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Abstract Immunoglobulins (Igs) are the major molecules se-
creted by B lymphocytes during an adaptive immune response.
They are glycoproteins with distinctive glycosylation patterns,
resulting in wide variations in the number, type and location of
their oligosaccharides in each isotype and subclass. The sugars
play specific structural roles, maintaining and modulating ef-
fector functions of Igs. Aberrant glycosylation might contribute
to disease pathogenesis. This review will focus on the glyco-
sylation of IgG and IgA because they have been studied more
extensively than other immunoglobulins. Rheumatoid arthritis
and IgA nephritis are used to describe the association of
glycosylation aberration and disease pathogenesis.
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Abbreviation

Ig Immunoglobulin

Fab Fragment of antigen binding
Fc Crystallizable fragment
GlcNAc N-acetylglucosamine

Fuc Fucose

Man Mannose

Gal Galactose
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NeuAc N-acetylneuraminic acid

GalNAc N-acetylgalacosamine

MBL Mannose-binding lectin

ADCC Antibody-dependent cell-mediated
cytotoxicity

CDC Complememt-dependent cytotoxicity

CpG Demethylated deoxycytidyl-deoxyguanosine

CpG-ODN  Oligodeoxycynucleotides

Introduction

Glycosylation, an enzymatic process catalyzed by various
glycosyltransferases and glycosidases, is an important post-
translational protein modification that links saccharides,
proteins and lipids. Protein glycosylation produces mono-
meric or multimeric glycan linkages to proteins that are
essential for cell viability and normal functions. It has been
demonstrated that changes in glycans significantly modulate
the structure and function of glycoprotein polypeptides [1].
This consequently affects the biological behavior of cells,
including adhesion, molecule trafficking and clearance, recep-
tor activation, signal transduction, endocytosis, and the inter-
action between a cell and its environment [2, 3]. Deregulation
of glycosylation is associated with a wide range of diseases,
including cancer, diabetes, cardiovascular, congenital, immu-
nological and infectious disorders [1, 2].

Mammalian immunity is profoundly affected by protein
glycosylation. Marth and Crewel reviewed the current un-
derstanding of the role of mammalian glycosylation in im-
munity [4]. Glycosylation has been associated with many
immune activities, including immune cell differentiation and
maturation, antigen and molecule recognition, signaling and
cell activation, cell adhesion, expression and secretion of
immune molecules, immune tolerance, and apoptosis.
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Immunoglobulins (Igs) are the major molecules secreted by
B lymphocytes during an adaptive immune response. Arnold
et al. characterized the distinctive glycosylation of each Ig
isotype and subclass and showed a wide variation in the
number, type, and location of their oligosaccharides [5].
Disease-associated alterations of Ig glycosylation were re-
ferred in the review, which provided diagnostic biomarkers
or contributed to disease pathogenesis. Protein oligosaccha-
rides also provide important recognition epitopes that bind
lectins, endowing the immunoglobulins with an expanded
functional repertoire. This review will focus on the glycosyl-
ation of IgG and IgA because they have been studied more
extensively than other immunoglobulins. Rheumatoid arthritis
and IgA nephritis are used as examples of glycosylation
aberrations associated with disease pathogenesis.

Ig Glycosylation
IgG glycosylation

Both Fab and Fc portions of all IgG subclasses are N-
glycosylated. The Fab glycosylation is variable. However,
the Fc portion has a single N-linked glycosylation site at
amino acid 297 of the heavy chain. The N-glycan at Asn297
has a predominantly biantennary complex structure with a
tri-mannose core of GIcNAc,-Mans-GlcNAc,. The addition
of a fucose to the reducing terminal GlcNAc, the addition of
a bisecting GIcNAc, GIcNAcp1-2, Gal31-4GlcNAcB1-2,
NeuAca2-6Gal31-4GIcNAc31-2 to tri-mannose core re-
sults in significant composition heterogeneity of the glycan.
Sialylated N-glycans are actually very minor and non-
sialylated neutral N-glycans are abundant in the normal con-
dition. Thus, Asn*7 N-glycans may contain 0, 1, or 2 terminal
Gal residues (GO, G1, or G2) and 1 or 2 terminal NeuAc
residues (S1 or S2) in their antennae (Fig 1). However, the
major structure is non-bisected fucosylated bi-antennary gly-
can (~80 %) at one side and bisected bi-antennary glycan is
between 10 % and 20 % at the other side [6, 7].

