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Abstract
Purpose of Review The aim of this review will be to familiarize
the reader with the general area of antibody (Ab) glycosylation
and to summarize the known functional roles of glycosylation
and how glycan structure can contribute to various disease states
with emphasis on allergic disease.
Recent Findings Both immunoglobulin (Ig) isotype and
conserved Fc glycosylation sites often dictate the down-
stream activity of an Ab where complexity and degree
of glycosylation contribute to its ability to bind Fc re-
ceptors (FcRs) and activate complement. Most informa-
tion on the effects of glycosylation center on IgG in
cancer therapy and autoimmunity. In cancer therapy, gly-
cosylation modifications that enhance affinity for activating
FcRs are utilized to facilitate immune-mediated tumor cell
killing. In autoimmunity, disease severity has been linked to

alterations in the presence, location, and composition of Fc
glycans. Significantly less is understood about the role of gly-
cosylation in the setting of allergy and asthma. However, re-
cent data demonstrate that glycosylation of IgE at the asparagine-
394 site of Cε3 is necessary for IgE interaction with the high
affinity IgE receptor but, surprisingly, glycosylation has no effect
on IgE interaction with its low-affinity lectin receptor, CD23.
Summary Variations in the specific glycoform may modulate
the interaction of an Ig with its receptors. Significantly more is
known about the functional effects of glycosylation of IgG
than for other Ig isotypes. Thus, the role of glycosylation is
much better understood in the areas of autoimmunity and can-
cer therapy, where IgG is the dominant isotype, than in the
field of allergy, where IgE predominates. Further work is
needed to fully understand the role of glycan variation in
IgE and other Ig isotypes with regard to the inhibition or
mediation of allergic disease.
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Introduction

Antibodies are key mediators of the humoral immune response
interconnecting innate and adaptive immune responses. Major
advances have been made in the past few decades to use the
diverse antigen specificity and effector functions of antibodies
as biomarkers for disease recognition and to engineer effective
immunomodulatory antibodies for antigen-specific immuno-
therapies, e.g., cancer and autoimmune diseases [1–5].

Immunoglobulins are heterotetrameric glycoproteins com-
prised of two identical heavy chains (HC) and two identical
light chains (LC) joined by at least one disulfide bridge. Each
Ig can be divided into two antigen-binding fragments (Fab)
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and a receptor-binding fragment (Fc, crystallizable fragment)
that defines the immunoglobulin isotype (IgM, IgD, IgE, IgG,
IgA). The HC gene undergoes rearrangement of the variable
(V), diversity (D), and joining (J) segments, while LC gene
recombination involves the V and J segments. This recombi-
nation is responsible for formation of the variable domains at
the terminus of the Fab that comprise the antigen-binding
sites. Together, these unique genetic sequences encode a set
of highly diverse glycoproteins, resulting in a large Ab reper-
toire [6–8]. Diversity is further enhanced through the process
of bridging these coding joins. Moreover, somatic
hypermutations (SHM) upon T cell interactions, cytokine
stimulation, and antigen encounter introduce point mutations
in the variable region to produce greater antigen affinity for
improved immune responses. Subsequently, class switch re-
combination (CSR) changes the Ig isotype and therefore mod-
ulates the effector functions elicited by the Fc region. Due to
the interaction of Fab fragments and Fc fragments, antibodies
efficiently neutralize and opsonize pathogenic surfaces, acti-
vate the complement cascade, and trigger phagocytosis and
antibody-dependent cytotoxicity (ADCC) [9–12]. As men-
tioned above, specific immune effector functions are governed
by the isotype and subclass of Ig binding to a specific antigen
and are additionally altered by cytokine secretion [7, 13].

IgG Subclasses and Their Binding to Fc Receptors

IgG is the immunoglobulin found in highest concentration and
has the longest half-life in serum. It is subdivided in humans
into four subclasses, IgG1, IgG2, IgG3, and IgG4, according
to their abundance (IgG1 > IgG2 > IgG3 > IgG4). In mice,
IgG is classified into the subclasses IgG1, IgG2a, IgG2b, and
IgG3. The IgG HC is composed of four Ig domains, including
a variable domain at the N-terminus followed by the constant
domains Cγ1-3 (Fig. 1). The IgG LC is comprised of a vari-
able domain and a constant domain. The Ab subclasses vary
in their structural flexibility, determined primarily by the
length and disulfide linkages present in the hinge region that
connects the Fab and Fc regions. Amino acid differences in
the Fc region of different IgG subclasses lead to distinct affin-
ities for Fc receptors (FcRs), consequently leading to effector
function specificity [5, 14].

