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Abstract 1 

Glycan-specific IgE antibodies are cross-reacting with highly similar or even identical 2 

carbohydrate structures on a variety of different natural allergens, the so-called 3 

cross-reactive carbohydrate determinants (CCDs). In clinical practice, CCDs often 4 

interfere with the specificity of in vitro allergy diagnostics, thus impairing allergy 5 

therapy decisions for individual patients. Strikingly, these IgE antibodies directed 6 

against CCD often do not cause clinically relevant allergy symptoms. Opposed to 7 

that, the IgE-binding glycan allergen galactose-α-(1,3)-galactose (α-Gal) is 8 

associated with IgE-mediated delayed anaphylaxis in meat allergy. The reason for 9 

this discrepancy is not known. The discovery of α-Gal stimulated new discussions 10 

and investigations regarding the relevance of anti-glycan IgE for allergic diseases. In 11 

this review, the impact of glycans and glycan-specific IgE on sensitization to 12 

allergens and allergy diagnosis is described. As parasite infections elicit a similar 13 

immunological environment as allergic diseases, the association of glycan-specific 14 

antibodies against parasite glycoproteins with glycan structures on allergens are 15 

discussed. 16 

 17 
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 1 

Abbreviations 2 

α-Gal galactose-α-(1,3)-galactose (IUPAC: α-D-galactopyranosyl-
(1,3)-α-D-galactopyranose) 

AAM alternatively activated macrophage 
APC antigen-presenting cell 
Breg regulatory B cell 
CCD cross-reactive carbohydrate determinants 
CD62E E-selectin 
CFG Consortium for Functional Glycomics 
CTX cetuximab 
DAMP danger-associated molecular patterns  
DC dendritic cell 
DC-SIGN dendritic-cell-specific intercellular-adhesion-molecule-3-

grabbing non-integrin 
EMR2 epidermal growth factor (EGF)-like module-containing 

mucin-like hormone receptor-like 2 
ER endoplasmatic reticulum 
Fab fragment, antigen binding 
Fc fragment, crystallizable 
Fuc L-fucose 
Gal D-galactose 
GalNAc D-N-acetyl galactosamine 
GlcNAc D-N-acetyl glucosamine 
GPCR GTP- (G-) protein-coupled receptor 
HRP horseradish peroxidase 
HSA human serum albumin 
Ig immunoglobulin 
IPSE IL-4-inducing protein from schistosome eggs 
IL interleukin 
LacNAc N-acetyl lactosamine 
LDN LacdiNAc, di-N-acetyl-lactosamine 
Lex Lewis X 
LPS lipopolysaccharide 
Man D-mannose 
MC mast cell 
(M)MR, CD206 (macrophage) mannose receptor 
MGL macrophage galactose lectin 
MHC major histocompatibility complex 
Neu5NAc, NANA N-acetyl neuraminic acid 
Neu5Gc, NGNA N-glycolyl neuraminic acid 
PAMP pathogen-associated molecular pattern 
PBMC peripheral blood mononuclear cells 
SIGLEC Sialic-acid-binding immunoglobulin-like lectin 
SIT (allergen-) specific immunotherapy 
TLR toll-like receptor 
Th2 T helper cell, type 2 
TNF-α tumor necrosis factor α 
Treg regulatory T cell 
Xyl D-xylose 
 3 

 4 

 5 
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 1 

Outline 2 

In this review, we define patient groups (Fig. 1) with IgE specific for distinct glycans 3 

and associated with clinically relevant allergy symptoms. Target structures of anti-4 

glycan IgE from plants, mammals and parasites are introduced (Fig. 2 and 3) and 5 

immunological mechanisms which either lead to allergy symptoms or tolerance are 6 

characterized (Fig. 4). Mirroring allergy processes, helminths induce a Th2 immune 7 

response including IgE which is directed against the glycan portion of distinct 8 

parasite glycoproteins (Fig. 5). This parasite model can contribute to clarifying 9 

functional aspects of glycans in human inflammatory processes (Figure 6). 10 

 11 

1 Definition of patient groups – Diagnostic challen ges in assessment of 12 

peptide- and glycan-association of allergen-specifi c IgE 13 

In order to shed light on the situation of patients with or without anti-glycan IgE and 14 

with or without associated clinical symptoms, subgroups of patients are defined and 15 

described in more detail that differ in their IgE sensitization profile and allergy status 16 

(Fig. 1). Two main groups of individuals with IgE are defined: Group A with anti-17 

glycan IgE and group B with IgE against the peptide moiety of an allergen. Whereas 18 

patients of group B are relatively well-known in practice and can generally be 19 

diagnosed by the available test systems, group A is challenging in terms of correct 20 

diagnosis due to the cross-reactivity of IgE against CCD. In this review, patient group 21 

A1 is defined as individuals with anti-glycan IgE and clinically relevant allergy 22 

symptoms, e.g. IgE against α-Gal. Patients from group A2 have anti-glycan IgE but 23 

no or minor allergy symptoms. This anti-glycan IgE is directed mostly against CCD. 24 

In terms of anti-glycan IgE diagnostics, recently, additional to CCD diagnostics, 25 

commercial anti-glycan IgE detection systems are provided for IgE against α-Gal 26 

(galactose-α-(1,3)-galactose). Consequences of the anti-glycan IgE test results and 27 

their impact on the therapy for allergy patients are discussed in this review. 28 

Comparison of the two groups A1 and A2 with anti-glycan IgE shall start a discussion 29 

considering the impact of IgE-binding glycans in allergy in the light of their biological 30 

function. 31 

 32 

2 “classical” CCD 33 

2.1 Structure-functional aspects of “classical” CCD  34 

Allergens from very different sources like invertebrates (insect venom), plants 35 