Asn297 N-glycan heterogeneity exists in various physio-
logical conditions. For example, human IgG glycosylation was
reported to change with age [8, 9]. The incidence of non-
galactosylation in IgG reached ~30 % in the first year in
newborns, decreased to ~20 % approximately 25 years of
age, then continuously decreased with aging, but increased
again to reach ~30 % around age 70. Renee Ruhaak et al. also
observed decreased galactosylation of IgG with aging [10]. In
addition, they found that the incidence of bisecting GlcNAc for
galactosylated glycoforms increased with age. Interestingly,
decreased levels of non-galactosylated glycoforms containing
bisecting GlcNAc might be an early feature of longevity in
people below, but not above, 60. In addition, an association
was reported between sex and IgG galactosylation [10]. Rook
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et al. reported the effect of pregnancy on IgG glycosylation
[11]. They found that the incidence of IgG-associated
agalactosyl N-linked oligosaccharides decreased during
normal human pregnancy and rose to values higher than
before conception. The mechanism of Asn297 N-glycan
heterogeneity has not yet been clarified. It is known that
oligosaccharyltransferases play important roles in the ca-
talysis of protein N-glycosylation. Kelleher et al. found that
oligosaccharyltransferase isoforms containing different cata-
lytic STT3 subunits exhibited distinct enzymatic properties in
mammalian cells [12]. Prados et al. recently examined effect of
progesterone on IgG Fab N-glycosylation and observed that
progesterone induced a switch to STT3-B/STT3-A expression,
which consequently modulated the Fab N-glycosylation [13].

IgA glycosylation

IgA is the most glycosylated form of Ig. Both subclasses carry
several N-linked carbohydrates with a glycan at amino acid
263 in the Cy2 domain and a glycan at amino acid 459 in the
Cy3 domain. IgA2 has two additional N-linked glycans at
amino acid 166 in the Cy1 domain and at amino acid 337 in
the Cy2 domain. N-linked glycans contribute to 67 % of the
molecular mass of I[gA1 and 8-10 % of IgA2 [14].

The hinge region of IgAl comprises 18 amino acids
(VPSTPPTPSPSTPPTPSPS), which are rich in proline, ser-
ine and threonine. The last two residues are sites for the
attachment of up to five O-linked glycan chains consisting
of GalNAc [15]. IgA2 lacks a 13-amino acid sequence in the
hinge region. The IgA1 O-glycans are of the core-1 type.
O-glycan chains are formed in the Golgi apparatus during IgA 1
synthesis by the sequential action of glycosyltransferases.
The initial linking of GalNAc to the protein backbone
to form Tn antigen is catalyzed by one member of the
UDP-N-acetyl-a-D-galactosamine: polypeptide N-acetyl
galactosaminyltransferase family, known as GalNAc-T2
[16]. Gal may be linked to the GalNAc by a core-1 31,3-
galactosyltransferase, known as C1GalT1, to form the disaccha-
ride Gal-31-3-GalNAc (T antigen) [17]. C1GalT1 activity re-
quires co-expression of the chaperone protein core-1 (33-Gal-T-
specific molecular chaperone (COSMC), which may modulate
galactosaminyltransferase function [18]. The core-l1 may be
extended with one or two sialic acid units that are added
during the catalysis of Gal:x2,3-sialyltarnsferase (ST3 Gal)
or GalNAc:x2,6-sialyltransferase (ST6 GalNAc2) to form
sialyl-Tn, monosialyl-T or disialyl-T [19]. Fig 2 shows a
diagram of normal and aberrant O-glycosylation with
galactose-deficiency of IgA1l. The most common forms in-
clude core-1 and its mono-and di-sialylated forms. Gal-
deficient variants with terminal GalNAc or sialylated
GalNAc exist, but they represent a minor percentage of the
O-glycans in the serum IgAl (Fig 2) [20]. SIgA, a J chain-
linked IgA, is synthesized and secreted by plasma cells in the
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Fig. 1 Asn297-N-glycosylation and heterogeneity of Asn297-N glycan in
IgG. Asn297-N-glycan is a complex saccharide with biantennary strucure.
It has a tri-mannose core of GIcNAc,-Man;-GlcNAc,. Heterogeneity of the
glycan is resulted from the addition of fucose to the reducing terminal
GlcNAc by a6-fucosyltransfurase (FUTS), the addition of a bisecting
GlcNAc by N-acetylglucosaminyltransferase (GnT-III), the addition of

