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Summary: Circulating immune complexes containing aberrantly glycosylated IgAl play a
pivotal role in the pathogenesis of IgA nephropathy (JgAN). A portion of IgAl secreted by
IgAl-producing cells in patients with IgAN is galactose-deficient and consequently recognized
by anti-glycan IgG or IgA1l antibodies. Some of the resultant immune complexes in the
circulation escape normal clearance mechanisms, deposit in the renal mesangium, and induce
glomerular injury. Recent studies of the origin of these aberrant molecules, their glycosylation
profiles, and mechanisms of biosynthesis have provided new insight into the autoimmune
nature of the pathogenesis of this common renal disease. An imbalance in the activities of the
pertinent glycosyltransferases in the IgAl-producing cells favors production of molecules
with galactose-deficient O-linked glycans at specific sites in the hinge region of the o heavy
chains. By using sophisticated analytic methods, it may be possible to define biomarkers for
diagnostic purposes and identify new therapeutic targets for a future disease-specific therapy.
Semin Nephrol 28:78-87 © 2008 Elsevier Inc. All rights reserved.
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immune deposits with dominant or co-

dominant IgA in the glomerular mesangi-
um.!? The IgA is of the IgAl subclass® and
may be accompanied by C3, and IgG or IgM,
or both.# Mesangial proliferation and expan-
sion of extracellular matrix is present in bi-
opsy specimens from patients with even mild
clinical disease. Glomerular sclerosis and in-
terstitial fibrosis generally signify more seri-
ous disease and are associated frequently
with progressive disease that leads to end-
stage renal failure in 20% to 40% of patients

IgA nephropathy (IgAN) is characterized by
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within 20 years of diagnosis.*® Hematuria is
typical and often includes episodes of macro-
scopic bleeding that coincide with mucosal
infections, including those of the upper respi-
ratory tract and digestive system.7?

There are substantial data suggesting that the
mesangial immune deposits originate from cir-
culating IgA immune complexes. Evidence that
the primary cause of IgAN is extrarenal includes
recurrence of the disease in 50% to 60% of
patients undergoing renal transplantation.!0-14
Moreover, in the few instances in which a kid-
ney from a donor with subclinical IgAN has
been engrafted into a patient with end-stage
renal failure due to a disorder other than IgAN,
the immune deposits cleared from the allograft
within several weeks.!> Many patients with
IgAN have increased levels of IgA and IgA-con-
taining immune complexes in the circula-
tion.'®!? Idiotypic determinants are shared be-
tween the circulating complexes and the
mesangial deposits?’; however, disease-specific
idiotypes have not been identified.?! Further-
more, circulating immune complexes in pa-
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Figure 1. (A) IgA1 and its hinge region with O-linked glycans (O) and N-linked glycans (®). Underlined and numbered
amino acids denote usual sites of attachment of as many as 5 O-linked glycans.3'-34 (B) Variants of O-linked glycans in
the hinge region of human circulatory 1gA1.3937 [, N-acetylgalactosamine; @, galactose; #, sialic acid.

tients with IgAN and in the immune deposits
contain IgA1, but not IgA2.162225

IgA1: STRUCTURE AND GLYCOSYLATION

IgA1 represents 1 of 2 structurally and function-
ally distinct subclasses of IgA, the other being
IgA2.2628 Unlike IgA2, the heavy chains of IgAl
molecules contain a unique insertion in its hinge-
region segment between the first and second con-
stant region domains (Fig. 1A). This hinge region,
which has a high content of proline, serine, and
threonine, is the site of attachment of as many as
5 Olinked glycan chains consisting of N-acetyl-
galactosamine with a 31,3-linked galactose that
may be sialylated.?>34 Sialic acid also may be
attached to N-acetylgalactosamine by an «2,6
linkage. The carbohydrate composition of these
O-linked glycans in the hinge region of normal
circulatory IgAl is variable. The prevailing
forms include N-acetylgalactosamine-galactose
disaccharide, and its monosialylated and disia-
lylated forms (Fig. 1B).'831:35 Galactose-defi-
cient variants with terminal N-acetylgalac-
tosamine or sialylated N-acetylgalactosamine
rarely are found in the O-glycans of normal

circulatory IgA1,3! but are much more common
in patients with IgAN, predominantly in the
glomerular immune deposits and in circulating
immune complexes.!823:3639

IgAN: A DISEASE OF
ABERRANT GLYCOSYLATION

Analysis of the glycosylation of IgA1 in patients
with IgAN has provided new insights into the
mechanisms underlying formation of immune
complexes and their deposition in the mesan-
gium. 18234044 Specifically, aberrant glycosyla-
tion of the O-linked glycans (galactose defi-
ciency) in IgA1 hinge region appears to be a key
pathogenetic factor contributing to the devel-
opment of IgAN.!8.23.3941.45 Notably, galactose-
deficient IgA1 is the predominant glycosylation
variant of IgAl in the mesangium.37-38 A rela-
tionship between galactose deficiency and ne-
phritis has been observed in other diseases.
Galactose-deficient IgA14¢ and IgA-IgG circulat-
ing complexes?’ are found in sera of patients
with Henoch-Schonlein purpura who develop
nephritis, but not in sera of patients who do
not. Also, patients with IgAl myeloma may