IgG Abs elicit their effector functions, e.g., ADCC and
complement-dependent cytotoxicity (CDC), by binding to
FcRs via the Fc region. Here, one can differentiate between
the classical type I Fc gamma receptors (FcγRs) and type II
FcRs. Type I FcγRs, from the immunoglobulin superfamily
receptor class, are canonical FcγRs that can either lead to
activating intracellular signaling cascades (activating FcγRI,
FcγRIIa, FcγRIIc, FcγRIIIa, FcγRIIIb) or to inhibitory im-
munomodulatory cellular responses by the only inhibitory
FcγR, FcγRIIb, of this family. Activating FcγRs harbor an
immunoreceptor tyrosine-based activation motif (ITAM) for

signal transduction, while FcγRIIb transmits signal inhibition
via immunoreceptor tyrosine-based inhibitory motif (ITIM). It
has been recently shown that under certain conditions, ITAM
receptors can also trigger inhibitory signaling through the in-
hibitory ITAM (ITAMi) mechanism [17]. C-type lectin recep-
tors belong to the type II FcR, e.g., human DC-specific inter-
cellular adhesion molecule-3-grabbing nonintegrin (DC-
SIGN; murine orthologue: Icam-3 grabbing nonintegrin-
related 1, SIGN-R1), Dectin-1, CD-23, and dendritic cell
immunoreceptor (DCIR). Recent findings indicated that C
type lectin receptors can participate in modulating immune
responses [18•, 19–21, 22•, 23].

Human IgG1 and IgG3 have a higher affinity to activating
FcγRs than to inhibitory FcγRIIb and thus display a high
activating-to-inhibitory (A/I) ratio. This A/I ratio correlates with
their potential to induce ADCC [13, 14, 20, 24]. On the con-
trary, human IgG4 has a low A/I ratio and was assumed to be a
poor activator of complement, giving IgG4 the status of a
blocking and neutralizing Ab. Intriguingly, recent findings were
able to demonstrate that human IgG4 and murine IgG1, which
structurally resembles human IgG4, activate complement by
forming hexamers via non-covalent Fc-Fc interactions [25,
26]. Nevertheless, immunotherapies do lead to an increase in
antigen-specific IgG1 and IgG4 in the early phase of treatment.
Certain allergic diseases studied have shown the IgG increase
correlates with symptom remission and increased quality of life
[27–31]. Allergen-specific immunotherapies consequently lead
to an immune response dominated by IgG4, which is assumed
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Fig. 1 Schematic of IgG domain structure and glycosylation. IgG is
assembled from two identical heavy chains and two identical light
chains. Each light chain consists of a variable domain (VL) and a
constant domain (CL). Heavy chains are composed of a variable domain
(VH) and the constant domains Cγ1–Cγ3. Variable (green) domains form
the antigen-binding region of the Fab fragment, while the constant do-
mains (violet) exert effector functions via the Fc fragment. Cγ2 harbors a
conserved N-linked biantennary complex glycosylation site at Asn297
(light violet circles). The core moiety consists of GlcNAc (blue) and
branching mannose (green) terminated by two GlcNAc residues. The
trimannosyl core structure can be modified by fucose (red), as well as
by galactose (Gal) and sialic acid (Sial). The inset shows a fully
sialylated, fucosylated biantennary N-glycan i.e., G2S2F). A bisecting
GlcNac added on to the center mannose (not shown) has also been re-
ported [15, 16]
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to inhibit IgE-dependent hypersensitivities [30–32]. In addition,
murine studies clearly demonstrated that IgG bound to allergen
crosslinks allergen-specific IgE-linked FcεRI to the inhibitory
FcγRIIb, thus intervening with effector cell activation (e.g.,
mast cells, basophils) [33–35].

IgG Fc Glycosylation Regulates Binding to Type I and II
FcRs

The affinity for FcRs on effector cell surfaces is not only
modulated by the IgG subclass but also by the conserved N-
linked glycosylation site at the asparagine 297 (Asn297) in
each of the Cγ2 regions [36, 37]. The glycans are masked in
a hydrophobic pocket, stabilizing the Fc region and favoring
an open conformation. Logically, loss of the conserved gly-
cans removes the steric hindrance between the Cγ2 domains
and allows them to collapse inward, which abolishes the FcγR
binding site that spans the top of both Cγ2 domains [38].

The default IgG N-glycan is comprised of two N-
acetylglucosamine (GlcNAc) and three mannose (Man) resi-
dues that form a Btrimannosyl core^ to which are linked two
additional GlcNAc groups to form the biantennary branches.
Further addition of galactose (Gal) can occur on each branch,
as can terminal addition of a sialic acid to each Gal. This
conserved structure can be additionally modified by a fucose
at the core GlcNAc (Fig. 1). The standard shorthand nomen-
clature assumes a trimannosyl core with biantennary GlcNAc
residues, named G0 (i.e., no galactose present); more compli-
cated structures are described by the number of galactose and
sialic acid residues present on the biantennary branches,
followed by the potential fucose modification (e.g., G2S1
for a mono-sialylated, non-fucosylated N-glycan or G2S2F
for fully sialylated and fucosylated). These variable modifica-
tions can lead to 32 different glycoforms at each Cγ2 region,
providing additional diversification of the Ab repertoire [37,
38, 39•]. Protein crystallography studies demonstrate how gly-
cosylation alters Fc conformation and explains how these gly-
cans change the Ab’s ability to bind either type I FcγRs or
type II FcRs. IgG glycans bearing no terminal galactose and
sialic acid at the biantennary core (i.e., G0 structures) stabilize
an open Fc conformation that facilitate its interactions with
type I FcγRs. On the contrary, galactosylated and sialylated
glycans are larger (and negatively charged, in the case of
sialylated N-glycans), which does not allow the approach of
the two Cγ2 domains and leads to greater domain flexibility,
in which the Fc region alternates between the closed and open
conformation. These changes increase the affinity and favor
the engagement of C type lectin receptors [18•, 22•, 40, 41•].