(especially food) and also parasites such as helminths exhibit common carbohydrate 36 

structures (Fig. 2 and 3). These glycans with known IgE-binding properties in this 37 

review are termed “classical CCDs”. Although the general structures of CCDs are 38 

quite similar to the human N-glycan core, CCD glycans have two characteristic 39 

features: 1) non-human modifications like foreign monosaccharides or linkage types 40 

and 2) aberrant glycosylation pattern with regard to human glycans. The non-human 41 

IgE-binding monosaccharide unit of classical CCDs is xylose linked β-(1,2) to the first 42 
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mannose of the trimannosyl motif in the N-glycan core region (Fig. 2). The non-1 

human linkage type that binds IgE refers to the fucosyl residue, which is linked α-2 

(1,3) to the first N-acetyl glucosamine (GlcNAc) in the N-glycan core region (Fig. 2). 3 

While xylose is a non-human monosaccharide and therefore is immunogenic, α-4 

(1,3)-linked fucose on CCD generally is a human monosaccharide, but not α-(1,3)-5 

linked in the N-glycan chitobiose core region (in humans, N-glycan core fucose is 6 

linked to position 6 of the first GlcNAc unit). As part of the CCD molecules MUXF 7 

and MMXF, these immunogenic fucose and xylose moieties have been identified as 8 

responsible for IgE-binding and IgE cross-reactivity.1,2 The MUXF CCD type is the 9 

most prominent example for the immunogenicity of aberrant glycosylation. Here, the 10 

3-branched mannose unit of the N-glycan trimannose core is deleted resulting in a 11 

structure that is not part of human glycans. Pro-allergic immunological effects of 12 

allergens in some scenarios depend on their glycosylation and interaction with 13 

human carbohydrate-binding cell receptors.3–6 For example, the major peanut 14 

allergen Ara h 1 with the CCD MMX as dominant glycan motif is a ligand of the 15 

dendritic cell (DC) receptor DC-SIGN and acts as a Th2 adjuvant.7,8 Mimicking this 16 

effect, it has been shown that parasite glycans are structurally similar to CCD and 17 

also induce Th2 responses.9 These aspects of the biological relevance of glycans 18 

will be addressed later in this review. 19 

 20 

2.2 Diagnostics and pathophysiology of IgE against “classical” CCD 21 

In order to address diagnostic uncertainties for patients with regard to the clinical 22 

relevance of anti-glycan IgE (patient group A, Fig. 1), the following approaches have 23 

been accepted: One approach is to include classical CCDs (e.g. MUXF from 24 

bromelain and both, MMXF and MUXF from HRP) in the diagnostic platform in order 25 

to differentiate the IgE sensitization pattern in polysensitized patients for better 26 

discrimination between primary sensitizing allergen and mere cross-reactivity.10,11 27 

However, there is no guideline for the interpretation of a positive or negative anti-28 

CCD IgE test result and, thus, the (unclear) consequences of a potentially positive 29 

result regarding treatment decisions (group A, Fig. 1). An alternative approach is to 30 

exclude certain CCD-binding IgE from the IgE-detection test system by removing 31 

them beforehand from the patient sera by pre-incubation with a commercially 32 

available molecule containing CCD of the MUXF-type.12 However, not all types of 33 

cross-reacting carbohydrates are available for allergy tests at present. In earlier 34 

studies, deglycosylation of diagnostic allergens by periodate treatment was 35 

performed, however, this as well as methodically laborious inhibition assays are not 36 

established as routine tests and, therefore, are not commercially available. 37 

Concerning the number of patients sensitized to CCD, our investigations showed a 38 

prevalence of up to 72% of anti-CCD-IgE-positive insect venom allergic patients.13 39 

The prevalence of anti-CCD IgE in patients with food allergy varies between 10-50% 40 

in the literature depending on the study and the analyzed food (zucchini, celery, 41 

carrot, and tomato).14 Interestingly, in most patients IgE against CCD seem to cause 42 

no clinically relevant allergy symptoms.15–18 However, as some CCD-containing 43 

allergens are able to differentially activate basophils, IgE against CCD motifs at least 44 

has to be considered as a risk factor for allergic symptoms.19,20 It remains to be 45 
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determined if a subgroup of individuals with anti-CCD-IgE is underdiagnosed and 1 

suffers from allergy symptoms derived and mediated by glycan-specific IgE (Fig.1, 2 

group A2).15 Among our patients allergic against insect venom, there were 3 3 

individuals with systemic reactions whose serum showed 100% inhibition of bee and 4 

wasp IgE via HRP, a CCD-screening allergen containing CCD of the MUXF- as well 5 

as MMXF-type. Although the detailed molecular allergy diagnostic tests with single 6 

species-specific venom allergens was not available at that time, the complete (up to 7 