lamina propria and transported to the laminal surface through
transcytosis. It is then released into the mucosal cavity via
mucosal endothelial cells. SIgA contains a secretory compo-
nent with seven N-glycosylation sites and a J chain with one
N-glycan. SIgA is normally IgA2 [14].

Glycosylation of other Ig isotypes

The Mu chain has five N-glycosylation sites. Glycoforms of
Asn-171, Asn-332 and Asn-395 N-glycans are complex types,
and those of Asn-402 and Asn-563N-glycans are oligo-
mannose types. A total of 3.4 % of the IgM in human serum
contains GIcNAc,Mans_o. Of the N-glycans in IgM, 100 % of
Asn-402 and 17 % of Asn-563 are GlcNAc,Mans_g. Through
the binding of MBL to oligo-mannose and glycans terminated
by GlcNAc in N-glycans, IgM molecules are capable of acti-
vating complement through the MBL pathway [21]. The Delta
chain contains Asn-354, Asn-445 and Asn-496 three N-

Gal to GaINAc-Man by (34-galactosyltransferase ((34galT) and the addition
of NeuAc to Gal-GalNAc-Man by Gal: «2,6-sialyltransferase (ST6Gal-I)
to tri-mannose core. Asn297 N-glycan may contain 0, 1, or 2 terminal Gal
residues (GO, G1, or G2) and 1 or 2 terminal NeuAc residues (S1 or S2) in
their antennae

glycosylation sites and Ser-109, Ser-126, Ser-127, Ser-131,
Ser-132 five O-glycosylation sites in the hinge region [21].
The Epsilon chain contains Asn-140, Asn-168, Asn-218,
Asn-265, Asn-371, Asn-383 and Asn-394 seven N-glycosyla-
tion sites [22]. To date, little is known about the biological
function of glycosylation in these Igs.

Effcet of glycosylation on Ig functionality
Effect of glycosylation on IgG functionality

IgG antibodies bind antigen to neutralize them and promote
antibody-dependent cytotoxicity, opsonization, and phago-
cytosis. While antibody specificity is determined by the Fab
portion, antibody effector functions are triggered by the Fc
domain. These effector functions are heavily dependent on
the Asn297 biantaennary glycan. This glycan plays a critical
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Fig. 2 O-glycosylation and aberrant O-glycosylation with galactose-defi-
ciency of IgA1. The initial linking of GalNAc to the hinge region of IgA1 to
form Tn antigen is catalyzed by one member of the UDP-N-acetyl-x-D-
galactosamine: polypeptide N-acetyl galactosaminyltransferase family,
known as GalNAc-T2. Gal may be linked to the GalNAc by a core-1
31,3-galactosyltransferase, known as C1GalT1, to form the disaccharide
Gal-3-1,3-GalNAc (T antigen). This is cooperated by the chaperone protein
core-1 (33-Gal-T-specific molecular chaperone (Cosmc). The Gal chain

role in antibody stability and is believed to maintain the two
heavy chains of Fc in an open conformation, which is
required for interactions with activating FcyRs [23].

The current understanding of Fc glycosylation is based on
studies with IgGs that are either fully-glycosylated (both heavy
chains are glycosylated) or not glycosylated (neither heavy
chain is glycosylated). Ha et al. compared the effect of hemi-
glycosylation, with one heavy chain glycosylated and the other
not glycosylated, on the stability and function of an IgGl
antibody compared to full glycosylation [24]. They found that
neither Fab-mediated antigen binding nor FcRn receptor
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may be extended with one or two sialic acid units that are added during
the catalysis of Gal: «2,3-sialyltarnsferase (ST3 Gal) or GalNAc: 2,6-
sialyltransferase (ST6 GalNAc2) to form sialyl-Tn, monosialyl-T or
disialyl-T. It is postulated that the down-regulation of C1GalT1/Cosmc
and the up-regulation of ST6GalNAc2 may contribute to the hypo-
galactosylation of IgA1 during IgAN (the left side of the figure, shown in
red)