Biological Effects of IgG Fc Glycosylation

The location of the IgG N-glycans between the Cγ2 domains
and near the site of FcγR binding means that even subtle

alterations in glycosylation can have profound biological ef-
fects. For example, fucosylation at the glycan core modifies
the ability of IgG to induce ADCC. IgG1 with low fucose
content was characterized to induce ADCC with higher effi-
ciency when compared with fucosylated IgG1 by engaging
FcγRIIIa. Non-fucosylated IgG Abs are considered to be ef-
ficient in Ab therapies, e.g., in treating cancer. In particular,
anti-tumor therapies aim to use IgG antibodies with high
ADCC activity that can engage activating FcγRIIIa to induce
tumor clearance [4, 5, 42–47]. The anti-tumor activity is
sustained not only through FcγRIIIa activation but also
through a secondary mechanism of FcγRIIa engagement that
produces a long-term cellular immune response.

Intravenous immunoglobulin (IVIG), a treatment for inflam-
mation and autoimmune diseases, consists of pooled total IgG
from thousands of donors. In particular, the sialylated portion of
IgG is thought to mediate immunomodulatory and anti-
inflammatory properties. The α-2,6-linked sialic acid of the
Fc N-glycan binds to the C-type lectin receptor DC-SIGN or
the murine orthologue SIGN-R1 on splenic macrophages or
dendritic cells, resulting in IL-33 secretion. IL-33 upregulates
IL-4 production by basophils and results in increased FcγRIIb
expression on macrophages and B cells. Increased surface ex-
pression of the inhibitory receptor FcγRIIb consequently in-
creases the threshold for activation [48–50]. In mouse models
of arthritis and epidermolysis bullosa acquisita (EBA), inhibi-
tory FcγRIIb has an established role in improving disease
symptomswith IVIG therapy [51]. There, the sialylated fraction
of IVIGwas demonstrated to ameliorate arthritis, while removal
of sialic acid increased disease symptoms [39•]. Furthermore,
prophylactic treatment with sialylated IgG suppressed auto-Ab
dep l e t i on o f p l a t e l e t s i n t he mouse mode l o f
immunothrombocytopenia (ITP) via SIGN-R1 [52]. Moreover,
point mutations in the Fc region were introduced mimicking
sialylation and the resulting Fc conformation. These mimicking
Abs act like the natural sialylated IgG via type II FcRs (DC-
SIGN/ SIGN-R1) and induced IL-33 production by macro-
phages, followed by increased frequencies of regulatory T
(Treg) cells. Specifically, Abs mimicking sialylation led to ame-
lioration of arthritis in the K/BxN-induced murine model and
experimental autoimmune encephalomyelitis [53].

Recently, an additional C type lectin receptor for eliciting
anti-inflammatory properties of the sialylated IVIG portion
(sa-IVIG) was identified. Experiments with bone marrow-
derived dendritic cells from WT and FcγR knockout mice
demonstrated the inhibitory potential of sa-IVIG to be inde-
pendent of FcγRs in the context of allergic airway disease
(AAD) and allergic hyperresponsiveness (AHR). Instead, the
DCIR on pulmonary CD11c+ dendritic cells (DC) internalizes
sa-IVIG and promotes the upregulation of Treg cells, leading
to symptomatic relief [22•].

Low levels of terminal Fc galactosylation were shown to
correlate with disease onset and severity in rheumatoid
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arthritis (RA) patients [37, 54, 55•, 56]. In RA, Fc glycosyla-
tion is an important biological marker for disease diagnosis.
During pregnancy, RA patients benefit from tolerogenic con-
ditions sustained for the fetus and an increase of galactosy-
lation is observed. This increase in galactosylation supports
disease amelioration temporarily but returns to baseline after
child birth [57]. In a study aimed at identifying IgG glycan
differences among inflammatory bowel disease (IBD) pa-
tients, it was observed that the level of IgG galactosylation
was decreased in patients diagnosed with ulcerative colitis
(UC) and Crohn’s disease (CD). This suggests yet another
example of how a lack of IgG galactosylationmight contribute
to inflammation and disease pathogenesis [58].