80

J. Novak et al

Table 1. Examples of Techniques for Analysis of IgA1 O-Glycans

Technology

Data Generated

References

Gas-liquid chromatography

Lectin ELISA

Lectin Western blotting

Fluorophore-assisted carbohydrate
electrophoresis

HPLC

MALDI-TOF MS of trypsin-digested

Composition of monosaccharides
Terminal sugar

Terminal sugar

Profile of released O-glycans

Profile of released O-glycans
Profile of hinge-region

18,39
18,36,37,39,43,44
43,44

96

97
33,75,98,99

hinge-region fragment glycopeptides
ESI MS of trypsin-digested hinge-region Profile of hinge-region 38
fragment glycopeptides
MALDI-TOF MS of hinge-region fragment  Profile of hinge-region 35
generated with two bacterial proteases glycopeptides
FT-ICR MS of hinge-region proteolytic Profile of hinge-region 34,52,75
fragment glycopeptides
SELDI MS Profile of hinge-region 100
glycopeptides with aberrant
glycans
Lectin Western blotting of IgA1 digested Sites of glycan attachment 44
with bacterial proteases
AI-ECD FT-ICR MS of hinge-region Sites of glycan attachment of 34,52,75

proteolytic fragment

individual glycopeptides

Abbreviations: ELISA, enzyme-linked immunosorbent assay; HPLC, high-pressure liquid chromatography; MALDI-TOF, matrix-
assisted laser desorption ionization-time of flight; MS, mass spectrometry; ESI, electrospray ionization; FT-ICR, Fourier
transform ion cyclotron resonance; SELDI, surface-enhanced laser desorption ionization; AI-ECD, activated-ion electron capture

dissociation.

have very high levels of circulatory IgA1l, but
only those with aberrantly glycosylated IgA1l
develop an immune-complex glomerulonephrti-
tiS.48’49

Analysis of O-glycans on IgAl has been chal-
lenging.> The reasons include the structure of
the hinge region (there are 9 serine and threonine
residues, the potential sites of attachment of 5
glycan chains®!) and the heterogeneity of compo-
sition of the attached glycans.?> The techniques
applied to the analysis include the use of lectins,
enzyme-linked immunosorbent assay, Western
blotting, mass spectrometry, gasliquid chroma-
tography, and specific proteases (Table 1). The
greatest challenge has been the assignment of the
sites of attachment of the glycans, including those
that are glycosylated aberrantly. The most prom-
ising techniques are based on high-resolution
mass spectrometry, such as Fourier transform ion
cyclotron resonance mass spectrometry, using
electron-capture or electron-transfer fragmenta-
tion techniques.3*52

BIOSYNTHESIS AND
CATABOLISM OF IgA1

When the daily synthesis of all isotypes of im-
munoglobulins is taken into account, the pro-
duction of IgA far exceeds the synthesis of IgG,
IgM, IgD, and IgE combined. However, more
than two thirds of all IgA finishes its short life-
span in the external secretions (half-life of IgA
in the circulation is ~4-5 days).?® Quantitative
studies of IgA production and the distribution
of IgA-producing cells in tissues clearly indicate
that 90% to 95% of circulatory IgA is produced
in the bone marrow, lymph nodes, and spleen,
with a small contribution from the mucosal
tissues.?® In contrast, most external secretions,
with the exception of those in the urine and the
male and female genital tracts, contain IgA orig-
inating from local synthesis by the abundant
IgA-producing plasma cells. Studies in pri-
mates>? showed that IgA is catabolized by hepa-
tocytes that recognize glycan moieties on IgA
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heavy chains. In contrast to other immunoglob-
ulin isotypes, human IgA occurs in 2 subclasses
and 2 molecular forms, monomeric and poly-
meric, with characteristic distributions in vari-
ous body fluids and in immunoglobulin-produc-
ing cells in the systemic and mucosal tissues.?®
Typically, most of the IgA-secreting cells in the
bone marrow and lymph nodes produce mono-
meric IgA (>95%) of the IgA1 subclass (~85%).
In mucosal tissues, IgA-secreting cells produce
polymeric IgA with J chain. However, the dis-
tribution of IgA1l- or IgA2-producing cells dis-
plays marked differences among mucosal tis-
sues. For example, the upper respiratory and
gastrointestinal tracts are populated by IgAl-
producing cells whereas the large intestine and
the female genital tract contain equal numbers
or a slight excess of IgA2-producing cells. Hu-
man salivary, lacrimal, and mammary glands
contain approximately equal numbers of IgAl-
and IgA2-producing cells.?®

Whether the bone marrow or mucosal tissue
is the origin of IgA1 in circulating immune com-
plexes and the mesangial deposits of patients
with IgAN has been a matter of controversy. A
signature clinical manifestation of the disease,
macroscopic hematuria, often is accompanied
by a concurrent infection of the upper respira-
tory tract. Because this site is populated by cells
producing polymeric IgA1, this feature favors a
mucosal origin of the pathogenic IgA1.>* How-
ever, in other studies, polymeric IgAl- and ]J
chain-producing cells have been detected in
the bone marrow of patients with IgAN.>>58
Unfortunately, samples of mucosal tissues,
lymph nodes, and bone marrow from patients
with IgAN are not easily available to resolve this
dispute.