100%) inhibition of anti-bee- and anti-wasp-venom-IgE by the CCD-containing 8 

allergen HRP alone is highly indicative for the clinical relevance of the anti-CCD-IgE 9 

in these 3 cases. If there was additional species-specific IgE present, there would 10 

have been no complete inhibition.13,21 As recombinant allergens are used in 11 

commercial diagnostic assays, it is very important to consider the differing 12 

glycosylation pattern of these recombinantly produced allergens.20 Here, the 13 

organism that is used as expression system is crucially important. For example, 14 

allergens from E. coli can generally be considered as non-glycosylated, whereas 15 

allergens produced in the yeast Pichia pastoris carry predominantly high mannose-16 

type N-glycans (Fig. 3). Accordingly, allergens derived from plants, insect cells or 17 

mammalian cells carry glycans of varying complexity (Fig. 3). The details of this 18 

glycan complexity strongly depends on the specifications of the manufacturing 19 

process. This difference in the glycosylation pattern of recombinant allergens 20 

compared to natural allergens may lead to the known phenomenon of false positive 21 

results as in the case of classical CCDs. But also false negative test results can be 22 

the consequence: if the glycan on an allergen is crucial for IgE binding and 23 

additionally has a biological activity leading to allergy symptoms. 24 

 25 

3 α-Gal 26 

3.1 Structure-functional aspects of α-Gal 27 

The glycan IgE epitope α-Gal has been identified a few years ago as being 28 

responsible for anaphylactic reactions in meat allergy and allergy against the 29 

therapeutic monoclonal antibody cetuximab.22,23 This was the first proof that glycans 30 

play an important role in allergy development and that glycans can cause fatal 31 

anaphylaxis. The structure of α-Gal basically is simple: it is a disaccharide consisting 32 

of two galactose monosaccharides which are linked α-(1,3). However, anti-α-Gal IgE 33 

antibodies (and also anti-α-Gal IgG) have a higher affinity to the trisaccharide 34 

consisting of the two galactose units plus the following N-acetyl glucosamine which 35 

is part of protein N-glycosylation.24 It remains to be determined how the vicinity of 36 

this motif influences the anti-glycan antibody binding. On N-glycans, there are 37 

several different glycan motifs present in the vicinity of α-Gal, as these glycans are 38 

usually branched to different degrees. On glycoproteins there are also different 39 

peptide motifs located in the vicinity of α-Gal which may influence the binding 40 

properties of antibodies against the glycan. The α-Gal motif is common in most 41 

mammals, but immunogenic in humans.25 The enzyme responsible for the synthesis 42 

of this motif, the α-galactosyltransferase, is mutated in humans.25 Of note, an α-43 

linked galactose in a human subpopulation is found as part of the blood group B 44 
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motif (Fig. 2). However, studies showed that there is no clear evidence for an 1 

association of tolerance against α-Gal in individuals with blood group B,24 probably 2 

because one galactose unit of blood group B is fucosylated and thus the glycan 3 

structure is not identical to α-Gal (Fig. 2).   4 

 5 

3.2 Pathophysiology and diagnostics of IgE against α-Gal  6 

In most cases – and also in the general view of allergologists – IgE against classical 7 

CCD (Fig. 2) does not cause clinically relevant allergy symptoms. This paradigm 8 

shifted in 2008 when the first anaphylactic reaction mediated by anti-glycan IgE to 9 

the therapeutic monoclonal antibody cetuximab (CTX) was identified.23 This anti-10 

glycan IgE is specific for α-Gal, as demonstrated by analysis of neoglycoprotein (e.g. 11 

HSA-α-Gal) conjugates.24 With the identification of α-Gal as the causative allergen, a 12 

conceptually intriguing IgE-mediated immune reaction to this glycan was 13 

characterized: the chimeric therapeutic antibody CTX contains an N-glycosylation 14 

site in its variable Fab region additional to the conserved IgG1-specific Fc 15 

glycosylation site (Fig. 4C). Analysis of the N-glycan revealed a high content of α-16 

Gal.26–28 Moreover, the bivalent and flexible nature of the α-Gal presentation by the 17 

two Fab arms of CTX is an ideal situation for efficient IgE cross-linking, resulting in 18 

the release of cytokines and pro-inflammatory mediators by mast cells (MC) and 19 

basophilic granulocytes (basophils) (Fig. 4B and C). Since the majority of CTX-20 

specific allergic reactions occur at first application it was mandatory to search for the 21 

sensitization route, as obviously this could not have been CTX itself. As a result, it 22 

has been discovered that red meat is a trigger for α-Gal-mediated anaphylaxis, the 23 

route of sensitization probably being tick bites.29–31 This was a new perception in so 24 

far as the triggers for meat and innard allergy on the molecular level had not been 25 

identified for years. Until 2008, the non-glycosylated bovine serum albumin (BSA) 26 

was considered to be the major meat allergen (Bos d 6). However, extract-based 27 

routine allergy in vivo as well as in vitro diagnostics remain negative in a lot of 28 

patients reporting allergy symptoms after meat consumption which is most probably 29 

due to the low α-Gal content. Having identified the glycan allergen α-Gal on the 30 

molecular level, now more diagnostic tools become commercially available for 31 

routine allergy in vitro diagnostics and, thus, more and more patients with meat 32 

allergy can be diagnosed correctly. Currently, three α-Gal-carrying proteins are 33 

registered as allergens by the WHO/IUIS subcommittee: Cetuximab (Hom s / Mus m 34 

Cetuximab), bovine thyroglobulin (Bos d TG) and bovine carbonic anhydrase (Bos d 35 

CA). A lot of α–Gal-associated meat-allergic patients were underdiagnosed in the 36 

past due to the lack of carbohydrate- (α-Gal-) specific IgE detection methods. Today, 37 

CTX and commercially available bovine TG are used as α-Gal-containing test 38 

molecules, both with advantages and disadvantages: For both antigens, the exact α-39 

Gal content is not known and, furthermore, can vary from batch to batch.26,32 Bovine 40 

TG is a non-human protein and, therefore, contains immunogenic peptide sequences 41 

additional to the IgE-binding glycans. CTX is a chimeric IgG1 antibody which 42 

contains murine peptide sequences in its variable region (Fig. 3 B). IgE antibodies 43 

binding to IgG (IgE rheumatoid factors) interfere with the diagnostics and serum anti-44 