binding was affected by hemi-glycosylation. However, the
thermal stability in the Cy;2 domain of the hemi-glycosylated
IgG1 was slightly decreased, and C1q binding to the antibody
was also moderately decreased (approximately 20 %). More
importantly, the hemi-glycosylated form showed significantly
decreased binding affinities towards all Fc gamma receptors,
including the high affinity FcyRI and the low affinity
FcyRIIA, FeyRIIB, FcyRIIIA, and FeyRIIIB, resulting in a
3.5-fold decrease in ADCC activity.

Raju et al recently reviewed the effects of terminal
sugars of Fc glycans on IgG effector functions [25]. Asn297
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N-glycan heterogeneity influenced both ADCC and CDC.
Approximately 10 % of the Fc glycans in human serum
IgG are sialylated, and non-sialylated Fc glycans are
galactosylated with 0, 1 or 2 Gal residues at the terminals
[26]. Hodoniczky et al. reported that increased Gal residues at
the terminals of Fc glycans could enhance Clq binding to the
antibody, resulting in enhanced CDC, but it did not influence
antibody binding to FcyRIlla, thus not affecting ADCC activity
[27]. The IgG with GlcNAc at the terminals of Fc glycans is
capable of binding MBL, consequently activating complement
through the MBL pathway. In contrast, increased GIcNAc
residues decreased Clq binding to the antibody [28]. In addi-
tion, it was reported that in the rapid initial phase of clearance,
glycans carrying terminal N-acetylglucosamine (tGIcNAc)
were selectively cleared from the circulation, and the sialic acid
content and terminal galactose showed only small changes.
These data confirmed the correlation of tGIcNAc to the half-
life of the molecule and supported the hypothesis that the
mannose receptor (which can also bind tGIcNAc) causes var-
iable clearance of this molecule [29]. Asn297 N-glycan may
contain a core fucose residue, which is transferred and linked to
the reducing terminal GIcNAc by «1,6-fucosyltransferase from
GDP-fucose [30]. It was observed that the lack of a core fucose
in Asn297 N-glycan profoundly enhanced antibody affinity to
FcyRlIlla, consequently enhancing ADCC [31]. It was recently
reported that the defucosylation of an anti-HIV-1 neutralizing
antibody 2G12 enhanced the antibody binding to FcyRlIlla,
resulting in increased anti-HIV-1 activity [32]. The extent of
sialylation of Asn297 N-glycan varies greatly. Decreased
sialylation at the terminals of the glycan promotes IgG binding
to FcyRlIla, enhancing IgG ADCC and vice versa [33, 34].
Anthony and Ravetch found that enhanced sialylation of
Asn297 N-glycan hindered IgG binding to FcyR, but it pro-
moted IgG binding to the C-type lectins SIGN-R1 or DC-SIGN
[23]. This initiated an anti-inflammatory cascade and
upregulated the expression of inhibitory FcR and FcyRIIb
on the surface of inflammatory cells, consequently dampening
autoantibody-mediated inflammation [35]. They observed that
the anti-inflammatory activity of intravenous immunoglobulin
(IVIG) was influenced by «2-6-sialic acid residues linked to
the galactose at the terminal of the Fc glycans. The effector
functions of IgG are also affected by high mannose structures.
Human monoclonal antibodies produced in the presence of
kifunensine contained mainly oligomannose-type glycans,
and they expressed increased ADCC activity and affinity for
FcyRIIA but reduced Clq binding [36].