In addition to an increased affinity of non-glycosylated IgG
to activating type I FcγR, the mannose-binding lectin (MBL)
on macrophages and DCs binds partially deglycosylated IgG.
This internalization of IgG results in antigen presentation to T
cells and an increased propensity for acquiring autoimmune
disorders [59]. Furthermore, it was shown that engagement of
MBL by agalactosylated IgG can facilitate complement acti-
vation [56, 59, 60]. In the context of complement activation,
galactosylated IgG1 was described to crosslink inhibitory
FcγRIIb with the C-type lectin receptor Dectin-1. Cross
linking induces intracellular signaling pathways, which inhibit
C5aR-mediated cell activation [41•]. As mentioned above,
recent studies suggest that IgG1 can form hexamers by non-
covalent Fc-Fc interactions, and these IgG1 hexamers can
efficiently induce CDC. However, sialylation of IgG1 reduces
binding capacity to the component C1q of the classical com-
plement pathway, thus decreasing IgG1’s ability to induce
CDC. Likewise, removal of terminal sialic acid exposes ga-
lactose of the N-linked Fc glycan, which results in CDC in-
duction [25, 26, 61•].

Recently, it was demonstrated that both IgG1 and IgG2 sub-
classes of RA patients have reduced sialylation of the Fc due to a
lack of galactosylation, which is necessary for covalent attach-
ment of the terminal sialic acid residues. Furthermore, they de-
scribe an effective treatment scheme for CIA using a murine
model in which artificially sialylated anti-type II collagen Abs
specifically can control arthritogenicity [55•]. Moreover,
sialylated IgG protects from bone destruction, e.g., in arthritis.
In patients, increased bone volume correlates with sialylation
levels of disease-specific auto-antibodies (i.e., anti-citrullinated
protein antibodies) [55•, 62]. In accordance with this,
glycoanalyses of RA and psoriatic arthritic patient IgG confirmed
an increase of galactosylated IgG after anti-TNF therapy [63].
Also, in chronic inflammatory demyelinating polyneuropathy
(CIDP), where autoreactive IgG damage the peripheral nervous
system, disease remission correlatedwith increased abundance of
sialylated IgG [61•].

In the mouse model of autoimmune hemolytic anemia
(AIHA), murine non-galactosylated IgG1 showed a
higher potency for erythrocyte depletion via activating

FcγRIII, thereby exerting a higher pathogenicity. In
comparison, Fc galactosylation of murine IgG1 reduced
pathogenicity by engaging inhibitory FcγRIIb. The ac-
tivity of murine low-galactosylated IgG1 was mediated
by activating FcγR, as γ-chain knockout mice (no ex-
pression of activating FcγR) and FcγRIIIa knockout
mice did not develop anemia. However, inhibitory
FcγRIIb was not important for inhibition of IgG2a-
dependent anemia. In fact, while IgG1 can induce disease
without engaging the complement system, murine IgG2a acts
via complement activation, demonstrated by an increased de-
position of the major complement component C3 on erythro-
cytes. Moreover, IgG2a Fc galactosylation and sialylation
cannot protect from AIHA onset [64, 65].

There is a well-characterized role for Ab glycosylation in
both mounting and sustaining a tolerogenic response. Pro-
inflammatory conditions and T cells, in particular TH1 cells
and TH17 cells, induce low-glycosylated IgG Abs by down-
regulating alpha-2,6-sialylatransferase in plasma cells,
which correlated with severity of pro-inflammatory immune
responses, e.g., delayed type hypersensitivity reaction
(DTH) and allergic airway inflammation. In contrast,
tolerogenic stimuli induce Treg cells, whereupon plasma
cells are facilitated to upregulate alpha-2,6-sialyltransferase
levels and, in turn, elevate the abundance of sialylated IgG
[66]. Furthermore, T cell-independent stimuli result in plas-
ma cells that produce immunosuppressive sialylated IgG
Abs [67]. Specifically, sialylated IgG1 inhibited DTH and
allergic airway inflammation. In addition, sialylated IgG
was described to efficiently suppress B cell proliferation
and DC maturation independently of inhibitory FcγRIIb
[66]. IgG sialylation has also proven effective in the context
of vaccination. It has been demonstrated that sialylated
IgG, generated by influenza vaccination, binds the type
II FcR, CD23, on B cells, leading to an upregulation of
inhibitory FcγRIIb expression on B cells. As a result,
the threshold for B cell activation was increased and led
to selection of high affinity antigen-specific antibodies,
thus increasing vaccination efficiency [21].

