaches. The obtained insights may contribute to dissecting the 
molecular aspects of the interaction of antibodies with carbohy-
drate antigens and understanding the complex network of allergic 
immune responses.

F I G U R E  5  Crystal structures of the 
M5 Fab- disaccharide complex and the 
H1 Fab. Omit electron density mFo- DFc 
calculated after simulated annealing at 
1500 K contoured at 2.3 σ (A). Final 2mFo- 
DFc electron density contoured at 0.8 σ 
(B). Interaction of the epitope disaccharide 
mNAG with the M5 Fab. Hydrogen bonds 
are indicated by blue dotted lines, while 
a few van der Waals interaction between 
ligand methyl groups and tyrosine side 
chains are shown with gray dashed lines 
(C). Surface representation of both Fab 
molecules in an end- on orientation with 
the CDR regions colored individually. 
Arrows and labels on the M5 Fab indicate 
where the second N- acetylglucosamine 
(NAG), the protein asparagine (Asn) and an 
α- 1,6 bound fucose would be connected 
to the first N- acetylglucosamine (D)
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