BIOSYNTHESIS OF
O-LINKED GLYCANS ON IgA1

O-linked glycans of IgAl are synthesized in a
step-wise manner, beginning with attachment of
N-acetylgalactosamine to serine or threonine, cat-
alyzed by uridine-5"-diphospho-N-acetylgalactosami-
nyltransferase 2 (GaINACT2) (Fig. 2).*% The O-
glycan chain then is extended by sequential
attachment of galactose and/or sialic acid residues
to the N-acetylgalactosamine. The addition of ga-
lactose is mediated by core 1 31,3-galactosyltrans-
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Figure 2. Enzymes involved in glycosylation of hinge
region of IgA1. Galactose-deficient IgAT may be gener-
ated by decreased activity of C1GalT1/Cosmc, by in-
creased activity of ST6GalNAcll, or both.

ferase (C1833GalT1) that transfers galactose from
UDP-galactose to a N-acetylgalactosamine resi-
due.®! The stability of this enzyme depends on its
interaction with C1-33 gal T1-specific molecular
chaperone (Cosmc).%%4 In the absence of Cosmc,
the C1B3GalTl1 protein is degraded rapidly,
thereby resulting in undergalactosylation of N-
acetylgalactosamine in O-linked glycans. The gly-
can structure is completed by the sialyltrans-
ferases that attach negatively charged sialic acid
to the galactose (a2,3-linked) or N-acetylgalac-
tosamine («2,6-linked) residues. Sialylation of
N-acetylgalactosamine in IgAl-secreting cells is
mediated by a N-acetylgalactosamine-specific
a2 6-sialyltransferase (ST6GalNAcII).%> If sialic
acid is linked to N-acetylgalactosamine before
attachment of galactose, this premature sialyla-
tion precludes subsequent attachment of a
galactose residue.®>¢7 Thus, the relative activ-
ity of ST6GalNAcII and C1B3GalT1/Cosmc di-
rectly can influence the glycosylation of IgA1.
Studies of the variants of the CIB3GalTll
gene found an association of certain polymor-
phisms with IgAN.%® Other studies looking at
genetic factors contributing to IgAN are on-
going.®

Recent studies with Epstein-Barr virus-immor-
talized cell lines from peripheral blood lympho-
cytes of patients with IgAN and healthy controls
confirmed the earlier-described pathways in the
IgAl-secreting cells.”® Furthermore, detailed anal-
ysis of enzymatic activities in the cell lines from
patients with IgAN indicated an imbalance in the
activities of the pertinent glycosyltransferases.
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The (1,3-galactosyltransferase activity was signif-
icantly lower and the N-acetylgalactosamine-spe-
cific a2 6-sialyltransferase activity was signifi-
cantly higher.”! Studies of the aberrant glyco-
sylation in IgAN represent a promising field
with a potentially great impact on the future
care of patients.”?

ANTI-IgA1
ANTIBODIES AS A COMPONENT OF
CIRCULATING IMMUNE COMPLEXES

Although IgA1-IgG immune complexes have
been detected by many investigators, the true
nature of IgA1-IgG interaction was shown only
recently.?> Dissociability of circulating immune
complexes at acidic pH and inhibition of reforma-
tion by N-acetylgalactosamine-bearing glycopro-
teins implied an antigen-antibody nature of the
IgA1-IgG interaction in these complexes.?? The
presence of IgG antibodies, and to a lesser de-
gree IgAl or IgM antibodies, to IgAl in sera of
healthy individuals and patients with IgAN has
been described.”>74 However, the antigenic de-
terminants expressed on the IgAl molecules
were unknown. More recently, with the appli-
cation of bacterial IgA proteases, lectin Western
blots, and high-resolution mass spectrometry,
the antigenic determinants have been shown to
consist of a N-acetylgalactosamine residue in
the central and C-terminal portions of the hinge
region of the heavy chain.”> We have detected
and isolated circulating IgG-producing cells that
secrete IgG specific for aberrantly glycosylated
IgA1.7°

The stimulus that leads to the formation of
serum antibodies specific for N-acetylgalac-
tosamine in the IgAl hinge-region in healthy
individuals and patients with IgAN is unknown.
However, some viruses (eg, respiratory syncy-
tial virus, Epstein-Barr virus) and Gram-positive
bacteria (eg, streptococcus) express GalNAc-
containing structures on their surfaces. It is
therefore possible that these structures may
mimic the glycan epitopes on galactose-defi-
cient IgAl.

The relatively short half-life of normal se-
rum IgA is the result of its rapid catabolism
by hepatocytes.32:53.7677 Hepatocytes express
the asialoglycoprotein receptor3?77 that binds
glycoproteins through a terminal galactose or

N-acetylgalactosamine residue.3%7779 Because
of this structural prerequisite, the absence or
enzymatic removal of the otherwise terminal
sialic acid is essential for effective binding of
IgAl. Indeed, human IgAl myeloma proteins
and polyclonal human IgAl are removed
promptly from the circulation after enzymatic
cleavage of terminal sialic acid.3?808!

