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Abstract: IgG antibodies are the basis of some of the most effective therapeutics developed
over the last 20 years. These antibodies are highly specific, have long serum-half lives, and
can be produced relatively routinely, making them ideal drugs for immunotherapy. The
degree of regulation on IgG antibody effector functions by the composition of the single,
N-linked glycan attached to the Fc is increasingly appreciated. IgG antibodies with identical
protein sequences can gain a 50-fold potency, in terms of initiating antibody-dependent
cellular cytotoxicity (ADCC) by removal of the single fucose residue from the Fc glycan.
Conversely, the addition of sialic acid to the terminus of the Fc glycan converts IgG
antibodies into anti-inflammatory mediators, capable of suppressing autoantibody driven
inflammation. This review will discuss the contribution of the Fc glycan to IgG antibody
effector functions, the regulation of the antibody glycosylation in vivo, implications for the
rational design of IgG antibody-based therapeutics, and touch upon the contribution of
glycosylation to other immunoglobulin isotypes.
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1. Introduction

Antibodies play key roles in humoral adaptive immune response by binding to specific antigens and
linking them to the innate immune system. The ability of antibodies to harness such immunity is
attributed to their unique structure, and has been successfully exploited in development of therapeutic
treatments for many disease types, including cancers, autoimmune diseases, and inflammatory
disorders [1-7].
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Antibodies are comprised of basic structural units of two identical heavy and two identical light
polypeptide chains. These chains are linked by disulfide bonds forming a “Y”-shaped structure [8].
Human immunoglobulins can be categorized into five classes (IgG, IgA, IgD, IgE, and IgM) referencing
the heavy chain. IgG and IgA antibodies are further separated into four (IgG1-4) and two subclasses
(IgA1-2), respectively. Recognition of specific antigens is mediated by the antigen-binding fragment
(Fab), corresponding to the top ends of the fork of the Y-shaped structure (Figure 1). Effector functions
are initiated by binding of the fragment crystallizable region (Fc), the stem of the Y, to effector proteins
such as Fc receptors (FcRs). The Fab fragments are comprised of variable and constant domains of light
and heavy chains, while Fc fragments are comprised entirely of constant domains of heavy chains. Each
antibody class has distinct circulation profiles and effector functions. In serum, the most abundant class
with longest half-life is IgG comprising 75% of antibodies in circulation. IgM and IgA are the next most
abundant at 10% and 15%, respectively and have markedly shorter serum half-lives. On the other hand,
in mucosal secretion, IgA is the most abundant class and acts as the first line of defense against
pathogens invading at the mucosal sites [9]. IgE is the least abundant in the circulation (<0.01%),
however, it can remain in tissues bound to receptors on mast cells for up to two weeks [10].

Immunoglobulins elicit their effector functions through interactions of the Fc portion with distinct
target molecules and receptors. A single N-linked glycan is present in the Fc portion of all IgG
subclasses. This glycan is essential for initiation of many IgG effector functions. Additionally, each
antibody class has unique glycosylation profile which will be discussed in more details in the following
sections. This review will focus on the contribution of the glycan to IgG biology, and will discuss IgE,
IgA, and IgM glycobiology.