CTX IgG1 antibodies cannot be detected due to isotype/subclass interference. 45 
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Moreover, the detection of anti-CTX IgG4 antibodies is also not possible as IgG4 1 

binds to immobilized IgG1,
33 and own observations). Taken together, there are a lot 2 

of glycan-specific diagnostic challenges when the results for IgE against α-Gal are 3 

interpreted.  4 

 5 

4 Pathophysiology of clinical cases potentially ass ociated with IgE 6 

directed against glycans  7 

Clinically relevant allergic reactions are also observed against glycan-containing 8 

additives to drug formulations. In this regard, α-Gal also plays a part since patients 9 

with severe allergic reactions to gelatin-containing medications and food possess 10 

anti-α-Gal IgE.34 However, cross-reactivity between red meat and gelatin-containing 11 

products may be not directly comparable due to differentially glycosylated protein 12 

content. Another IgE-mediated reaction against a glycan-containing drug additive is 13 

the adverse reaction to mannitol. In 2013, a fatal reaction to intravenous application 14 

of thymoglobulin that contained the additive mannitol was described.35 The patient 15 

developed anaphylaxis immediately after injection and died. Post-mortem allergy 16 

diagnostics that in general includes anti-natural rubber latex-IgE detection in cases 17 

where the application of treatment induces fatal reactions, revealed IgE specific only 18 

for classical CCD of the MUXF-type but not against natural rubber latex extract. The 19 

authors hypothesized that the IgE-mediated mechanism of the anaphylactic reaction 20 

was due to anti-CCD-IgE directed against the drug additive mannitol and not to the 21 

active drug thymoglobulin derived from rabbits.35 However, IgE against other 22 

glycans, e.g. α-Gal which is present on rabbit glycoproteins and may be responsible 23 

for the fatal allergic reaction, was not tested in this case. 24 

 25 

5 Triggers for anti-glycan IgE development and asso ciation with allergy 26 

symptoms 27 

For allergy development, clearly the direct contact to allergens and allergen sources 28 

is crucial. This holds also true for IgE against CCD. Grass pollen inhalation and 29 

insect stings are considered to be the most probable sensitization routes since in the 30 

grass pollen season as well as in the situation following a hymenoptera sting, it has 31 

been shown that the CCD-specific serum IgE concentration increases 32 

significantly.11,36,37 Additionally, triggers from the environment are known to 33 

contribute to induction and/or amplification of IgE responses including virus 34 

infections,38 air pollution39 or toxins.40  Noteworthy, many plants well-known as 35 

sources for food allergens contain glycan-binding proteins (lectins). These are highly 36 

specific for distinct carbohydrate structures. Most lectins consist of more than one 37 

subunit, each able to bind to the respective specific glycan epitope. This multivalency 38 

can lead to cross-linking of glycoproteins on cell surfaces, such as receptor-bound 39 

IgE on mast cells and basophils, resulting in cell activation, degranulation, release of 40 

histamine and Th2 cytokines IL-4 and IL-13.41,42 High sensitization rates have been 41 

observed by consumption of insufficiently boiled white or red beans (Phaseolus 42 

vulgaris)42 and in workers in coffee industries due to contamination of the coffee 43 
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beans with Castor beans (Ricinus communis).43 A significant factor for boosting IgE 1 

is the consumption of alcohol, as several studies documented an increased anti-2 

CCD-IgE concentration in sera of alcoholics.44–46 The risk of CCD sensitization 3 

tended to increase with the consumed dose of alcohol. However, it has been 4 

described that these “alcohol-boostered” IgE against CCD exhibit a low grade of 5 

biologic activity in vivo (skin prick test negativity, no clinically relevant allergy 6 

symptoms).45 The influence of alcohol on mucosa permeability and thus barrier 7 

integrity is a possible explanation for increased CCD sensitization of alcoholics. It is 8 

known that major triggers for IgE development are parasite infections, especially 9 

parasitic worms like helminths.47–49 Helminth-induced IgE antibodies are not only 10 

directed against worm antigens, but are also cross-reactive with known (food) 11 

allergens as shown for IgE to peanut allergens in Ghanaian school children.47 12 

Helminth antigens and common allergens have similar glycan structures, which are 13 

responsible for this IgE cross-reactivity (Fig. 3 and 5). Of note, despite the high 14 

concentration of specific IgE to peanut allergens, these school children develop no 15 

allergy symptoms upon exposure to peanut. Recently, it has been shown that 16 

immunization of rabbits with Schistosoma mansoni egg antigens resulted in induction 17 

of glycan-specific antibodies with high cross-reactivity to the latex allergen Hev b 7, 18 

as well as several food allergens.50 19 

 20 

6 Immunology of anti-glycan IgE associated with all ergy or tolerance 21 

Frequent contact with normally harmless proteins from food or the environment is 22 

generally associated with tolerance rather than with allergic reactions. However, 23 

during the development of allergy and specific IgE antibodies, these tolerance 24 

mechanisms are disturbed in some individuals.51–54 Even after the induction of 25 

specific IgE, some individuals do not develop allergy.47 The underlying mechanisms 26 

leading to tolerance against these IgE-binding structures are still elusive. Crucial 27 

questions are: What is the difference between glycans, which induce IgE-mediated 28 

clinical symptoms (a-Gal) and glycans, which do not (classical CCDs)? Is the glycan 29 

structure essential, or does tolerance depend mainly on other (host-derived) factors? 30 