Fc N-glycan plays an important role in the binding of Fc to
the Fc receptor. Fc aglycosylation results in a 15-20-fold de-
crease in IgG1 binding to FeyRIII [37]. In a study of the binding
of an IgG1 antibody (cetuximab) with ADCC activity to the
epithelial growth factor receptor on tumor cells, Peter et al.
found that aglycosylated cetuximab did not bind to FcyRI or
FcyRlIlla, nor did it have ADCC activity even at high

effector:target cell ratios [38]. Indeed, the binding of Fc to
its Fc receptor is quite sensitive to Asn297 N-glycosylation.
Aglycosylation of Asn297 by site-directed mutagenesis [39]
or enzyme treatment [40] resulted in the loss of binding of IgG
Fc to the FcyR with low affinity. This phenomenon limits the
use of therapeutic antibodies in the clinic because therapeutic
activity is based on the binding of the antibody Fc to its Fc
receptor on immune cells. IgG Fc binding to FcyR is based on
both the interaction between proteins and the interaction be-
tween FcyR protein and Fc N-glycan [25]. Sazinsky et al
demonstrated that not glycosylated Fcs resulting from sub-
stitutions at both N297 and T299 of the glycosylation motif
could maintain engagement of FcyRs, suggesting a possibility
of engineering therapeutic antibodies with Fc-effector func-
tions without glycosylating the antibodies [41]. In a recent
review, Anthony and Nimmerjahn summarized the discover-
ies of the role of differential IgG glycosylation on the interac-
tion of antibodies with FcyRs in vivo [35]. They said that the
identification of the IgG-bound sugar moiety as an important
modulator of IgG activity made it an attractive target for
selective potentiation of either the pro-inflammatory or the
anti-inflammatory activities of IgG. These findings would
provide optimized IgG-based therapeutics to either enhance
IgG-dependent tumor cell destruction or suppress IgG-
dependent autoimmunity and organ rejection.

Effect of glycosylation on IgA functionality

In examining aberrant O-glycosylation in the hinge region of
IgAl during IgAN nephropathy, galactosylation was de-
creased in the O-glycans, resulting in an increase of truncated
O-glycans with terminal GalNAc or sialylated GalNAc [42,
43]. Hypo-galactosylated IgAl is prone to self-aggregation
and forming immune complexes with the IgG antibody against
the hinge region of IgA1 [43, 44]. In vitro experiments showed
that hypo-galactosylated IgA1 had increased affinity for extra-
cellular matrix proteins, such as fibronectin and IV type colla-
gen, leading to the deposition of circulating IgA1l immune
complexes in mesangial cells [43, 44]. In addition, hypo-
galactosylated IgA1 was capable of inducing the proliferation
and apoptosis of mesangial cells [45], downregulating the
synthesis and secretion of vascular endothelial growth factor
[46], affecting integrin expression in human mesangial cells
[47], and promoting the synthesis of extracellular matrix pro-
teins. The immune complexes and the aggregates containing
hypo-galactosylated IgA1 were capable of activating comple-
ment [48]. In contrast to that of IgG, N-glycosylation of IgA1l
did not affect Fc binding to FcaR1 [49].

Effect of glycosylation on other Ig functionality

To date, few papers have examined the effect of glycosylation
on the properties and functions of IgM, IgE and IgD. IgM
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contains an Asn406 N-glycosylation site. Wright et al. ob-
served that N-glycosylation at Asn402 resulting from the
mutation of Asn406 to Ser decreased Clq binding by 12-
fold [50]. Bjorklundet ef al. reported that N-glycosylation
influenced epitope expression and the receptor binding struc-
ture in human IgE [51]. It was previously observed that the
IgD synthesized by B cells was not N-glycosylated in the
presence of tunicamycin and could not be secreted by the
cells. However, Gala and Morrison reported that only the V-
glycan nearest the disulphide bond between the heavy chains
played an important role in IgD secretion, and O-glycosyla-
tion did not affect IgD secretion [52].

Aberrant Ig glycosylation and disease
Aberrant IgG glycosylation and disease

With advances in our understanding of the biological sig-
nificance of glycosylation, the importance of aberrant gly-
cosylation in disease development is becoming clearer.
Aberrant IgG glycosylation has been associated with dis-
eases, such as ANCA-associated systemic vasculitis [53],
periodontal disease [54], ovarian cancer [55, 56], Lambert-
Eaton myasthenic syndrome and myasthenia gravis [57],
fetal-maternal alloimmune thrombocytopenia [58], and mul-
tiple myeloma [59]. Here, we use rheumatoid arthritis (RA)
to illuminate the effects of aberrant IgG glycosylation on
disease pathogenesis (Table 1).