Studies of Fc glycosylation from antigen-specific antibod-
ies of HIV patients clearly support the idea that specific anti-
gens can regulate glycosylation. Moreover, vaccination mod-
ulated the glycoprofile of antigen-specific Abs despite initial
differences [68]. Comparing the Fc glycans of HIV-untreated
donors and donors receiving antiretroviral therapy revealed an
improved antiviral activity, which correlated with an enhanced
frequency of agalactosylated and afucosylated IgG [69]. Also,
anti-tumor therapy aims to use IgG antibodies with a high
ADCC initiation propensity in order to engage FcγRIIIa and
induce tumor clearance. In this case, IgG is interacting with
FcγRIIa on DCs for generation of a memory response.
Furthermore, FcγRIV expression on CD11c+ DCs is crucial
for vaccine efficiency [47].
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Glycosylation Sites of IgE and Their Impact

IgE compared with IgG has an additional C epsilon (Cε) domain
in place of a typical hinge region and is highly glycosylated, with
six biantennary glycosylation sites in the Fab and Fc fragments
(Asn140, Asn168, Asn218, Asn265, Asn371, Asn383) (Fig. 2).
In addition, the glycosylation site on Asn394 of IgE Cε3 domain
harbors an N-linked oligomannose-type glycan, which consists
of GlcNAc and branching mannose residues (Fig. 2). The quan-
tity and complexity of IgE glycans contribute to its unique struc-
ture and function, with ∼12% of the total molecular mass con-
tributed by glycans. IgE is the least abundant isotype in serum,
which is compensated by its prolonged half-life when bound to
the high affinity Fcε receptor I (FcεRI) on mast cells and baso-
phils [38, 70–72]. Serum IgE leads to an upregulation of FcεRI
expression on effector cells, thus modulating the threshold for
cell activation [73].

IgE is a double-edged sword; though it is known to be in-
volved in hypersensitivities and allergic reactions, IgE also plays
a protective role in vivo. FcεRI is activated through a
crosslinking mechanism at the surface of mast cells, basophils,
and dendritic cells. When antigen binds to FcεRI-bound IgE,
receptor crosslinking results in downstream signaling events that
lead to a release of biologically active mediators, including his-
tamine, proteases, and other lipid-derived mediators. This de-
granulation event drives an influx of immune cell mediators,
vasodilatation, and smoothmuscle contraction and can ultimately
lead to anaphylactic shock [70, 74, 75]. Aside from hypersensi-
tivity and allergy, IgE is also known to be beneficial for protec-
tion against parasites and venoms [76–79].

In the last decade, studies focused on the impact of IgE
glycosylation have led to confusing results. Earlier studies
delineated that point mutations of Asn265 and Asn371, effec-
tively deleting their respective glycosylation sites, did not alter
the affinity of IgE for FcεRI nor did it affect the capacity of
IgE to activate basophils [80]. Further investigation of CD23
interactions on B cells with recombinant ε-chain peptides
showed no involvement of glycosylation [81]. One group of
investigators report using IgE Fc chain fragments demonstrate
that glycosylation at Cε3 is critical for proper protein synthe-
sis and folding as well as for receptor binding, while another
group emphasized the importance of the junction between
Cε2 and Cɛ3 to be crucial for FcεRI binding [82, 83]. Thus,
early studies suggest no role for glycosylation of IgE in its
function during interaction with its two most common recep-
tors. In contrast, a recent publication has shown that the con-
served N-oligomannose site at Asn394 is crucial for IgE to
maintain its structure and for its binding to FcεRI in vivo. In a
series of elegant studies, Shade et al. demonstrated that elim-
inating Asn394 oligomannose reshaped secondary IgE struc-
ture and prevented mast cell degranulation and anaphylaxis
in vivo [84•]. This newer information strongly supports a role
for glycosylation effects on IgE, at least at one of its six gly-
cosylation sites.

Glycosylation of IgA and Its Role in Disease

Preventing pathogen migration through the epithelial barrier,
IgA is known for protection at mucosal sites. IgA is divided
into two isotypes, IgA1 and IgA2, with IgA1 having a longer
hinge region due to duplicated sequence of amino acids
(Fig. 3a, b). This prolonged hinge region causes IgA1 to be
more sensitive to bacterial proteases. Hence, IgA2 is the pre-
dominant IgA isotype in the mucosa, while IgA1 circulates in
serum. Both IgA1 and IgA2 exist as monomer and as polymers.
Polymeric IgA (primarily dimeric) is formed by disulfide bonds
between the C-terminal tailpiece extension of IgA and the small
J (Bjoining^) chain protein (Fig. 3c) [85]. Monomeric IgA is
predominantly present in serum, while polymeric IgA forms are
transcytosed across mucosal epithelium into the mucosa by the
polymeric Ig receptor (pIgR), during which the pIgR
ectodomain is covalently linked to polymeric IgA and cleaved
to form secretory IgA (SIgA) [86–92].