Galactose-deficient IgA1 has a longer lifespan
than normal IgA1.8? Galactose deficiency by
itself should not hinder disposal of IgA1 mole-
cules because the asialoglycoprotein receptor
recognizes terminal N-acetylgalactosamine as
well as galactose.”® However, if the N-acetyl-
galactosamine is linked to sialic acid or is occu-
pied by an antibody, the IgA1 cannot be recog-
nized by the asialoglycoprotein receptor and
therefore escapes hepatic catabolism.083 Be-
cause galactose-deficient circulatory IgAl is
present predominantly in the form of immune
complexes, it is plausible to speculate that
this IgA1 does not effectively reach the he-
patic asialoglycoprotein receptor (Fig. 3). The
larger size of the complexes, compared with un-
complexed IgA1, precludes binding to this recep-
tor because the relatively small endothelial
fenestrae block entry into the space of Disse.
Thus, immune complexes containing aberrantly
glycosylated IgA1l are not cleared efficiently by
the liver and reach the glomerular capillaries
where larger endothelial fenestrae permit their
entry into the mesangium.2545.67.84

BIOLOGICAL ACTIVITIES OF
IgA1-CONTAINING IMMUNE COMPLEXES

Cultured human mesangial cells present a con-
venient model to evaluate biologic activities
of IgA complexes.i-41:8580 [mmune complexes
from sera of patients with IgAN containing ga-
lactose-deficient IgAl bind to the mesangial
cells more efficiently than do uncomplexed
IgA1 or immune complexes from healthy con-
trols. Assessment of the biological activity of
IgA1 complexes showed that large-molecular-
weight IgA1 complexes stimulated cellular pro-
liferation and production of some cytokines
(eg, interleukin-6, transforming growth factor-
B). In contrast, IgAl-depleted fractions were
devoid of stimulatory activity.*! Further support
for the pathogenic role of IgA1 complexes has
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Figure 3. A model of pathogenesis of IgAN. Some polymeric IgA1 (pigal) produced by B cells and plasma cells in
patients with IgAN is galactose deficient and is recognized by anti-glycan 1gG or IgA1 antibodies. The resultant
immune complexes are too bulky to enter the space of Disse to reach the asialoglycoprotein receptor (AsGp-r) on
hepatocytes, but are able to pass through the larger fenestrae in glomerular capillaries overlying the mesangium. These

deposited complexes induce glomerular injury.

come from supplementation experiments. Ad-
dition of small amounts of desialylated poly-
meric IgA1 to sera of patients with IgAN led to
formation of new immune complexes: the
amount of stimulatory complexes with a molec-
ular mass of 800 to 900 kDa increased. Enzyme-
linked immunosorbent assay indicated that these
complexes contained IgG and IgA1.4! In contrast,
uncomplexed IgA1 did not alter cellular prolifer-
ation. Complexes in the native sera of patients
with IgAN enhanced cellular proliferation more
than did complexes of similar mass from healthy
volunteers.#! Furthermore, complexes from pa-
tients with IgAN collected during an episode of
macroscopic hematuria stimulated cellular prolif-
eration more than did complexes obtained during
a later quiescent phase. IgA1 complexes with
high levels of galactose-deficient IgAl induced
more proliferation than did complexes with low
levels of galactose-deficient IgA1. In vivo studies
in experimental animals showed that large-molec-
ular-weight immune complexes generally in-
duced more severe glomerular lesions than did
small complexes.?’

Several findings point to activation of mes-
angial cells through an IgA-specific recep-

tor(s).4041.88 However, none of the known IgA
receptors (CD89, asialoglycoprotein receptor,
and polymeric immunoglobulin receptor) is ex-
pressed on human mesangial cells 24678991
Among the recently identified candidate recep-
tors that may mediate binding of IgA1 and IgA1l
complexes are CD71 (transferrin recep-
tor)882193 and the Fca/u receptor.®* CD71 ap-
pears to be the major IgA1 receptor on human
mesangial cells (reviewed by Moura, pp. 88-
95).88.92 Notably, the expression of CD71 is
enhanced in the mesangium of IgAN patients
and it co-localizes with IgA1l deposits.”> En-
gagement of CD71 by IgAl induces cellular
proliferation and cytokine production. This
accentuated cellular proliferation and cyto-
kine production by IgAl is inhibited com-
pletely by anti-CD71 blocking antibody, indi-
cating that CD71 plays a major role in IgA1l
binding.”3

HYPOTHETICAL MODEL
OF THE PATHOGENESIS OF IgAN

Based on published data, a hypothetical
model of the pathogenesis of IgAN is emerg-
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ing. Some IgA1 molecules produced by immu-
noglobulin-secreting cells in patients with
IgAN are galactose deficient and conse-
quently recognized by anti-glycan IgG (or
IgA1) antibodies. The resultant immune com-
plexes are too bulky to enter the space of
Disse in the liver. IgAl-containing immune
complexes that escape normal clearance
mechanisms reach the renal circulation and
pass through the larger fenestrae in the glo-
merular capillaries overlying the mesangium.
These complexes bind to mesangial cells and
induce glomerular injury (Fig. 3). Together,
these characteristics classify IgAN as an auto-
immune disease, with the aberrantly glycosy-
lated IgA1 being the autoantigen.

REFERENCES

1. Berger J, Hinglais N. Les depots intercapillaires
d’IgA-IgG (intercapillary deposits of IgA-IgG). J Urol
Nephrol. 1968;74:694-5.

2. Jennette JC. The immunohistology of IgA nephrop-
athy. Am J Kidney Dis. 1988;12:348-52.

3. Conley ME, Cooper MD, Michael AF. Selective dep-
osition of immunoglobulin Al in immunoglobulin A
nephropathy, anaphylactoid purpura nephritis, and
systemic lupus erythematosus. J Clin Invest. 1980;
66:1432-6.