Or is a certain interaction necessary in order to develop allergy and clinical 31 

symptoms? Induction of tolerance can be observed during allergen-specific 32 

immunotherapy, or naturally in bee keepers, often in contact to bee venom, or 33 

individuals chronically infested with parasitic worms. Several mechanisms have been 34 

proposed to be involved in inhibition of clinical allergic symptoms, such as the 35 

induction of allergen-specific blocking IgG (IgG4) antibodies55,56 or induction of 36 

inhibitory anti-FcγRIIb antibodies.57,58 The latter have been shown to inhibit mast cell 37 

degranulation by co-crosslinking FcεRI and FcγRIIb on the cell surface. Moreover, 38 

especially in the context of anti-glycan-IgE, the lack of clinical symptoms is explained 39 

by inefficient activation of FcεRI-expressing effector cells due to inefficient cross-40 

linking of FcεRI-bound IgE on their surface. It has been proposed that the ratio of 41 

specific vs. total IgE is a marker for the manifestation of clinical allergy symptoms.59 42 

In order to activate basophils and mast cells (MC), a certain amount of receptor-43 

bound, allergen-specific IgE has to be present on the cell surface. A high ratio results 44 

from either high concentrations of specific IgE or low concentrations of total serum 45 
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IgE and may be considered as a risk factor for IgE-mediated cell activation.59 1 

Concerning the clinical relevance of anti-CCD or anti-glycan IgE, especially the IgE 2 

affinity has been a major point of discussion. The affinity of anti-CCD IgE in the past 3 

was considered as generally low with a high degree of cross-reactivity. However, this 4 

is not always true. Very high anti-CCD IgE affinities of around 10–10 mol/L for MMF- 5 

and MMXF-transferrin, have been observed.37 A possible reason for this discrepancy 6 

in observations are the two routes by which IgE antibodies are generated by isotype 7 

switch of a naïve B cell. There are studies pointing to the development of high-affinity 8 

(anti-CCD) IgE by a process of “indirect class switching” from IgM via IgG, including 9 

access to germinal centers and affinity maturation, to IgE  (Fig. 4A).60,61 According to 10 

this hypothesis, low-affinity IgE would be derived from B cells via direct IgM – IgE 11 

class switch. Thus, the mere existence of IgG against a certain allergen has to be 12 

considered at least as a risk factor for allergy, because an IgG+ B cell is able to 13 

switch to IgE in a Th2 environment. It has been shown that this isotype switch 14 

happens preferably in IgG1
+ B cells.62 These allergen-specific IgG+ memory B cells 15 

resemble a constant reservoir of possible IgE-switching cells supporting the allergic 16 

disease. Taken together, high affinity IgE is predominantly derived from indirect class 17 

switch via IgG and IgG affinity maturation and may cause clinically relevant allergic 18 

reactions in patients. Concerning the possible induction of allergy symptoms by 19 

glycans, combined structural and functional aspects have to be taken into account: 20 

First, glycosylation of allergens is not uniform. A major proportion of a natural 21 

allergen may contain only one glycosylation site, thus cannot be cross-linked by anti-22 

CCD antibodies. This is the case for the CCD-diagnostic molecule bromelain, which 23 

contains only one N-glycosylation site.16 Second, the steric localization of 24 

carbohydrates on allergens may not be suitable for efficient IgE binding and/or cross-25 

linking. That means either the glycan on these allergens is sterically not accessible 26 

or the second glycan crucial for IgE cross-linking is not accessible for the 27 

neighboring cell-surface-receptor-bound IgE on the immune effector cell (MC, 28 

basophils). It has to be considered that allergen-specific B cells are selected via B 29 

cell-receptor recognition of peptides (and eventually attached carbohydrates) bound 30 

to MHC molecules.63 In this way, specific IgE responses are also generated against 31 

monovalent allergens (e.g. CCD structures in the case where an allergen only 32 

contains one glycosylation site like bromelain). However, monovalent allergens are 33 

intrinsically not able to cross-link IgE and to efficiently activate effector immune cells. 34 

Thus, these allergens are IgE-binding but not cross-linking and therefore do not 35 

cause allergy symptoms. This phenomenon is also called “low grade of biological 36 

activity”. 37 

 38 

7 Interaction of glycans with human carbohydrate re ceptors and impact 39 

on allergic inflammation - Functional aspects of gl ycans  40 

Carbohydrate-specific receptors of different types and their interaction with glycans 41 

have been thoroughly characterized in molecular biology (Fig. 6).64–67 It is known that 42 

some glycosylated allergens interact with carbohydrate receptors on DCs, e.g. Fel d 43 

1 to the mannose receptor (MR)68 and Ara h 1 to DC-SIGN, this way inducing a pro-44 

allergic Th2 immune response.7 On dendritic cells, there are two classes of C-type 45 
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lectin receptors: the mannose receptor (MR) and the DC-SIGN receptor.6,65,69 1 

Although these receptors are both binding to carbohydrates, their specificity is 2 

fundamentally different. The MR binds to Man, GlcNAc and Fuc whereas the DC-3 

SIGN receptor is binding to the pro-inflammatory and complement-activating high 4 

mannose glycan motif.5,70–72 It has been published that glycosylated allergens that 5 

either bind to the MR or DC-SIGN induce different pro-allergic and anti-allergic 6 

immunological mechanisms as has been observed for single house dust mite and 7 

peanut allergens. However, it is a matter of debate whether the allergen interaction 8 

with a specific carbohydrate receptor on DCs is promoting allergy.70 Moreover, 9 

glycan-binding toll-like receptors (TLR) 2, 4 and 6 are present on various types of 10 

immune cells, e.g. DC, macrophages and monocytes. While allergens bind to MR or 11 