IgA1 has two N-glycosylation sites at Asn263 and Asn459
in the Fc region, while IgA2 harbors five N-glycosylation
sites—two in the Fab region (Asn166, Asn211) and three
within the Fc (Asn263, Asn337, and Asn459) (Fig. 3). As
discussed above, both IgG and IgE have conserved N-
glycans between the Cγ2 or equivalent Cε3 domains of their
Fc regions that are critical for function; the corresponding
residue in IgA1 and IgA2 is instead a Cys (Cys299) that me-
diates a disulfide bond across the two heavy chains (Fig. 3).
The Cα2 N-glycans (Asn263 in IgA1 or Asn263 and Asn337
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Fig. 2 IgE domain structure and glycosylation. IgE differs from IgG in
that it lacks a typical hinge region but instead has an additional domain in
each heavy chain, resulting in constant domains Cɛ1– Cɛ4. The constant
domains contain six N-linked biantennary complex glycosylation sites
(light violet circles) at Asn140, Asn168, Asn218, Asn265, Asn371, and
Asn383. At Asn394, the conserved N-linked glycosylation site is of the
oligomannose type (yellow squares). There GlcNAc (light blue) is N-
linked to Asn394 followed by an additional GlcNAc, which can be mod-
ified via branching mannose (green)
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in IgA2) are instead completely solvent-exposed, as seen in
crystal structures of IgA1-Fc bound to either FcαRI or SSL7
[93, 94]. The diversity of N-glycan structures found on
the IgA1 Fc region is much higher than observed for
IgG, with primarily biantennary and some triantennary
structures at the Asn263 site and larger triantennary
or even tetraantennary structures at the tailpiece site;
furthermore, IgA1 N-glycans are much more frequently
sialylated than IgG N-glycans [95, 96]. In the case of se-
cretory IgA, there are N-glycans present on both the secretory
component (SC; this is the cleaved pIgR ectodomain) and the J
chain. The SC contains seven N-glycosylation sites with a wide
range of glycotopes that are predominantly sialylated, fully

galactosylated biantennary glycans with unusual fucosylation
linked to Gal rather than the core GlcNAc. J chain has a single
N-glycosylation site with mostly sialylated biantennary struc-
tures, with core fucosylation about half of the time.
Interestingly, the unusual SC N-glycans contain epitopes recog-
nized by bacterial adhesins, allowing SIgA to function both in
innate and adaptive immunity [97]. Furthermore, SC is
anchored to the mucus layer at the epithelial surface via its
glycans, improving its efficiency at blocking bacterial invasion
by Bimmune exclusion^ [98].

In addition to N-glycosylation, IgA1 (as well as IgD) anti-
bodies are heavily O-glycosylated in the hinge region, with
five potential O-glycosylation sites in the IgA1 hinge region
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Fig. 3 IgA domain structure and glycosylation. IgA can be divided into
two subclasses, IgA1 and IgA2. They differ in their hinge region, the
sensitivity to proteases, and their distribution in serum and mucosa. a
The domain organization of IgA1, which features an elongated, O-
glycosylated hinge region. In addition to five potential O-glycosylation
sites in the hinge, IgA1 has N-glycosylation sites at Asn263 in the Cα2
domain and Asn459 in the tailpiece. Inset shows several potential O-
glycan structures found on the IgA1 hinge. The left two structures are
under-galactosylated; such glycans are found on IgA1 in patients with
IgA nephropathy. Other structures not illustrated are galactosylated O-
glycans with a single sialic acid attached to either the GalNAc or Gal

residue. b The domain architecture of IgA2, which has a deletion in the
hinge region that removes the potential O-glycosylation sites and shortens
the hinge compared to IgA1. IgA2 has three additional biantennary com-
plex N-glycosylation sites per heavy chain (Asn166, Asn211, Asn337)
compared to IgA1. c Schematic of dimeric IgA2, formed via disulfide
bonds between cysteines in the IgA tailpiece and the J (joining) chain.
Disulfides also form directly between IgA tailpieces in the opposite heavy
chains. Polymeric IgA (and IgM) containing J chain can be transcytosed
across mucosal epithelial cells by the polymeric Ig receptor (pIgR) and
released as secretory IgA or IgM, each of which is a covalent complex of
a polymeric IgA or IgM with the pIgR ectodomain
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(Fig. 3). These O-glycans are composed of N-acetylgalacto-
samine (GalNAc), O-linked to serine or threonine residues,
followed by a terminal Gal residue; either or both of the
G a l NA c o r G a l g r o u p s c a n b e s i a l y l a t e d .
Undergalactosylation of IgA1 O-glycans, which leaves a
terminal GalNAc residue, is linked to the autoimmune
kidney disease IgA nephropathy [99, 100].

IgA N- and O-glycans play important biological roles, me-
diating interactions with a variety of immune receptors [96,
101]. Dimeric and polymeric IgA activate the lectin pathway
of the complement cascade by binding to the carbohydrate
recognition domain (CRD) ofMBL [102]. Likewise, galectins
1, 3, and 8 all bind to IgA1 to varying degrees via its O-
glycans [103, 104]. The asioaloglycoprotein receptor, in-
volved in clearance primarily of IgA2 by the liver, binds IgA
N-glycans [105, 106]. Transferrin receptor, in addition to its
well-known role in iron homeostasis, binds IgA1 in a glycan-
dependent manner and plays a role inmesangial cell activation
by IgA1-containing immune complexes in IgA nephropathy
[107, 108]. Finally, an IgA1/IgD receptor on Tcells binds each
isotype via hinge O-glycans [109]. Early reports suggested
that variation in IgA glycosylation could impact its interaction
with FcαRI, the primary IgA-specific activating receptor, al-
though a detailed biophysical analysis indicated that IgA1 N-
glycans did not significantly alter the affinity of IgA1 for
FcαRI [110], even though the IgA1 N-glycans do contact
FcαRI in the crystal structure [93].