4. Emancipator SN. IgA nephropathy and Henoch-
Schonlein syndrome. In: Jennette JC, Olson JL,
Schwartz MM, et al, editors. Heptinstall’s pathology
of the kidney. Philadelphia: Lippincott-Raven Pub-
lishers; 1998. p. 479-539.

5. D’Amico G. Natural history of idiopathic IgA ne-
phropathy: role of clinical and histological prognos-
tic factors. Am J Kidney Dis. 2000;36:227-37.

6. Yoshikawa N, Ito H, Nakamura H. Prognostic indi-
cators in childhood IgA nephropathy. Nephron.
1992;60:60-7.

7. McCallum D, Smith L, Harley F, et al. IgA nephrop-
athy and thin basement membrane disease in asso-
ciation with Crohn disease. Pediatr Nephrol. 1997;
11:637-40.

8. Bene MC, Hurault De Ligny B, Kessler M, et al.
Confirmation of tonsillar anomalies in IgA nephrop-
athy: a multicenter study. Nephron. 1991;58:425-8.

9. Emancipator SN, Mestecky J, Lamm ME. IgA ne-
phropathy and related diseases. In: Mestecky J,
Bienenstock J, Lamm ME, et al, editors. Mucosal
immunology. 3rd ed. Amsterdam: Elsevier Academic
Press; 2005. p. 1579-600.

10. Coppo R, Amore A, Cirina P, et al. Characteristics of
IgA and macromolecular IgA in sera from IgA ne-
phropathy transplanted patients with and without
IgA nephropathy recurrence. Contrib Nephrol.
1995;111:85-92.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Coppo R, Amore A, Cirina P, et al. IgA serology in
recurrent and non-recurrent IgA nephropathy after re-
nal transplantation. Nephrol Dial Transplant. 1995;10:
2310-5.

Odum J, Peh CA, Clarkson AR, et al. Recurrent mes-
angial IgA nephritis following renal transplantation.
Nephrol Dial Transplant. 1994;9:309-12.

Julian BA. Treatment of IgA nephropathy. Semin
Nephrol. 2000;20:277-85.

Berger J. Recurrence of IgA nephropathy in renal
allografts. Am J Kidney Dis. 1988;12:371-2.

Silva FG, Chander P, Pirani CL, et al. Disappearance
of glomerular mesangial IgA deposits after renal al-
lograft transplantation. Transplantation. 1982;33:
241-6.

Czerkinsky C, Koopman WJ, Jackson S, et al. Circu-
lating immune complexes and immunoglobulin A
rheumatoid factor in patients with mesangial immu-
noglobulin A nephropathies. J Clin Invest. 1986;77:
1931-8.

Coppo R, Basolo B, Piccoli G, et al. IgA1 and IgA2
immune complexes in primary IgA nephropathy and
Henoch-Schonlein nephritis. Clin Exp Immunol.
1984;57:583-90.

Tomana M, Matousovic K, Julian BA, et al. Galactose-
deficient IgA1 in sera of IgA nephropathy patients is
present in complexes with IgG. Kidney Int. 1997;
52:509-16.

Schena FP, Pastore A, Ludovico N, et al. Increased
serum levels of IgA1-IgG immune complexes and
anti-F(ab"), antibodies in patients with primary
IgA nephropathy. Clin Exp Immunol. 1989;77:15-
20.

Gonzales-Cabrero J, Egido J, Mampaso F, et al. Char-
acterization of circulating idiotypes containing im-
mune complexes and their presence in the glomer-
ular mesangium in patients with IgA nephropathy.
Clin Exp Immunol. 1989;76:204-9.

van den Wall Bake AWL, Bruijn JA, Accavitti MA, et
al. Shared idiotypes in mesangial deposits in IgA
nephropathy are not disease-specific. Kidney Int.
1993;44:65-74.

Coppo R, Basolo B, Martina G, et al. Circulating
immune complexes containing IgA, IgG and IgM
in patients with primary IgA nephropathy and
with Henoch-Schonlein nephritis. Correlation
with clinical and histologic signs of activity. Clin
Nephrol. 1982;18:230-9.

Tomana M, Novak J, Julian BA, et al. Circulating
immune complexes in IgA nephropathy consist of
IgA1 with galactose-deficient hinge region and anti-
glycan antibodies. J Clin Invest. 1999;104:73-81.
Barratt J, Feehally J. IgA nephropathy. ] Am Soc
Nephrol. 2005;16:2088-97.

Coppo R, Amore A. Aberrant glycosylation in IgAN.
Kidney Int. 2004;65:1544-7.

Mestecky J. Immunobiology of IgA. Am J Kidney Dis.
1988;12:378-83.



IgA glycosylation and IgA immune complexes

85

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mestecky J, Lue C, Tarkowski A, et al Comparative
studies of the biological properties of human IgA
subclasses. Protides Biol Fluids. 1989;36:173-82.
Mestecky J, Moro I, Kerr MA, et al. Mucosal im-
munoglobulins. In: Mestecky J, Bienenstock J,
Lamm ME, et al, editors. Mucosal immunology. 3rd
ed. Amsterdam: Elsevier Academic Press; 2005. p.
153-81.

Baenziger J, Kornfeld S. Structure of the carbohy-
drate units of IgA1 immunoglobulin II. Structure of
the O-glycosidically linked oligosaccharide units.
J Biol Chem. 1974;249:7270-81.