2. IgG and FcyRs

IgG mediates an array of effector functions by its ability to interact specifically with Fc y receptors
(FcyRs), the neonatal FcR (FcRn), and the initiator of the classical complement cascade, C1q. Members
in the canonical FcyR family can be classified into activating and inhibitory FcyRs. Initiation of the
activating or inhibitory signal cascade requires FcyR aggregation as a result of FcyR cross-linking by
IgG immune complexes [11]. IgG can activate leukocytes by binding to activating FcyRs (FcyRIA,
FcyRIIA, FcyRIIC, and FcyRIITA) that typically signal through an immunoreceptor tyrosine-based
activation motif (ITAM). Activation of this signaling pathway leads to pro-inflammatory activity
resulting in destruction and clearance of antigens by phagocytosis, ADCC, and promotion of antigen
presentation [12]. In contrast, [gG binding to the inhibitory FcyR (FcyRIIB) triggers signals through an
immunoreceptor tyrosine-based inhibitory motif (ITIM), thereby dampening cellular activation. Many
immune cells including macrophages, dendritic cells, neutrophils express both activating and inhibitory
FcyRs, the eventual signal elicited by IgG is governed by the affinity of IgG subclasses to distinct FcyRs
(Kq=10"-10"" M) and the combination of expression level and pattern of FcyRs [13—15].
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Figure 1. Schematic representation of the human IgG structure and glycan composition.
(A) IgG structure. IgG protein is comprised of two heavy chains (black outline) and two
light chains (blue outline). Each IgG heavy chain has the variable region (Vy) and the
constant region containing three domains (Cyl-3). The line between Cyl and Cy2
represents the hinge region. Each light chain has variable (Vi) and constant regions (Cp).
IgG molecule can be divided into antigen-binding fragment (Fab; empty ovals) and
fragment crystallizable region (Fc; pink ovals). The red dot represents N-linked glycans of
complex-type. (B) Composition of complex-type N-linked glycan on IgG. The glycan has a
biantennary heptasaccharide core (solid line and in the gray block) and variable extensions
(dash line). Abbreviations: F, fucose; N, GIcNAc; M, mannose; G, galactose; S, sialic acid.
The enzymes, glycosyltransferases (left arrow) and glycosidases (right arrow), responsible
for the addition or removal of the specific sugar are placed directly underneath of the sugar
linkage. (C) Design of glycan composition on IgG Fc for potential antibody therapeutics.
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To predict the degree of pro-inflammatory activity of a specific isotype, the binding affinity of a particular
IgG isotype for an activating FcyR in relation to the inhibitory FcyRIIB, activating-to-inhibitory (A/I)
ratio, can be applied [16]. For example, a ratio of 1 indicates no preferential binding to either activating
or inhibitory FcyRs and a ratio above or below 1 indicates a preferred binding to the activating or inhibitory
FcyR, respectively. Thus, increasing A/I ratios are indicative of more potent ADCC induction [16]. In
human, IgG3 has the largest A/I ratio followed by IgG1 subclasses, indicating that IgG3 or IgG1 would
be good candidates for therapeutic antibodies to elicit ADCC. Furthermore, polymorphisms of human
FcyRIIA and FcyRIIIA allotypes are known to alter the binding affinity to IgG. Studies have shown that
FeyRITIA 158"V and FeyRIIA 131"" peripheral blood mononuclear cells (PBMC) exhibit a higher
affinity to IgG and also an enhanced ADCC compared to their respective FeyRIIIA 158" and FeyRITA
131%% allotypes [17-22]. Indeed, an improved clinical response has also been associated with FcyRIITA
158"V or FcyRIIA131™" patients treated with therapeutic monoclonal antibody IgGl, including
anti-CD20 (Rituximab) for follicular lymphoma [23], anti-Human Epidermal Growth Factor Receptor 2
(HER2) (Trastuzumab) for metastatic breast cancer [22,24], and anti-epidermal growth factor receptor
(EGFR) (Cetuximab) for metastatic colorectal cancer [25]. Furthermore, a study demonstrated that
modification of the amino acid residues at the binding pocket of Trastuzumab to FcyRs increased the
affinity and also ADCC to the lower-affinity allotype FcyRIIIA 158" [18]. Thus, maximizing the A/I
ratio by pairing an optimized variant of a particular antibody isotype to the patient allotypes is likely to
improve the clinical efficacy mediated by therapeutic antibodies.

In addition to the canonical FcyRs, IgG binds to a major histocompatibility complex (MHC) class
I-related receptor, neonatal FcR (FcRn). This interaction elicits two main functions: it allows
transcellular transportation of maternal IgG to foetus across the placenta, and it prolongs the half-life of
serum IgG by preventing degradation from catabolism [26]. Thus, FcRn is responsible for the half-life of
up to 21 days in circulation of an IgG molecule. Furthermore, IgG can bind to C1q component of the
classical complement cascade and activate complement-dependent cytotoxicity (CDC) by forming
transmembrane channels, membrane attack complex, resulting in osmotic lysis of the target cell [27].

3. The Contribution of the Fc¢ Glycan to IgG

IgG Fc fragment is comprised of two domains of the constant heavy chain (Figure 1a, Cy2 and Cy3).
A key component of IgG is located at the conserved N-linked glycosylation site, asparagine-297 (N297),
near the hinge region in the Cy2 domain (Figure 1a). X-ray crystallography studies of IgG Fc suggest
that the glycans on N297 are concealed in the cavity between two Cy2 domains [28,29]. The N-linked
glycans influence the steric hindrance between the two heavy chains, maintaining the IgG Fc in an
opened conformation [30]. Removal of glycans results in collapse of the heavy chains [30], ablating
binding to FcyRs and Clq, and abrogating ADCC and CDC [31,32].

The glycans at N297 have a complex-type biantennary structure, comprising core heptasaccharides
and variable extensions of monosaccharides, including an addition of fucose to core N-acetylglucosamine
(GlcNAc), GlcNAc to the bisecting mannose, galactose to GIcNAc on the biantennary arms, and terminal
sialic acid (Figure 1b). As a consequence of variable extensions, the glycan is tremendously heterogeneous;
in humans over 30 glycoforms on the single IgG heavy chain have been identified [27,33—35]. Pairing of
different glycans on each IgG heavy chain further increases the diversity of IgG glycoforms.