In patients suffering from autoimmune IgA nephropathy as
well as Sjögren’s Syndrome, IgA levels are found to be ele-
vated. In IgA nephropathy, changes in expression and activity
of particular glycosyltransferases in B cells can lead to
undergalactosylation of the O-glycans. The resulting terminal
GalNAc residue (with or without a sialic acid) acts as a neo-
epitope and can be recognized by anti-glycan IgG, forming
circulating immune complexes that form deposits in the
mesangial region of the glomerulus [99, 100]. Patients with
Henoch-Schönlein purpura also have IgA1 with
undergalactosylated O-glycans [111, 112]. In contrast, pa-
tients with Sjögren’s syndrome have increased IgA levels,
which are highly sialylated. This hypersialylation is proposed
to prevent clearance of pathogenic IgA, while high O-
galactosylated IgA was shown to activate complement more
efficiently [100, 113–116]. A study of Ab responses in
hyperimmunoglobulinemia D, where dysregulation of IgD
production leads to high levels of IgD and, in most patients,
increased IgA1, demonstrated that O-sialylation changes the
affinity to IgD receptors on T cells to which IgD and IgA are
competing for, skewing the balance and modulating T cell
activation upon IgD receptor binding [117].

IgA is an unusual Ab isotype in that it can trigger either
activating or inhibitory responses, primarily depending on its
multimeric state. Monomeric IgA induces inhibitory ITAMi
signaling via FcαRI, whereas multivalent antigen-bound IgA

activates robust inflammatory responses through the same re-
ceptor via the classic ITAM pathway [17, 118]. Importantly,
ITAMi inhibitory signaling by FcαRI and other ITAM recep-
tors including FcγRIIA and FcγRIIIA can dampen signaling
by activating IgE or IgG receptors [118–120]. In parallel, se-
cretory IgA can engage SIGN-R1 (murine homolog of DC-
SIGN) via N-glycan mannose residues to induce tolerogenic
dendritic cells and the expansion of Tregs [121]. Given the
ability of IgA to induce inhibitory and anti-inflammatory re-
sponses, it is perhaps not surprising that epidemiological stud-
ies have shown an inverse association of IgA levels and aller-
gic airway disease [122]. Cholera toxin, a common mucosal
adjuvant, was shown to suppress allergic inflammation in a
mouse model of asthma via induction of antigen-specific se-
cretory IgA [123].

IgM Glycosylation

IgM is often described as a natural Ab, produced in the early
phase of the immune response with no requirement for class
switch. The often low affinity and polyreactive IgM antibod-
ies build up an effective first line of defense by forming
pentamers and hexamers. In turn, this increases the avidity
and allows for efficient activation of the complement system
[12, 124]. IgM pentamers can be transcytosed to mucosal
sites by pIgR since they contain the J chain, which is not
present in hexamers [7]. IgM contains five N-glycosylation
sites, three of which feature biantennary complex N-glycans
(Asn171, Asn332, Asn395) and two adopt oligomannose
structures (Asn402, Asn563) (Fig. 4) [7, 38]. Terminal
GlcNAc of IgM was shown to bind MBL, while GlcNAc
was not accessible when antigen is bound to IgM pentamers.
That suggests that complement activation by antigen-IgM
complexes is not possible. However, MBL might have an
impact on removal of aggregated IgM [125]. The level of
IgM N-sialylation was reported to influence internalization
by Tcells, leading to suppression of activation and downreg-
ulation of gene expression, e.g., pro-inflammatory cytokine
expression (IFN-γ, IL-17, IL-6) [126]. More than that, follic-
ular lymphoma (FL) B cell receptors (BCR) often sustain the
IgM isotype with conserved N-oligomannose. Those FL
IgM+ mannose-rich B cells were characterized to interact
with tumor-associated monocyte-derived M2 macrophages
in FL niches. Here, mannose structures engage DC-SIGN to
further B cell activation [127].

IgD Glycosylation

IgD has three glycosylation sites in the Fc domain (Asn354,
Asn445, Asn496), of which the Asn354 glycan is oligomannose
and the other two are complex N-glycans (Fig. 5) [128–130].
The Asn354-oligomannose was characterized to be required for
proper protein folding [38]. Like IgA1, IgD also has up to five
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O-glycosylation sites on the hinge region [130]. Studies of IgD
binding to Fc delta receptor (FcδR) showed that both GlcNAc
and galactose of IgD Cδ1 and Cδ3 are implicated in binding to
FcδR [131 ] . I n au t o immune neph ropa t hy and
hyperimmunoglobulinemia D, IgD was observed to be more
galactosylated and less sialylated when compared to healthy
controls. This may contribute to enhanced FcδR engagement
on T cells and to T cell activation, driving the pathogenesis of
autoimmunity [117, 132].