Parekh et al. reported for the first time in 1985 that the N-
glycan of IgG in the serum and synovial fluid of RA patients
was highly agalactosyl IgG [7]. They then observed a close
association between the extent of agalactosylation of IgG N-
glycan and the onset of adult and juvenile RA patients [60]. In
the remission of arthritis during pregnancy, the extent of
agalactosylation of IgG N-glycan was reduced [11]. Croce et
al. examined the possible mechanisms of the monoclonal
antibody infliximab, which showed a therapeutic effect on
RA, and found a profound decrease of agalactosyl IgG in
the patients with disease remission treated with infliximab
[61]. Recently, Ercan et al. reported that aberrant IgG
galactosylation beginning prior to disease onset was associat-
ed with disease activity in RA patients, especially in women,
and it resided preferentially in autoantibodies [62].

Because galactose is transferred to N-glycans in proteins
by B 1,4galactosyltransferase (34GalT) to extend saccharide
chains, Axfold et al. examined the relationship between
agalactosylation in serum IgG and lymphocyte (34GalT
[63]. They observed that while 34GalT activity decreased
during RA, the amount of agalactosyl IgG increased, and the
relationship was linear. In contrast, both 34GalT activity and
agalactosyl IgG were increased in healthy controls. In addi-
tion, they found anti-34GalT IgG in RA patients. They pos-
tulated that the anti-f4GalT IgG was deactivating 34GalT,
resulting in agalactosyl IgG during RA development. The
terminal of the agalactosyl IgG in RA is GIcNAc, which is
capable of binding to MBL and activating complement. This
suggests the possibility that synovial membrane inflammation

Table 1 Glycan changes in

diseases Condition

N-/O-glycan changes References

(IeG)
Rheumatoid arthritis

ANCA-associated systemic vasculitis

Periodontal disease

Ovarian cancer

Lambert-Eaton myasthenic syndrome

Myasthenia gravis

Fetal-maternal alloimmune thrombocytopenia

Multiple myeloma

(IgA)
IgA nephropathy

Henoch-Schonlein purpura

Sjogren syndrome

Decrease in Gal in N-glycans [7, 11, 28, 60—64]

Decrease in Gal in N-glycans [53]
Decrease in Gal in N-glycans [54]
Increase in Man in N-glycans [55]
Increase in Fuc and NeuAc, [56]
decrease in Gal in N-glycans
Decrease in Gal in N-glycans [57]
Decrease in Gal in N-glycans [57]
Decrease in Fuc, increase in [58]

Gal and NeuAc in N-glycans
Decrease in Gal, stage-dependent  [59]
changes in NeuAc in N-glycans

Decrease in Gal in O-glycans [43-45, 65-71, 78,

80, 85, 86]
Decrease in Gal in O-glycans [86, 94]
Decrease in Gal and increase in [95]

NeuAc in O-glycans
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during RA may partially result from complement activation
through the MBL pathway induced by accumulated
agalactosyl IgG in the joints [28]. Troelson et al. observed
that decreased galactosylation of IgG in RA patients correlat-
ed to markers of inflammation, such as IL-6 and CRP, and IgG
hypo-galactosylation was associated with markers of joint
destruction only in patients homozygous for the MBL2 geno-
type YA/YA. This suggested that inflammation-associated
decreased galactosylation of IgG combined with highly
expressed MBL2 genotypes are involved in the pathophysi-
ology of RA [64].

Aberrant IgA glycosylation and disease

IgA nephropathy (IgAN), described in 1968 as an IgA-IgG
immune-complex disease, is an autoimmune disease. During
IgAN, galactose-deficient IgA1 is recognized by unique au-
toantibodies, resulting in the formation of pathogenic immune
complexes that ultimately cause glomerular injury. Thus, the
formation of galactose-deficient IgAl-containing immune
complexes is a critical factor for the pathogenesis of IgA
nephropathy. Although the exact pathogenesis of IgAN is still
poorly defined, it is well accepted that [gAN pathogenesis
covers four links: aberrant O-glycosylation of IgA1 on the
heavy-chain hinge region with galactose deficiency, the in-
duction of circulating IgG or IgA autoantibodies specific for
galactose-deficient IgA1, the formation of nephritogenic im-
mune complexes and their deposition in the glomerular
mesangium, and the induction of a local proliferative and
inflammatory response of mesangial cells by the immune
complexes.