Antibodies 2013, 2 396

The majorities of human IgG Fc glycans are highly fucosylated (>92%) [35] and can be separated into
three subsets as determined by the number of terminal galactose, IgG; GOF (~35%), G1F (~35%), and
G2F (~16%) for the fucosylated glycans terminating in zero, one or two galactose, respectively. A small
proportion of these IgG Fc glycans contains a bisecting GIcNAc (>11%). Only 5~10% of IgG Fc glycoforms
are mono-sialylated. Furthermore, <1% of IgG Fc glycoforms have two sialic acids [33,35-37]. These
differential compositions of the N-linked glycans determine the effector functions by altering the affinity
of IgG to activating or inhibitory FcyRs [38].

3.1. Pro-Inflammatory IgG Fc Glycans

The core fucose plays a major role regulating the magnitude of ADCC. Fractionation using
Lens culinaris agglutinin (LCA) lectin affinity chromatography showed that enhanced ADCC is associated
with the low fucosylated IgG1 fraction. Conversely, the highly fucosylated IgG1 fraction showed reduced
ADCC [39]. Overexpression of al,6-fucosyltransferase (FUTS) in a hybridoma that produces low levels
of fucosylated IgG1 (YB2/0) also decreased the ability of these antibodies to elicit ADCC [39]. Several
expression systems have been used to produce afucosylated recombinant human IgG, for example,
Chinese hamster ovary (CHO) fucosyltransferase-deficient variant line (Lec13) [40] or mutant
tobacco-related plant species Nicotiana benthamiana lacking plant-specific N-glycan residues [41,42].
Regardless of the expression systems, afucosylated IgG exhibited a marked increase (up to 50-fold) in
binding affinity to human FcyRIIIA, NK cell-mediated ADCC, and antiviral activity measured by
antibody-dependent cell-mediated virus inhibition (ADCVI) assays [40,41]. In vivo studies also showed that
afucosylated IgG had an increased ADCC potency in an immunotherapy mouse model [16,43] and
provided better antiviral protection when mice were challenged against lethal dose of virus [42]. The
increased affinity is attributed to reduced steric hindrance from the loss of fucose, promoting increased
glycan-glycan interactions between FcyRIIIA and afucosylated Fc [44,45].

The addition of GIcNAc to the bisecting mannose by co-overexpressing the recombinant IgG1 and
B1,4-N-acetylglucosaminyltransferase III (GnTIII) in CHO cells also increased the binding affinity to
FcyRIIIA and ADCC. However, the increase in affinity is modest when compared to afucosylated
glycoforms, with enhancement of 10- to 20-fold [39,46,47].

Although several studies have showed that agalactosylated IgG has decreased CDC [48,49], other
studies demonstrated that agalactosylated IgG activates the complement system by increasing binding to
an activator of CDC, mannose-binding lectin (MBL) [50,51]. The increased MBL-binding in
agalactosylated IgG, however, did not translate into increased CDC in vivo, as no difference was
observed between differentially galactosylated IgG in the knockout mice of MBL or C3 (a component in
complement cascade) [50]. Furthermore, removal of the terminal galactose on IgG Fc glycans by
sequential treatment of neuraminidase and galactosidase failed to alter the A/I ratio and ADCC of IgG, or
IgG-elicited inflammatory response in the mouse model of rheumatoid arthritis [50]. This strongly disputes
a direct involvement of galactose in IgG-elicited pro-inflammatory activity. However, recent evidence
suggests that agalactosylated IgG may have some roles in antiviral activity [52]. In HIV patients where
the symptoms are controlled (i.e., high viral inhibition), the global pool of IgG shifted to agalactosylated
glycoforms. Additionally, the agalactosylated IgG was associated with an increase in ADCVI, which
may be explained by an increase binding to FcyRIIIA; treatment of IgG with galactosidase was shown to
have an increased binding to FcyRIITA beads [52].
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3.2. Anti-Inflammatory IgG Fc Glycans

The addition of terminal galactose residues to the IgG Fc glycans can exhibit anti-inflammatory
activity. A recent study showed that highly galactosylated IgG1 mediates anti-inflammatory activity by
facilitating the association of the inhibitory receptor FcyRIIB and a C-type lectin—like receptor dectin-1
suggesting a novel role for terminal galactose on IgG Fc glycans [53]. This association results in
inhibition of C5a receptor (C5aR)-mediated inflammatory responses. The anti-inflammatory activity
appears to be subclass specific, as highly galactosylated IgG2a failed to initiate such inhibition [53].
Further studies are needed to understand how highly galactosylated IgGl-immune complexes are
formed in vivo and how the in vivo immune complexes facilitate the association of FcyRIIB and dectin-1
to elicit anti-inflammation.

Several studies have suggested that terminal sialic acid residues on IgG Fc glycans mediates
anti-inflammatory responses [54—58]. The addition of terminal sialic acid residues on IgG Fc glycans
has been shown to greatly reduce ADCC in vivo and in vitro. This effect is independent of 02,3- or
02,6-linkage, and is attributed to the decreased binding affinity of sialylated IgG for their respective
canonical FcyRs [54,55,59]. The presence of terminal sialic acid, specifically, the a2,6- and not the
a2,3-linkage, is indispensible in mediating the anti-inflammatory activity of IgG [54-56,58].