DC-SIGN receptors, TLR-mediated signaling may have an additional impact on the 12 

characteristics of the allergen-induced inflammation. Often, the function of these 13 

carbohydrate-specific receptors is not understood in detail, e.g. which exact glycan 14 

structure is able to activate a certain carbohydrate receptor. An overview of human 15 

receptors and their so far identified glycan ligands is provided in Figure 6. 16 

One example for potential anti-inflammatory property of a glycan structure is the 17 

negatively charged carbohydrate sialic acid. It has been found that sialylated 18 

antibodies possess anti-inflammatory properties.54,73,74 IgG antibodies lacking sialic 19 

acid and varying in galactosylation in the antennae of N-glycans are enhanced in 20 

autoimmune processes and drive the disease due to their interaction with pro-21 

inflammatory, activating Fcγ receptors.73,74 Furthermore, the proliferation of NK- and 22 

T-cells is inhibited by a receptor specific for sialylated glycans (SIGLEC). SIGLEC-2 23 

for example, binds to the sialylated N-acetyl lactosamine (LacNAc) motif where 24 

interaction with this disaccharide is inhibited by sialic acid.75 Carbohydrate patterns 25 

on proteins are also able to induce differential cellular responses depending on the 26 

specific glycan receptor. For the non-human sialic acid, the N-glycolyl neuraminic 27 

acid (Neu5Gc), the antigenic and IgE-inducing properties are presently a matter of 28 

debate76 Although it has been shown that the monosaccharide Neu5Gc linked to a 29 

hydrocarbon spacer is not IgE-reactive,29 it is published that antibody responses 30 

against Neu5Gc exist.77 A specific feature for Neu5Gc as a non-human carbohydrate 31 

is that it is taken up from nutrition and readily incorporated into human 32 

glycoproteins.78,79 The consequences of this metabolic process are not clear. On the 33 

one hand, by this incorporation and constant exposition to the human immune 34 

system, tolerance against Neu5Gc may be induced. However, it has been shown 35 

that a substantial percentage of people possess antibodies against Neu5Gc and that 36 

these antibodies are inducing an inflammatory environment in the vicinity of cells 37 

which contain Neu5Gc.77,80 38 

Lewis (Le) antigens derived from non-human sources like plant allergens or 39 

parasites are similar or identical to human glycans and interact with the human 40 

immune system. These carbohydrates have exactly the same structure as human 41 

glycans, but are, for example, linked to a foreign protein (Fig. 2 and 4). Some 42 

identical human glycan structures are highly active signaling molecules on the 43 

surface of immune cells. Therefore, it is reasonable to conclude that these glycans 44 

which are “similar to human glycans but from non-human sources” also have a 45 
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significant impact on cell signaling processes and the immune system as well. One 1 

well-known Lex-specific carbohydrate receptor is selectin in its isoform CD62E which 2 

is part of the process of so-called “leukocyte rolling” in inflammation. It may be 3 

speculated that also other Lex-containing allergens/proteins are able to interact with 4 

CD62E-expressing cells which may direct allergens to cells with an inflammatory 5 

environment. Lewis antigens have very distinct and specific receptors on human 6 

cells (Fig. 5 and 6). Lex for example is binding to carbohydrate receptors MR and 7 

DC-SIGN on the surface of antigen-presenting cells like DCs. As a consequence, 8 

allergen-relevant Th2 cytokines and IL-10 are induced.4 Addressing the parasite 9 

infection model for the induction of allergic diseases, it has been described that 10 

several schistosomal glycoproteins are mimicking human glycosylation patterns. 11 

Among these are the Lewis-type glycans and also related variations of LDN glycans 12 

(Fig. 3 and 5). It may be speculated that some of the glycans from parasites as well 13 

as glycans on allergens which are similar to human glycans, interact with the human 14 

receptors in the same or a similar way as the human glycans. During some of these 15 

interactions, an immunological bias towards Th2 is induced.81 16 

 17 

8 Allergy, Th2 inflammation and parasite glycans as  a model for the 18 

development of anti-glycan IgE 19 

Allergy-related Th2 responses including development of IgE antibodies is a hallmark 20 

of an infection with parasitic worms.82,83 Acute helminth infection can lead to 21 

symptoms similar to allergic inflammation including urticarial wheals and itching at 22 

the site of infection, coughing, fever, headache, skin rash, abdominal pain and a 23 

general feeling of illness.84 In contrast, during the chronic infection phase, the human 24 

immune system shifts from a Th2-driven inflammation, which is considered as the 25 

defense mechanism against parasites, to an anti-inflammatory, so called regulated 26 

or modified Th2 immune response.83 Carbohydrates play an important role in 27 

immune priming process.85,86 This involves production of anti-inflammatory IL-10, 28 

induction of regulatory cells, such as Tregs and Bregs and alternatively activated 29 

macrophages (AAM).87 While the Th2-associated IgE production is described to be 30 

effective to repel intestinal parasites, it is not known why the same immune response 31 

develops against parasitic worms which migrate through tissues and live in the blood 32 

vessels, such as Schistosoma mansoni.88  33 

 34 

8.1 Development and cross-reactivity of anti-glycan  IgE during infection 35 

with Schistosoma mansoni 36 

During the course of the infection with S. mansoni, a significant proportion of anti-37 

parasite antibodies are IgE antibodies directed against parasite glycans, which partly 38 

have the same structure as classical CCD in a variety of plant allergen sources (Fig. 39 