Field MC, Dwek RA, Edge CJ, et al. O-linked oligo-
saccharides from human serum immunoglobulin A1.
Biochem Soc Trans. 1989;17:1034-5.

Mattu TS, Pleass RJ, Willis AC, et al. The glycosyla-
tion and structure of human serum IgA1, Fab, and Fc
regions and the role of N-glycosylation on Fca re-
ceptor interactions. J Biol Chem. 1998;273:2260-72.
Tomana M, Kulhavy R, Mestecky J. Receptor-medi-
ated binding and uptake of immunoglobulin A by
human liver. Gastroenterology. 1988;94:887-92.
Tarelli E, Smith AC, Hendry BM, et al. Human serum
IgAl is substituted with up to six O-glycans as
shown by matrix assisted laser desorption ionisation
time-of-flight mass spectrometry. Carbohydr Res.
2004;339:2329-35.

Renfrow MB, Cooper HJ, Tomana M, et al. Determi-
nation of aberrant O-glycosylation in the IgA1 hinge
region by electron capture dissociation Fourier
transform-ion cyclotron resonance mass spectrome-
try. J Biol Chem. 2005;280:19136-45.

Novak J, Tomana M, Kilian M, et al. Heterogeneity of
O-glycosylation in the hinge region of human IgAl.
Mol Immunol. 2000;37:1047-56.

Allen AC, Harper SJ, Feehally J. Galactosylation of
N- and O-linked carbohydrate moieties of IgA1 and
IgG in IgA nephropathy. Clin Exp Immunol. 1995;
100:470-4.

Allen AC, Bailey EM, Brenchley PEC, et al. Mesangial
IgAl in IgA nephropathy exhibits aberrant O-glyco-
sylation: observations in three patients. Kidney Int.
2001;60:969-73.

Hiki Y, Odani H, Takahashi M, et al. Mass spectrom-
etry proves under-O-glycosylation of glomerular
IgA1 in IgA nephropathy. Kidney Int. 2001;59:1077-
85.

Mestecky J, Tomana M, Crowley-Nowick PA, et al.
Defective galactosylation and clearance of IgA1 mol-
ecules as a possible etiopathogenic factor in IgA
nephropathy. Contrib Nephrol. 1993;104:172-82.
Novak J, Vu HL, Novak L, et al. Interactions of
human mesangial cells with IgA and IgA-containing
circulating immune complexes. Kidney Int. 2002;
62:465-75.

Novak J, Tomana M, Matousovic K, et al. IgAl-con-
taining immune complexes in IgA nephropathy dif-
ferentially affect proliferation of mesangial cells. Kid-
ney Int. 2005;67:504-13.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Barratt J, Smith AC, Feehally J. The pathogenic role
of IgA1 O-linked glycosylation in the pathogenesis of
IgA nephropathy. Nephrology (Carlton). 2007;12:
275-84.

Moldoveanu Z, Wyatt RJ, Lee J, et al. Patients with
IgA nephropathy have increased serum galactose-
deficient IgA1 levels. Kidney Int. 2007;71:1148-54.
Moore JS, Kulhavy R, Tomana M, et al. Reactivities of
N-acetylgalactosamine-specific lectins with human
IgA1 proteins. Mol Immunol. 2007;44:2598-604.
Julian BA, Novak J. IgA nephropathy: an update.
Current Opin Nephrol Hypertens. 2004;13:171-9.
Allen AC, Willis FR, Beattie TJ, et al. Abnormal IgA
glycosylation in Henoch-Schonlein purpura re-
stricted to patients with clinical nephritis. Nephrol
Dial Transplant. 1998;13:930-4.

Levinsky RJ, Barratt TM. IgA immune complexes in
Henoch-Schonlein purpura. Lancet. 1979;2:1100-3.
van der Helm-van Mil AHM, Smith AC, Pouria S, et al.
Immunoglobulin A multiple myeloma presenting
with Henoch-Schonlein purpura associated with re-
duced sialylation of IgA1l. Br J Haematol. 2003;122:
915-7.

Zickerman AM, Allen AC, Talwar V, et al. IgA my-
eloma presenting as Henoch-Schonlein purpura
with nephritis. Am J Kidney Dis. 2000;36:E19.
Allen AC. Methodological approaches to the analysis
of IgA1 O-glycosylation in IgA nephropathy. J Neph-
rol. 1999;12:76-84.

Frangione B, Wolfenstein-Todel C. Partial duplica-
tion in the “hinge” region of IgA1 myeloma proteins.
Proc Natl Acad Sci U S A. 1972;69:3673-6.

Renfrow MB, MacKay CL, Chalmers MJ, et al. Anal-
ysis of O-glycan heterogeneity in IgA1 myeloma pro-
teins by Fourier transform ion cyclotron resonance
mass spectrometry: implications for IgA nephropa-
thy. Anal Bioanal Chem. 2007;389:1397-407.
Moldoveanu Z, Moro I, Radl J, et al. Site of catabo-
lism of autologous and heterologous IgA in non-
human primates. Scand ] Immunol. 1990;32:577-83.
Smith AC, Molyneux K, Feehally J, et al. O-glycosyl-
ation of serum IgA1 antibodies against mucosal and
systemic antigens in IgA nephropathy. J Am Soc
Nephrol. 2006;17:3520-8.