Intravenous gammaglobulin (IVIG) is a therapeutic preparation of monomeric IgG antibodies
prepared from the plasma of tens of thousands of donors. It was developed as an antibody replacement
therapy (400-600 mg/kg) for immunocompromised individuals unable to produce their own IgG
antibodies. However, when administered at a high dose (1-2 g/kg), IVIG exhibits general
anti-inflammatory properties, and is used at this dose to treat various diseases mainly associated with
autoimmune settings, such as immunothrombocytopenia (ITP), multiple sclerosis, systemic lupus
erythematosus (SLE), and chronic inflammatory demyelinating neuropathy [60-62].

Many mechanisms, including activities from both Fab and Fc portions of IgG molecule, have been
suggested to underlie IVIG-elicited anti-inflammatory activity [15]. More recently, a2,6-sialylated IgG
Fc were identified to play a key role in inducing anti-inflammatory activity of IVIG treatment in the
rheumatoid arthritis [54,55], nephrotoxic nephritis [63] and ITP models [58]. Specifically, complete
removal of N-linked glycans by PNGase F, or a more selective removal of terminal sialic acid by
neuraminidase or 02,3/2,6 sialidase abolished IVIG protection in those autoimmune disease
models [54,55,58]. However, no difference was observed when a2,3-sialic acid was removed using
a2,3-sialidase [55]. The anti-inflammatory role of a2,6-sialylated IgG was further confirmed using the
recombinant form to mimic the protective effect mediated by IVIG [55]. It is important to note that
compared to Fc, Fab portion of human IgG is highly sialylated; 15-20% of human IgG has highly
sialylated N-linked glycans on the Fab portion of human IgG [36]. Enrichment of sialylated IgG from
intact IVIG by Sambucus nigra agglutinin (SNA) lectin fractionation predominantly yields IgG with
sialic acid on the Fab portion and exhibits no anti-inflammatory activity when tested in the mouse ITP
model [64,65].

Little was known of the mechanism underlying sialylation-induced anti-inflammatory activity until
recently, sialylated IgG was shown to require C-type lectins mouse SIGN-R1 (specific intracellular
adhesion molecule-grabbing non-integrin R1) or the human orthologue DC-SIGN
(dendritic-cell-specific ICAM-3 grabbing non-integrin). There is precedent for interactions between an
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immunoglobulin with C-type lectins, for example, IgE is known to engage a C-type lectin CD23.
Importantly, a recent study showed remarked similarities between a model of
DC-SIGN/sialylated-IgG-Fc complex with crystalized structure CD23/IgE-Fc complex [66]. It is
known that binding of IgE to CD23 cannot be inhibited by monosaccharides [67] and thus the
interaction is not via glycans but through protein-protein interaction. As mentioned above, sialylated
IgG glycoform has reduced binding to their respective canonical FcyRs [54,55,59], suggesting a
conformation change of IgG upon sialic acid addition to the Fc. This conformational change may explain
the phenomenon of sialylated IgG binding to DC-SIGN and also the lack of competition between I1gG
and known ligands of the DC-SIGN carbohydrate recognition domain (CRD) [68]. Although
conflicting results have been reported on the binding of sialylated IgG (or sialylated Fc) to DC-SIGN
based on different ELISA binding assays [57,66,68], data from in vivo experiments using SIGN-R17"~
or humanized DC-SIGN mice demonstrated that DC-SIGN or SIGN-R1 are indispensible in
sialylation-dependent anti-inflammatory activity of IVIG. It is possible that detection of the interaction
between sialylated IgG Fc and DC-SIGN requires cell-based binding assays, as binding conditions
established for high affinity ligands, including gp120, may not be appropriate to detect this specific
protein-protein interaction [68]. Although, anti-tumour IgG recovered from melanoma patients bound
DC-SIGN in a sialylation-dependent manner, as determined by an ELISA-based method [69].

Specifically, the protective effect of sialylated IVIG-derived Fc was abolished in SIGN-R17~ mice
and can be rescued in SIGN-R17" mice expressing DC-SIGN in the mouse model of rheumatoid
arthritis [56,57]. Similar finding was observed using SIGN-R1 blocking antibody in the mouse model
of ITP [58]. Interestingly, in the mouse model of rheumatoid arthritis, the anti-inflammatory activity
mediated by sialylated IVIG-derived Fc was shown to be T2 pathway-dependent. On the other hand,
in the mouse model of ITP, Ty2 pathway does not seem to be involved in the sialylation-dependent
protection mediated by IVIG [58]. This suggests that differential cytokine milieu may be responsible
for the sialylation-dependent pathway of IVIG immunomodulation in different diseases.