4 and 5). However, this anti-glycan IgE does not lead to killing of the parasite, and 40 

the immunological function of this anti-glycan IgE is not known – mirroring the 41 

situation for anti-CCD IgE in allergy. Like in allergy research, there is also an 42 

ongoing discussion about the characteristics and effects of anti-glycan IgE induced 43 
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by the parasite infection. Interestingly, African children possess a high concentration 1 

of peanut-cross-reactive IgE, most likely induced by parasite infection.47 However, as 2 

known from anti-CCD-IgE in allergy patients in Western Europe, this glycan-specific 3 

IgE does not cause any clinical symptoms.47 In the infection process of the helminth 4 

Schistosoma mansoni, IgE receptors on eosinophils and B cells (or soluble in 5 

patients’ serum), respectively, are associated with protection against reinfection.82,89–
6 

91 In contrast, susceptibility to reinfection has been associated with IgG4, which may 7 

serve as a blocking antibody, inhibiting the action of IgE.82,92–94 Three major 8 

glycoproteins which are derived from schistosomal eggs are known as major 9 

components of the immune modulation (towards Th2) and IgE induction in the 10 

human host. The secreted egg proteins IPSE/alpha-1 (IL-4-inducing Principle from 11 

Schistosoma mansoni Eggs)  and Omega-1 have pronounced immunomodulatory 12 

functions.95,96 IPSE/α-1 was shown to bind to receptor-bound IgE thus triggering IL-4 13 

release from human basophils independent of the specificity of the receptor-bound 14 

IgE on these cells. Omega-1 induces a Th2 polarization by conditioning human DCs 15 

depending on its ribonuclease function.95 While IPSE/α-1 functions independently of 16 

its glycosylation, omega-1 activity crucially depends on its carbohydrates which 17 

mediate its uptake into DCs via mannose receptor in DCs.95,97 The glycans which 18 

mediate this uptake are difucosylated N-glycan core structures containing Lex in the 19 

antennae (Fig. 4 and 5). Interestingly, although involved in Th2 and subsequent IgE 20 

induction, in infected patients no IgE has been detected which is directed against 21 

IPSE/α-1 and Omega-1. In contrast, a pronounced IgE response was detected 22 

against a third, non-secreted egg protein, Kappa-5,98 and here against the 23 

carbohydrates. This difference becomes intriguing when the difference in the 24 

glycosylation patterns is taken into account: Kappa-5 contains the non-human 25 

carbohydrates xylose and α-(1,3)-linked fucose in the chitobiose core (Fig. 5).98 This 26 

structure mirrors exactly the classical CCD structure of MMXF on allergens, such as 27 

the “prototypic” CCD-containing protein HRP. Most likely the higher content of the 28 

described foreign, immunogenic glycans of Kappa-5 leads to the observed IgE 29 

response which is induced and supported by the other schistosomal egg proteins 30 

IPSE/alpha-1 (by induction of IL-4 release) and omega-1 (by induction of Th2. 31 

 32 

9 Summary and Outlook: Perspectives of allergy diag nostics, 33 

pathomechanisms and treatment options in the light of pro-allergenic glycans 34 

and anti-glycan IgE  35 

Considering the described clinically relevant cases of meat/innard allergy, anti-36 

glycan IgE cannot be ignored in allergy diagnostics and mechanistic allergy 37 

research. In terms of allergy diagnostics, the nature of the carbohydrate-containing 38 

allergen should be taken into account. There are two major aspects of the clinically 39 

relevant allergic reaction: First, the allergen site with the protein structure and 40 

potentially attached glycans resulting in no, mono- or multivalent IgE epitopes 41 

suitable for IgE cross-linking. In order to induce a clinically relevant allergic reaction, 42 

an allergen must have properties to cross-link IgE. This process activates MC and 43 

basophils and leads to secretion of pro-inflammatory mediators. There are two ways 44 

to cross-link receptor-bound IgE on the surface of immune cells for an allergen: 45 
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Either it must have multiple binding sites for IgE or it must be 1 

oligomerized/polymerized to present the same epitope multiple times and sterically 2 

optimal for IgE cross-linking and receptor dimerization. Other features like the 3 

enzymatic activity are also important for some allergens. The second important point 4 

for allergy development is the “host” side, i.e. the human individual. Crucial factors 5 

are cellular properties like FcεR expression on MC and basophils, the glycan 6 

receptor profile and the priming and activation of the immune system in the direction 7 

of a predominant Th2 response. An important aspect of immunological tolerance is 8 

the concentration of allergen-specific antibodies of isotypes other than IgE. 9 

Especially, the IgG subclass IgG4 has been shown in many studies to be a blocking, 10 

tolerance-inducing, thus “anti-allergenic” antibody (Fig. 4D). 55,56,99 The induction of 11 

tolerance and blocking antibodies is a major goal of the allergen-specific 12 

immunotherapy. Another important aspect of allergic reactions is the ratio of 13 

allergen-specific vs. total serum IgE. A high ratio results in a higher activation of 14 

immune cells with specific IgE by an allergen and is considered as a risk factor for 15 

allergic symptoms.59 In terms of allergy diagnostics, it has to be considered that the 16 

widely used single- and multiplex IgE detection systems are not equally suitable to 17 

detect A) an IgE reaction to every analyzed allergen, especially if recombinant 18 

allergens are used, due to structural differences like the missing or altered allergen 19 

glycosylation, disulfide bonds or other, potentially also dynamic, protein 20 

modifications. And B) thus, the determined allergen-specific IgE concentration may 21 

not resemble the true IgE-binding potential of the allergen. The consequence is that 22 

the commercial IgE detection systems may be missing relevant natural allergenic 23 

glycans and also may not be sensitive enough to detect clinically relevant IgE 24 

against carbohydrates. The difference in IgE reactivity and the necessity to use 25 

natural allergens or allergens with a glycosylation pattern similar to the natural 26 

glycosylation has to be determined for each allergen as not all allergens are 27 

glycosylated and the glycosylation may not be equally important for IgE binding to 28 

every allergen. Chronic infections with S. mansoni elicit high IgE serum levels with 29 