Allen A, Harper S, Feehally J. Origin and structure of
pathogenic IgA in IgA nephropathy. Biochem Soc
Trans. 1997;25:486-90.

Harper §J, Allen AC, Layward L, et al. Increased
immunoglobulin A and immunoglobulin Al cells in
bone marrow trephine biopsy specimens in immu-
noglobulin A nephropathy. Am J Kidney Dis. 1994;
24:88892.

Harper §J, Feehally J. The pathogenic role of immu-
noglobulin A polymers in immunoglobulin A ne-
phropathy. Nephron. 1993;65:337-45.

Harper §J, Pringle JH, Gillies A, et al. Simultaneous in
situ hybridisation of native mRNA and immunoglob-
ulin detection by conventional immunofluorescence



86

J. Novak et al

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

in paraffin wax embedded sections. J Clin Pathol.
1992;45:1149.

Piller V, Piller F, Fukuda M. Biosynthesis of truncated
O-glycans in the T cell line Jurkat. Localization of
O-glycan initiation. J Biol Chem. 1990;265:9264-71.
Iwasaki H, Zhang Y, Tachibana K, et al. Initiation of
O-glycan synthesis in IgAl hinge region is deter-
mined by a single enzyme, UDP-N-acetyl-a-D-galac-
tosamine:polypeptide N-acetylgalactosaminyltrans-
ferase 2. J Biol Chem. 2003;278:5613-21.

Ju T, Brewer K, D’Souza A, et al. Cloning and ex-
pression of human core 1 1,3-galactosyltransferase.
J Biol Chem. 2002;277:178-86.

Ju T, Cummings RD. A unique molecular chaperone
Cosmc required for activity of the mammalian core
1 B3-galactosyltransferase. Proc Natl Acad Sci U S A.
2002;99:16613-8.

Ju T, Cummings RD. Protein glycosylation: chaperone
mutation in Tn syndrome. Nature. 2005;437:1252.
Kudo T, Iwai T, Kubota T, et al. Molecular cloning
and characterization of a novel UDP-Gal:GalNAco
peptide [31,3-galactosyltransferase (C1Gal-T2), an
enzyme synthesizing a core 1 structure of O-glycan.
J Biol Chem. 2002;277:47724-31.

Raska M, Moldoveanu Z, Suzuki H, et al. Identifica-
tion and characterization of CMP-NeuAc:GalNAc-
IgA1 a2,6-sialyltransferase in IgA1-producing cells. J
Mol Biol. 2007;369:69-78.

Schachter H, McGuire EJ, Roseman S. Sialic acids.
XIII. A uridine diphosphate D-galactose: mucin
galactosyltransferase from porcine submaxillary
gland. J Biol Chem. 1971;246:5321-8.

Novak J, Julian BA, Tomana M, et al. Progress in
molecular and genetic studies of IgA nephropathy.
J Clin Immunol. 2001;21:310-27.

Li GS, Zhang H, Lv JC, et al. Variants of C1GALT1
gene are associated with the genetic susceptibility
to IgA nephropathy. Kidney Int. 2007;71:379-81.
Beerman I, Novak J, Wyatt RJ, et al. Genetics of IgA
nephropathy. Nat Clin Pract Nephrol. 2007;3:325-38.
Suzuki H, Moldoveanu Z, Hall S, et al. IgA ne-
phropathy: characterization of IgG antibodies spe-
cific for galactose-deficient IgA1. Contrib Nephrol.
2007;157:129-33.

Suzuki H, Moldoveanu Z, Hall S, et al. IgAl-secreting
cell lines from patients with IgA nephropathy pro-
duce aberrantly glycosylated IgAl. J Clin Invest.
2007;118:000.

Glassock RJ. Concluding remarks. Contrib Nephrol.
2007;157:169-73.

Jackson S, Montgomery RI, Julian BA, et al. Aberrant
synthesis of antibodies directed at the Fab of IgA in
patients with IgA nephropathies. Clin Immunol Im-
munopathol. 1987;45:208-13.

Jackson S. Immunoglobulin-antiimmunoglobulin in-
teractions and immune complexes in IgA nephrop-
athy. Am J Kidney Dis. 1988;12:425-9.

Novak J, Moldoveanu Z, Renfrow MB, et al. IgA
nephropathy and Henoch-Schoenlein purpura ne-

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

806.

87.

88.

89.

90.

91.

92.

phritis: aberrant glycosylation of IgA1, formation
of IgAl-containing immune complexes, and
activation of mesangial cells. Contrib Nephrol.
2007;157:134-8.

Moldoveanu Z, Epps JM, Thorpe SR, et al. The sites
of catabolism of murine monomeric IgA. J Immunol.
1988;141:208-13.

Stockert RJ, Kressner MS, Collins JD, et al. IgA inter-
actions with the asialoglycoprotein receptor. Proc
Natl Acad Sci U S A. 1982;79:6229-31.

Baenziger JU, Fiete D. Galactose and N-acetylgalac-
tosamine-specific endocytosis of glycopeptides by
isolated rat hepatocytes. Cell. 1980;22:611-20.
Baenziger JU, Maynard Y. Human hepatic lectin.
Physicochemical properties and specificity. J Biol
Chem. 1980;255:4607-13.