IVIG may also recruit pathways independent of sialylated IgG to initiate anti-inflammation. Studies
showed that desialylation of IVIG by neuraminidase failed to abolish the protective effect of IVIG in a
mouse ITP model [65] and in an in vitro assay of human whole blood stimulation by lipopolysaccharides
and phytohaemagglutinin (PHA) [70]. Additionally, compared to IVIG, enriched sialylated IgG Fc did
not further inhibit PHA-stimulated cytokine secretion from human whole blood [70]. Alternative
mechanisms have been suggested to underlie the suppression of inflammation by IVIG, including
saturation of FcRn, competition with FcyRs, or anti-idiotypic antibodies [15].

It is unquestionable that N-linked IgG Fc glycans are important in determining distinct effector
functions. Recently, a study using solution Nuclear Magnetic Resonance (NMR), which allows
characterization of conformationally labile systems such as polysaccharides, revealed that the glycan on
IgG Fc are more exposed structurally than previously shown [71]. This technique may provide detailed
characterization of the interaction between glycans on IgG Fc and the respective receptor and give
further insight into the immunomodulatory role of IgG Fc glycans. Furthermore, the ability of each
component on the Fc glycans to fine-tune the strength and specificity of the signals can be fully
exploited for designing therapeutic antibodies. Indeed, as ADCC is one of the crucial mechanisms in
killing tumour cells, the recently developed IgG antibodies for cancer therapy are glycoengineered to
eliminate fucose on the Fc glycans in order to improve the efficacy in killing tumours [43,72,73] (Figure 1c¢).
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4. IgG Glycovariants under Physiological and Patho-Physiological Conditions

The glycosylation pattern of human serum IgG varies markedly depending on the physiological status
of individuals. Studies have shown that the level of galactosylated and sialylated serum IgG increases
during pregnancy and decreases postpartum [74,75]. Similarly for aging, galactosylation levels on IgG
have been shown to increase from birth to the age of 25 years and then decrease subsequently. The level
of sialylated IgG was also shown to decrease during aging. Furthermore, the decrease in galactosylation
and sialylation was associated in particular, in females and not males, suggesting sexual dimorphism
may also play a role [76,77].

IgG glycosylation is also altered in diseased states. Compared to healthy individuals, there is a
marked increase of agalactosylated and asialylated serum IgG in individuals with autoimmune
diseases [51,78-81], infectious diseases [81,82] and tumours [83,84]. It is still unclear whether the
disease affects the glycosylation of all or just antigen-specific IgG, which then contribute to the overall
change observed in total IgG. Studies have shown that antigen-specific IgG involved in the pathogenesis
of some diseases are agalactosylated and asialylated. For example, anti-citrullinated protein antibodies
in theumatoid arthritis and anti-proteinase 3 antibodies in Wegener’s granulomatosis [80,85]. A study
further showed that the glycosylation pattern of antigen-specific IgG differed from the total IgG; the
pattern also differed between serum and the site of inflammation, for example, synovial fluid [85]. Thus,
the glycosylation pattern of antigen-specific IgG may be locally tailored by the inflammatory
microenvironment to shape the effector functions. Importantly, the altered glycosylation pattern
observed in the studies of patients with rheumatoid arthritis and Wegener’s granulomatosis showed a
correlation between reduced galactosylated and sialylated IgG and an increase in disease activity.
Conversely, an increase in galactosylated and sialylated IgG was associated with disease remission [79,80].
As mentioned above, during pregnancy, the glycosylation pattern of IgG fluctuates; the increase in
galactosylation and sialylation strongly correlates with the remission in pregnant rheumatoid arthritis
patients and the reverse is true post-partum [74,75]. It is still unclear whether galactosylation,
sialylation, or other factors are involved in improved rheumatoid arthritis; more work will be required to
fully understand the role they have in patients with alleviated symptoms.

In contrast to the apparent differences observed in the levels of galactosylation and sialylation in
pregnant women and rheumatoid arthritis patients, it is still unclear whether the level of fucose or
bisecting GlcNAc on IgG Fc glycans alters in these individuals. In rheumatoid arthritis patients,
although a study reported no difference in fucosylated IgG [86], another has reported an increase in
fucosylation [87]. Using a mouse model, repeated immunization of mice was shown to sequentially
increase fucosylation on antigen-specific IgG based on lectin-ELISA [88], supporting an increase in
fucosylated IgG in an inflammatory setting. In rheumatoid arthritis patients, a separate study reported a
20% increase in GIcNAc [86], however, it did not differentiate between antenna or bisecting GlcNAc,
thus the reported increase in GIcNAc could also represent the exposure of antenna GlcNAc from the
decrease in galactosylation. In contrast to the association of galactose and sialic acid with disease remission
during pregnancy of rheumatoid arthritis patients, these patients were reported to have unaltered levels of
fucose or bisecting GIcNAc on IgG Fc [74,86].