As mentioned previously, IgA1 is normally O-glycosylated
with (31-3-linked galactose in the hinge region. However, the
O-linked glycans in the majority of IgA1l in the glomerular
deposits in patients with IgAN are galactose-deficient
[65-68]. This aberrantly glycosylated IgA1 is also detected
in the sera and in circulating immune complexes in IgAN
patients, while it is rarely found in healthy controls [65].
Because galactose is attached to GalNAc by core-1 31,3-
galactosyltransferase (C1GalT1) coordinated with chaperone
Cosmc, and sialic acid (NeuAc) is attached to GalNAc by
«2,6-GalNAc-sialyltransferase2 (ST6GalNAc2), it can
been hypothesized that the imbalance in the activities of
C1GalT1/COSMC and ST6GalNAc2 contribute to the hypo-
galactosylation of IgA1 during IgAN (Fig 2). A recent in vitro
study by Suzuki et al. showed that C1GalTl activity was
significantly lower in EBV-immortalized IgA-secreting lym-
phocytes from patients with I[gAN, while ST6GalNAc2 activity
was significantly higher, supporting this hypothesis [69].

During the induction of IgAN, galactose-deficient IgAl
combines with IgG or IgA autoantibodies that are specific to
galactose-deficient glycans on the hinge region of IgAl to

form immune complexes [65]. Galactose-deficient IgAl is
prone to self-aggregation, the formation of IgA1-IgA1 com-
plexes and reactivity with IgG or IgA autoantibodies [43,
44, 70]. In a recent study on the association of serum levels
of IgG and IgA autoantibodies with the progression of [gAN
nephropathy, Berthoux et al. found that the mean serum
levels of autoantibodies targeting galactose-deficient IgAl
were significantly higher in patients than in controls, and
increasing levels of these autoantibodies correlated with
worse clinical outcomes [71]. Deposition of immune com-
plexes in the mesangium in the kidney possibly induces the
production of inflammatory mediators by mesangial cells,
such as interleukin-6 [72, 73], transforming growth factor
31 [74-76], and platelet-derived growth factor [77], as levels
of these mediators were higher in the serum of IgAN patients
than in normal controls. These cytokines were associated with
mesangial proliferation or tubulointerstitial fibrosis. It was re-
cently demonstrated that circulating immune complexes
containing galactose-deficient IgA1 prepared from the sera of
IgAN patients could stimulate mesangial cell proliferation in
vitro [45]. A possible pathologic role of the complement path-
way during IgAN was recently examined in two IgAN-
susceptible mouse models. It was first demonstrated that
galactose-deficient IgAl-containing immune complexes
induced complement activation, leading to the full pro-
gression of IgAN [78]. While examining the molecular
mechanisms involved in the progression of I[gAN, Tamouza
et al. observed that the MAPK/ERK signaling pathway was
activated in the mesangium of several patients [79]. They also
found that circulating large-molecular-mass IgA 1-containing
immune complexes purified from patient sera were able to
activate ERK in human mesangial cells in vitro, and pro-
inflammatory cytokine secretion by these cells was con-
trolled by ERK activation through mesangial IgA1 receptor
(CD71).

Hereditary factors may play an important role in I[gAN
pathogenesis. The observation of increased galactose-
deficient IgA1 levels in the serum of patients with IgAN
and their relatives compared to healthy controls supports the
genetic predisposition of aberrant IgA glycosylation [80].
Family type IgAN has been found in various parts of the
world [81-84]. Colleen Hastings et al. [85] and Kiryluk et
al. [86] recently reported that serum galactose-deficient
IgA1 was an inherited risk factor for adult IgAN. Kiryluk
et al. also observed that galactose-deficient IgA1 levels in
the serum were highly inherited in pediatric patients with
IgAN. However, it is difficult to identify the genes respon-
sible for galactose-deficiency of IgA1. It is possible that the
genes associated with IgAN pathogenesis will be identified
through whole genome analysis [87]. It is strongly postulat-
ed that IgAN pathogenesis results from the interaction of
hereditary and environmental factors.
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Although alterations in IgA1 glycosylation certainly play
an important role in the progression of kidney disease in
IgAN, serum levels of galactose-deficient IgA1l are not
elevated in a significant proportion of patients with IgAN
[85, 88], and relatives with higher serum levels of aberrantly
glycosylated IgA1 were mostly asymptomatic. This suggests
that additional cofactors other than aberrant IgA glycosylation
may be required for the development of [gAN [80]. Clinically,
IgAN may be punctuated by episodes of macroscopic he-
maturia with pharingotonsillitis, or it may be oligosymptomatic
with microscopic hematuria and mild proteinuria. For
example, IgAN development is often promoted by upper
respiratory tract infections, especially acute tonsillitis [89].
Tonsillectomy may have a beneficial effect on the prevention
of renal dysfunction in patients with IgAN [89], a delay of
IgAN progression [90, 91], and a promotion of clinical remis-
sion. Furthermore, serum levels of aggregated IgA1 are mark-
edly reduced after tonsillectomy.