Conclusions

It is well established that immunoglobulins contain conserved
glycosylation sites in the Fc and Fab fragments which can be
of the complex biantennary form or the oligomannose struc-
tures, dependent on the isotype of the immunoglobulin.
Variations in the specific glycosylation form, such as
sialylation, or even complete de-glycosylation, at each site
may affect the interaction of the immunoglobulin with its re-
ceptors. Significantly more is known about the effects of
(de)glycosylation of IgG isotypes on various diseases than
the other non-IgG Ig isotypes, where modification of the Fc
glycosylation pattern of IgG changes the affinity to type I
FcγRs and type II FcRs and consequently modulates the
pro- or anti-inflammatory properties of immunoglobulins.
Therefore, the effects of changes in glycosylation are much
better understood in the areas of autoimmunity and cancer
therapy, where IgG is the dominant immunoglobulin, than in
the field of allergy, where the more predominant immunoglob-
ulin is IgE.

The understanding of the effects of glycosylation on aller-
gic disease is not as well understood nor apparently as straight
forward. The publication of seemingly contradictory findings
about the role of glycosylation of IgE and its binding to its
high affinity receptor has been frustrating. The confusion
about the role of glycosylation of IgE is further made by the
unexpected lack of a role for glycosylation and the interaction
of IgE with the lectin receptor or low-affinity IgE receptor also
known as CD23. The effect of glycosylation and the interac-
tion of IgE with other lectin receptors such as Galectin-9 still
needs to be assessed as well [133, 134].

The recent detailed report by Shade et al. [84•] appears to
have moved us toward to a more definitive role for specific
glycosylation of IgE at the asparagine-394 location of Cε3 as
necessary for IgE interaction with the high affinity IgE recep-
tor. This report identifies the one specific glycosylation site as
the only crucial one for alteration in the binding of IgE to
FcεRI. Confirmation by another laboratory and further eluci-
dation of this effect in allergic development and mediation
will be imperative in the next few years. In addition, an un-
derstanding of possible further effects on immune complex
formation and aggregation outside of the FcεRI will be essen-
tial to define in order to move forward in using this informa-
tion for the development of preventative and therapeutic
treatments.

Lastly, the role of IgA and IgG as possible inhibitors or
modulators of an allergic response adds another layer to the
role of glycosylation of Ig to allergy and asthma. IgA levels
have been directly correlated with the clinical success of aller-
gy immunotherapy [122, 135, 136] though the mechanism
and meaning of this association are not clear and thus the role
of glycosylation of IgA in this area is not completely under-
stood. However, it is known that monomeric IgA can induce

395
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332

563

J chain

Fig. 4 Polymeric IgM domain structure and glycosylation. IgM, like
IgA, has a C-terminal tailpiece extension on each heavy chain. The tail-
piece can form disulfide bonds with other IgM heavy chains and with the
J chain to form a pentameric polymeric IgM species. IgM can also form
hexamers without J chain. The IgM constant domains contain five N-
linked glycosylation sites, of which three are of the biantennary complex
form (Asn171, Asn332, Asn395, light violet circles) and two of the
oligomannose type (at Asn402, Asn563, yellow squares).
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Cδ2

Cδ3 445
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354

Fig. 5 IgD domain structure and glycosylation. IgD, like IgA1, features
anO-glycosylated hinge region as well as N-glycans in the Fc region. The
constant domains contain three N-linked glycosylation sites, of which
two are of the biantennary complex form (Asn445 and Asn496, light
violet circles) and one is a branching oligomannose at Asn354 (yellow
squares). The hinge region contains five potential O-glycosylation sites
(blue prisms)
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inhibitory ITAMi signals via FcαRI that downregulate inflam-
matory responses of IgE and IgG receptors [17]. Likewise,
SIgA in the mucosa has been shown to suppress allergic asth-
ma symptoms [123], and SIgA binding to DC-SIGN via N-
glycan mannose residues was able to induce tolerogenic den-
dritic cell responses [121]. Further work is needed to better
understand the potential of serum and secretory IgA for sup-
pression of allergic reactions as well as asthma.

IgG has been proposed as a direct inhibitor of IgE-mediated
anaphylaxis [30–32, 35], and animal studies have directly
supported this inhibitory role for IgG [33, 137–139]. Animal
studies have also strongly suggested that IgG can mediate
anaphylaxis [140–144], though this too has not been directly
proven in humans [140]. The effects of various glycosylations
on the enhancing or diminishing nature of the severity of
allergic reactions by these so-called blocking antibodies, as
well as the possible mediation of anaphylaxis by IgG, are
other areas of important investigation that should take place
in the near future.
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