To date, little is known of the causal link between changes in glycan compositions on IgG Fc during
various physiological and pathophysiological conditions. It has been reported that the environmental
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factors could modulate glycosylation of IgG Fc [89]; in vitro stimulation of human B cells with a natural
metabolite of vitamin A, all-trans retinoic acid, reduced the levels of galactosylation and sialylation on
IgG Fc. In contrast, stimulation with T-cell secreted immune-stimulating cytokine, IL-21, or bacterial
DNA-mimic CpG, increases the galactosylated and sialylated IgG [89]. However, in the same study, no
differences were observed in the IgG Fc glycosylation pattern stimulated by the pro-inflammatory
cytokines involved in rheumatoid arthritis, including IL-6 or TNF-a. Interestingly, some reports have
shown that combined treatment of infliximab (anti-TNF-a neutralizing antibody) and methotrexate in
rheumatoid arthritis patients increased the galactosylated IgG, indicating that TNF-a may be involved in
regulating IgG glycosylation pattern [90,91].

Although some environmental factors can influence the IgG glycosylation patterns, the identity and
the role of downstream targets remain to be elucidated. As the composition of IgG Fc glycans is
dependent on the regulation of glycosyltransferases and glycosidases (Figure 1b), it is speculated that the
expression and activity of these enzymes are differentially regulated in response to stimulation of
environmental factors. Indeed, several studies showed that rheumatoid arthritis patients have a decreased
galactosyltransferase activity in B cells compared to controls [92-94], consistent with an increase in
agalactosylated IgG. As the mRNA and protein expression of f1,4-galactosyltransferase were not shown
to change in B cells of rheumatoid arthritis patients, the decrease may be explained by the differential
expression of serum P1,4-galactosyltransferase isoforms in rheumatoid arthritis patients [95-97].
Alternatively, it has been suggested that polyclonal B cells express different levels of
B1,4-galactosyltransferase, and the pathological conditions of RA might select for clonal expansion of B
cells expressing low levels of B1,4-galactotransferase [98].

The enzyme crucial for the addition of «2,6-sialic acid to glycan termini is [-galactoside
a2,6-sialyltransferase 1 (ST6Gal-1). Using a mouse model, it has been reported that ST6Gal-1 deletion
results in more severe pulmonary inflammation [99], consistent with the importance of sialic acid in
anti-inflammation [54,56]. Recently, ST6Gal-1 driven by liver-specific promoter P1 in the systemic
circulation was shown to be important for the addition of a2,6-sialic acid on the serum IgG Fc glycan [100].
As the P1 promoter does not induce the expression of ST6Gal-1 in B cells, the reduction in serum
sialylated IgG in P1-deficient mice is attributed to the decreases in circulatory ST6Gal-1 [100].

Thus, it has been established that IgG glycosylation patterns differ under various physiological and
pathophysiological conditions. However, the specific factors that control IgG glycosylation are not
clear, and under current investigation. Importantly, defining the regulation of IgG glycan may represent
a novel therapeutic strategy for cancer and autoimmune diseases.

5. The Role of Glycans in IgE Biology

Perhaps the most well known IgE-mediated effector function is initiation of type I immediate
hypersensitivity. Responsible for both allergic responses and anaphylaxis, this hypersensitivity reaction
is triggered by cross-linking of IgE that are already bound to the high-affinity FceRI (Kq= 107" M) on
mast cells and basophils [101]. The ensuing activation leads to degranulation and secretion of
pharmacologically active substances such as histamine, leukotriene, and prostaglandin. This results in
vasodilation, smooth muscle contraction, and an increase in vasopermeability. Additionally, IgE binds
to the low-affinity FceRII (Kyq = 10 ° M) to regulate IgE synthesis and facilitate antigen presentation of B
cells to T cells, resulting in epitope spreading [101,102].
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In comparison to IgG, less is known as to the role glycans play in mediating IgE effector functions.
As IgG Fc glycans are key to IgG-mediated effector functions, it is possible that Fc glycans would also
be important for immunoglobulins of other classes. Interestingly, among all immunoglobulin classes,
IgG is the least glycosylated. There is one conserved N-linked glycosylation site on each heavy chain
and the total weight of glycosylation on the y heavy chains contributes to ~2—3% of the molecular weight
of IgG [33]. On the other hand, IgE is heavily glycosylated; there are six complex-type biantennary
(N140, N168, N218, N265, N371, N383) and one oligomannose-type (N394) conserved N-linked
glycosylation sites on the constant region of each heavy chain. The total glycan weight on ¢ heavy
chains contributes to ~12% of the molecular weight of IgE [103] (Figure 2).