Phillips JO, Russell MW, Brown TA, et al. Selective
hepatobiliary transport of human polymeric IgA in
mice. Mol Immunol. 1984;21:907-14.

Phillips JO, Stohrer R, Russell MW, et al. Analysis of
the hepatobiliary transport of IgA with monoclonal
anti-idiotype and anti-allotype antibodies. Mol Immu-
nol. 1986;23:339-46.

Mestecky J, Hashim OH, Tomana M. Alterations in the
IgA carbohydrate chains influence the cellular distribu-
tion of IgA1. Contrib Nephrol. 1995;111:66-72.
Phillips JO, Komiyama K, Epps JM, et al. Role of
hepatocytes in the uptake of IgA and IgA-containing
immune complexes in mice. Mol Immunol. 1988;25:
873-9.

Couser WG. Glomerulonephritis. Lancet. 1999;353:
1509-15.

Chen A, Chen WP, Sheu LF, et al. Pathogenesis of
IgA nephropathy: in vitro activation of human mes-
angial cells by IgA immune complex leads to cyto-
kine secretion. J Pathol. 1994;173:119-26.

Amore A, Cirina P, Conti G, et al. Glycosylation of
circulating IgA in patients with IgA nephropathy
modulates proliferation and apoptosis of mesangial
cells. ] Am Soc Nephrol. 2001;12:1862-71.
Haakenstad AO, Mannik M. The biology of immune
complexes. In: Talal N, editor. Autoimmunity: genetic,
immunologic, virologic, and clinical aspects. New
York: Academic Press; 1977. p. 277-360.

Moura IC, Arcos-Fajardo M, Sadaka C, et al. Glyco-
sylation and size of IgA1 are essential for interaction
with mesangial transferrin receptor in IgA nephrop-
athy. J] Am Soc Nephrol. 2004;15:622-34.

Barratt J, Greer MR, Pawluczyk 1Z, et al. Identifica-
tion of a novel Fca receptor expressed by mesangial
cells. Kidney Int. 2000;57:1936-48.

Monteiro RC. Pathogenic role of IgA receptors in IgA
nephropathy. Contrib Nephrol. 2007;157:64-9.
Monteiro RC, Van De Winkel JG. IgA Fc receptors.
Annu Rev Immunol. 2003;21:177-204.

Moura IC, Centelles MN, Arcos-Fajardo M, et al.
Identification of the transferrin receptor as a novel
immunoglobulin (Ig)A1 receptor and its enhanced



IgA glycosylation and IgA immune complexes

87

93.

94.

95.

96.

expression on mesangial cells in IgA nephropathy. J
Exp Med. 2001;194:417-25.

Tamouza H, Vende F, Tiwari M, et al. Transferrin
receptor engagement by polymeric IgAl induces
receptor expression and mesangial cell prolifera-
tion: role in IgA nephropathy. Contrib Nephrol.
2007;157:144-7.

McDonald KJ, Cameron AJM, Allen JM, et al. Expres-
sion of Fc a/u receptor by human mesangial cells: a
candidate receptor for immune complex deposition
in IgA nephropathy. Biochem Biophys Res Com-
mun. 2002;290:438-42.

Haddad E, Moura IC, Arcos-Fajardo M, et al. En-
hanced expression of the CD71 mesangial IgA1 re-
ceptor in Berger disease and Henoch-Schonlein ne-
phritis: association between CD71 expression and
IgA deposits. ] Am Soc Nephrol. 2003;14:327-37.
Allen AC, Bailey EM, Barratt J, et al. Analysis of IgA1
O-glycans in IgA nephropathy by fluorophore-as-

97.

98.

99.

100.

sisted carbohydrate electrophoresis. ] Am Soc
Nephrol. 1999;10:1763-71.

Royle L, Roos A, Harvey DJ, et al. Secretory IgA N-
and O-glycans provide a link between the innate and
adaptive immune systems. J Biol Chem. 2003;278:
20140-53.

Hiki Y, Tanaka A, Kokubo T, et al. Analyses of IgA1
hinge glycopeptides in IgA nephropathy by matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry. J] Am Soc Nephrol. 1998;9:577-
82.

Pouria S, Corran PH, Smith AC, et al. Glycoform
composition profiling of O-glycopeptides derived
from human serum IgAl by matrix-assisted laser
desorption jonization-time of flight-mass spectrome-
try. Anal Biochem. 2004;330:257-63.

Takahashi K, Hiki Y, Odani H, et al. Structural anal-
yses of O-glycan sugar chains on IgA1 hinge region
using SELDI-TOFMS with various lectins. Biochem
Biophys Res Commun. 2006;350:580-7.



	IgA Glycosylation and IgA Immune Complexes in the Pathogenesis of IgA Nephropathy
	IgA1: STRUCTURE AND GLYCOSYLATION
	IgAN: A DISEASE OF ABERRANT GLYCOSYLATION
	BIOSYNTHESIS AND CATABOLISM OF IgA1
	BIOSYNTHESIS OF O-LINKED GLYCANS ON IgA1
	ANTI-IgA1 ANTIBODIES AS A COMPONENT OF CIRCULATING IMMUNE COMPLEXES
	BIOLOGICAL ACTIVITIES OF IgA1-CONTAINING IMMUNE COMPLEXES
	HYPOTHETICAL MODEL OF THE PATHOGENESIS OF IgAN
	REFERENCES