IgE directed against cross-reactive carbohydrate determinants, present on 30 

schistosomal antigens as well as on allergens. Strikingly, it is known that helminth 31 

infection protects against allergy despite high allergen-specific IgE.47,87 Thus, it is a 32 

matter of debate if anti-CCD IgE may be even allergy-protective by inhibition of 33 

allergic symptoms. In this regard, induction of anti-CCD antibodies might be 34 

interesting as a novel immunotherapy concept for the treatment of allergic 35 

diseases.50  36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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Figure Legends 1 

 2 

Figure 1 Groups of individuals with different sensi tization patterns after 3 

contact with glycosylated allergens.  A lot of people do not develop IgE while other 4 

individuals form significant allergen-specific IgE. This IgE is directed against glycans 5 

(group A) and/or peptides (group B). While allergy diagnoses for individuals of group 6 

B are more and more covered by molecular allergy diagnostics for several important 7 

allergen sources, the interpretation of anti-glycan IgE in patient serum is not clear for 8 

the allergologist. After the discovery of the allergen α-Gal, patients with IgE against 9 

α-Gal (group A1) can be diagnosed correctly, whereas in the past, the delayed-type 10 

anaphylaxis to meat and innards was missed by allergy in vitro diagnostic tests. 11 

However, the allergy diagnosis for patients with IgE to classical CCD of a different 12 

specificity (group A2) remains challenging. 13 

 14 

Figure 2  Structure of N-glycans on allergens . A, chemical structure (left) and 15 

symbol simplification according to Consortium for Functional Glycomics (CFG) 16 

conventions are shown for the N-glycan core glycan. Note that the substitutions of 17 

the N-glycan core on allergens are either non-human carbohydrates (xylose) or non-18 

human carbohydrate linkages and positions (α-1,3 fucosylation on the first GlcNAc of 19 

the chitobiose core). B, IgE against  “classical” CCD are known to cause no or minor 20 

allergy symptoms. C, IgE against α-Gal can cause severe allergy symptoms. Non-21 

human carbohydrate substitutions of the N-glycan core are indicated by red 22 

brackets. The monosaccharide residues in brackets are present or not in different 23 

species. PLA2, phospholipase A2. 24 

 25 

Figure 3 Selection of non-human IgE-binding glycan structures from 26 

insects, plants, parasites and non-human mammals.  Glycans from different 27 

species show a high degree of similarity which results in the often observed human 28 

anti-CCD-IgE cross-reactivity. Small differences in the carbohydrate structure have 29 

pronounced immunologic effects, either foreign monosaccharides like xylose and 30 

NGNA or non-human carbohydrate linkages as in the case of α-Gal. 31 

 32 

Figure 4 Immunological scenarios for clinical signi ficance or non-33 

significance of IgE. A) Model for the development of high- vs. low-affinity IgE via 34 

differential B cell class switch.60 B) Activation of FcεR+ cells via receptor cross-35 

linking is dependent on multivalent antigens (allergens). C) The therapeutic 36 

monoclonal antibody cetuximab is particularly effective in IgE binding and FcεR 37 

cross-linking.23 D) IgE binding to allergens may be blocked by allergen-specific 38 

IgG.55,56 Consequences of IgG binding to allergens depend on the IgG subclass. 39 

 40 
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Figure 5 Association of structure and function of f oreign and human-like 1 

glycans from allergens and parasites.  Top: Representative structures of the 2 

predominant N-glycans from S. mansoni egg antigens (SEA). While IPSE/α-1 and 3 

omega-1 are directing the immune system towards Th2, the N-glycan core of kappa-4 

5 is a target of glycan-specific IgE. No IgE is formed against IPSE/alpha-1 or omega-5 

1.97,98,100,101 Bottom: Glycans mirroring or mimicking human glycan structures and 6 

have an impact on the human immune system which is indicated in the table. s, 7 

schistosome; h, human; p, plant; i, insect. References: LeX,49,81,102–104 LDN,49,105–112 8 

LDNF,49,81,108,111,113–115 FLDN,49,116–119 LDNdF.117–120 
9 

 10 

Figure 6 Immunological effects of selected carbohyd rate receptors on 11 

human immune cells.  Known carbohydrate ligands and the resulting immunological 12 

effects are indicated. Top scheme, simplified examples of cellular cross-talk upon 13 

receptor interaction with glycans. Attachment and uptake of glycoproteins with 14 

specific N-glycans is mediated, for example, by the mannose receptor (MR) or the 15 

DC-SIGN receptor. Cross-linking of IgE, e.g. by allergens containing α-Gal, and TLR 16 

stimulation by glycan-containing LPS induces pro-inflammatory cellular responses. 17 

MR, mannose receptor,121 DC-SIGN, dendritic-cell-specific intercellular-adhesion-18 

molecule-3-grabbing non-integrin,114 SIGLEC,75 selectin,122 MGL1 111, EMR2,123 19 

TLR,64,124 FcγR.74,125 20 
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