Figure 2. Schematic representation of the human IgE structure and glycan composition.
(A) IgE structure. IgE protein is comprised of two heavy chains (black outline) and two
light chains (blue outline). Each IgE heavy chain has the variable region (Vy) and the
constant region containing four domains (Cel-4). Compared to IgG, instead of the hinge
region, IgE has an extra domain. Each light chain has variable (V) and constant regions
(Cp). IgE molecule can be divided into antigen-binding fragment (Fab; empty ovals) and
fragment crystallizable region (Fc; pink ovals). The red and blue dots represent N-linked
glycans of complex-type and oligomannose-type, respectively. (B) Composition of the
oligomannose-type N-linked glycan on IgE N394. The glycan typically consists of 2
GlcNAc with 5 branching mannoses [104], not in order though a range of 4-8 has been
reported [33]. Abbreviations: N, GIcNAc; M, mannose.

N394

Ce3

Oligomannose-type
N-linked glycan

Although several studies have examined the role of IgE Fc glycans in interacting with FceRI, the
results remain inconclusive. Removal of IgE Fc glycans by the combined enzymatic treatment of
neuraminidase, Endo F, and PNGase F [105] or site directed mutagenesis of both N265 and N371 [106]
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neither affected the binding to FceRI nor the passive sensitization of basophil in releasing histamine.
However, this finding is not supported by others; binding of IgE molecules or IgE-Fc¢ fragments to FceRI
was shown to significantly reduce upon PNGase F treatment [107,108]. Mutagenesis of the conserved
N394 site, which corresponds to N297 on IgG Fc [109], also reduced the binding to FceRI [110]. Thus,
further studies will be required confirm the role of IgE in binding to FceRI.

Interestingly, unlike FcyRs or FceRI, FceRII also known as CD23, is not part of the immunoglobulin
superfamily; it is a C-type lectin. As IgE is heavily glycosylated, it was initially speculated that the
glycans on IgE are responsible for binding to FceRII. However, it was demonstrated that instead of
reduced binding as predicted, deglycosylated IgE had an increased binding to FceRII on the B cells [111].
In line with this, double mutation of N265Q and N371Q on IgE Fc also had a higher affinity than the
respective wild-type to FceRII [106]. This suggests that IgE glycans may alter FceRII-mediated effector
responses but not as a result of carbohydrate binding. This is further supported by another study where
high concentrations of an array of mono- or disaccharides were unable to inhibit the binding of IgE to
FceRII [67], indicating that the binding is not mediated via carbohydrate binding but instead through
protein-protein interaction. In addition to FceRs, many other proteins also bind to IgE, for example,
CD21, galectin-3, and surfactant protein D. These interactions may have a role in regulating IgE
responses in allergy and asthma [33,101,112].

In summary, existing studies on IgE glycosylation are in favor of N-linked Fc glycans having a
minimal role on binding to FceRI. The finding that the loss of glycans on IgE increases binding to FceRII
suggests that glycans may have an attenuative role in mediating FceRII-mediated effector functions,
similar to the effect of polysialylation on Neural Cell Adhesion Molecule (NCAM) [113].

6. The Role of Glycans in IgA Biology

IgA is most well known for its role in mucosal immunity by mediating immune exclusion, a process
where adhesion of pathogens on epithelium is prevented. Furthermore, IgA can modulate inflammatory
activity as a result of activating or inhibitory signals initiated through FcaRI (CD89) [114]. The diversity
of IgA-mediated effector functions is partly attributed to its forms. Human IgA mainly exists in three
forms, namely monomer, dimer, and secretory. Secretory IgA (SIgA) is important for immune
exclusion. Additionally, IgA in immune complexes triggers activating ITAM-Syk pathway resulting in
pro-inflammatory activity such as ADCC and phagocytosis. On the other hand, monomeric IgA was
reported to dampen the inflammatory signal by partially phosphorylate the ITAM on FcRy that results in
recruitment of SHP-1 phosphatase [115].

In addition to forms, human IgA exists in two isotypes: I[gA1 and IgA2. IgA2 can be further divided
into two subisotypes: [gA2m(1) and IgA2m(2). In human serum, IgA1 accounts for ~85% of total IgA
and is predominantly in monomeric form whereas mucosal IgA primarily exists in polymeric form
including dimeric and secretory form. Compared to IgG where the only glycosylation site is conserved
across the isotypes, the sites in IgA vary between isotypes and subisotypes. [gA1 has two N-linked
complex-type glycosylation sites at N263 on the Ca2 domain and N459 on the tailpiece, and nine
O-linked glycosylation sites in the hinge region (Figure 3a). In general, fewer than six O-linked sites are
glycosylated [116]. IgA2m(2) has five N-linked glycosylation sites (N166, N211, N263, N337, N459)
whereas IgA2m(1) has similar sites as IgA2m(2) without N211 [33,115]. The importance of
N-linked glycans on IgA Fc is currently unclear. One study showed that neither of the N-linked glycans
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on IgA1 Fc seem to be critical for FcaRI binding; the binding of IgA1 to FcaRI was unaltered by N263A
mutation or deletion of C-terminal tailpiece containing N459 [117]. However, another study reported
that I[gA 1 binding to FcaRI was abolished when the asparagine residue on the Ca2 domain was mutated
to glutamine (Q) [118]. Future studies are required to clarify whether N-linked glycans on IgAl Fc
modifies FcaRI binding and the subsequent effector functions. Interestingly, patients with an
autoimmune disease that debilitates the exocrine glands, namely primary Sjogren’s syndrome, were
shown to have an increased level of sialylated monomeric serum IgA1 compared to healthy controls [119].
The addition of sialic acid was suggested to hinder the clearance of IgA, resulting in excess amount of
serum IgA and thus the immune complexes.