Tonsillitis is often caused by viruses, such as Haemophilus
parainfluenzae, or bacterial infections. Microbes, including vi-
ruses and bacteria, induce immune responses, and DNA is one of
the microbial immunogens capable of doing so. It is well known
that the microbial genome contains high levels of CpG, and
CpG-ODN has been used to mimic microbial DNA to induce
immune response in vitro. Goto et al. [92] observed increased
spontaneous production of IgA and IFN-y by tonsil mononucle-
ar cells from IgAN patients in comparison to those from healthy
controls. Tonsil mononuclear cells from IgAN patients secreted
higher levels of IgA, BAFF and IFN-y upon stimulation with
CpG-ODN. In the presence of anti-BAFF or anti-IFN-y anti-
body, CpG-ODN-driven IgA production by tonsil mononuclear
cells was inhibited. However, in the presence of [FN-y, BAFF
production by tonsil mononuclear cells increased. These data
suggest that the immune response to microbial DNA during
acute tonsillitis may play a role in the pathogenesis of I[gAN.

The data also suggest a bone marrow origin of the hypo-
galactosylated IgA1-producing B cells. However, Oortwijn
et al. found secretary IgA, MBL and C4b in the multi-
aggregated IgA deposited on the kidney mesangial mem-
brane in some (15 %) of the IgAN patients, suggesting a
possibility of aberrant mucosal immunity in IgAN patho-
genesis [72]. In a review, Novak ef al. wrote that “an abnormal
mucosal immune response resulting in production of galactose-
deficient IgA1 in IgAN patients is supported by several obser-
vations: the aberrant glycosylation affects mostly polymeric
IgA1l produced by mucosal-associated IgAl-secreting cells
(including those from tonsils), the synpharyngitic nature of
the macroscopic hematuria, and the association of disease
severity with polymorphisms of a pattern-recognition receptor,
TLR9”. Novak et al. postulated that the aberrant glycosylation
of IgA1 may reflect abnormal mucosal immune responses to
infections of the upper respiratory tract in genetically
predisposed individuals [93].

@ Springer

In addition to IgAN, Henoch-Schonlein purpura [86, 94]
and Sjogren syndrome [95] were also associated with aberrant
O-glycosylation of IgA (Table 1).

Concluding remarks

Glycans in Igs are heterogeneous, and this heterogeneity
influences antibody stability, binding to antigens on the cell
surface, and effector functions. Aberrant glycosylation of Igs
has been associated with several diseases. It has also been
observed that Igs with special glycosylation patterns have ther-
apeutic effects on certain diseases. For example, intravenous
sialylated IgG has anti-inflammatory effects. However, our
knowledge of Ig glycosylation in health and disease remains
quite limited. We believe that more diseases will be found to be
associated with aberrant Ig glycosylation, and the related mech-
anisms will be discovered in the future. In addition, efficient
therapeutics to combat these diseases will be developed.

In addition to Ig glycosylation, FcR glycosylation also
affects the interaction between Ig Fc and its respective
receptors. For example, we recently discovered that removal
of the N-glycosylation site at N58 of FcaxR (CD89) by site-
directed mutation resulted in a marked increase of IgA bind-
ing, and desialylation of N58 contributed to the increased
binding [96]. Thus, in studies of the effect of glycosylation
on antibody effector functions, the effect of Fc receptor
glycosylation on the interaction between Ig Fc and FcR
should also be examined.
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