Figure 3. Schematic representation of the human IgA1 structure and glycan composition.
(a) IgA1l structure. IgA1 protein is comprised of two heavy chains (black outline) and two
light chains (blue outline). Each IgA heavy chain is comprised of the variable region (Vg)
and the constant region containing three domains (Cal-3). The line between Cal and Ca2
represents the hinge region. Each light chain has variable (V1) and constant regions (Cp).
IgA1l molecule can be divided into antigen-binding fragment (Fab; empty ovals) and
fragment crystallizable region (Fc; pink ovals). The red and green dots represent the
complex-type N-linked and O-linked glycans, respectively. (b) Composition of O-linked
glycans on IgAl. The glycans can have six different variants (i—vi). Abbreviations:
N, GlcNAc; G, galactose; S, sialic acid.

IgA1 /
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In comparison with N-linked glycans, O-linked glycans on the IgA hinge region appear to be
important. There are six IgA1 O-linked glycovariants [116,117] (Figure 3b) and the predominant forms
were shown to be the glycovariants with at least the core GIcNAc and B1,3-linked galactose [117]
(Figure 3biii—vi). Aberration in O-linked glycan composition on IgA has been linked to IgA
nephropathy. Indeed, peripheral blood cells from IgA nephropathy patients were shown to produce
primarily agalactosylated O-linked IgA1 glycans with either terminal or sialylated GIcNAc compared to
controls [120] (Figure 3bi—ii). The agalactosylated IgA acts as an autoantigen that gets subsequently
targeted by glycan-specific IgG and/or IgA1 autoantibodies, leading to IgA-IgG or IgA-IgA immune
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complexes [121]. The level of these immune complexes has been reported to correlate with the disease
activity [122], however, the pathogenesis of IgA nephropathy caused by these immune complexes is not
completely understood. It is known that the increase in serum IgA-containing immune complexes is
likely to reduce hepatic clearance of IgA, thus promoting an increase in renal deposits. The eventual
renal injury is thought to be partly caused by an increase in cytokines or growth factors produced by the
IgA-containing renal deposits [116,123]. Alteration of either N- or O-linked glycans on IgA appeared to
be partly responsible for the increased level of IgA-containing immune complexes and possibly the
development of autoimmune diseases.

7. The Role of Glycans in IgM Biology

IgM is the immunoglobulin class associated with primary immune response, as it is the first
immunoglobulin produced in response to antigen exposure. Glycan analysis showed that IgM is highly
glycosylated like IgE, it has five N-linked glycosylation sites including three complex- and two
oligomannose-type [124] (Figure 4). Although GlcNAc-terminating IgM glycoforms bind MBL, the
binding is lost when IgM is bound to antigen, suggesting antigen-bound IgM does not trigger
complement pathway. The binding of MBL to IgM may facilitate the removal of IgM aggregates by
opsonisation [124].

Figure 4. Schematic representation of the human IgM structure. IgM protein is comprised
of two heavy chains (black outline) and two light chains (blue outline). Similar to IgE,
each IgM heavy chain has the variable region (Vy) and the constant region containing 4
domains (Cul-4). Each light chain has variable (Vi) and constant regions (Cp). IgM
molecule can be divided into antigen-binding fragment (Fab; empty ovals) and fragment
crystallizable region (Fc; pink ovals). The red and blue dots represent N-linked glycans of
complex-type and oligomannose-type, respectively. The black lines represent inter-chain
disulfide bridges. Typically, IgM forms a pentamer or hexamer in circulation and only the
pentameric form has a single J chain.

IgM pentamer

J chain
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8. Summary

In conclusion, minor modification of glycans on the Fc portion of IgG can have significant impact on
the receptor binding and the effector functions. It is remarkable that the presence of a single sugar on IgG
Fc glycans significantly manipulates the effector functions. The addition of fucose to promote ADCC is
a powerful tool when designing therapeutic antibodies for cancer. Furthermore, the ability of terminal
sialic acid to completely switch IgG-mediated effector functions from pro- to anti-inflammatory activity
opens a novel avenue for future design of anti-inflammatory therapeutic antibodies (Figure 1c). The role
of individual sugar modification on other immunoglobulin isotypes requires further investigation.
Combining glycan modification with the knowledge of antibody isotypes and FcyRs polymorphisms of
the patients, the future of personalized therapeutic antibodies with maximal efficacy for individuals awaits.
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