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IgA Glycosylation
and IgA Immune Complexes

in the Pathogenesis of IgA Nephropathy

Jan Novak, PhD,* Bruce A. Julian, MD,*,† Milan Tomana, PhD,† and
Jiri Mestecky, MD, PhD*,†,‡

Summary: Circulating immune complexes containing aberrantly glycosylated IgA1 play a
pivotal role in the pathogenesis of IgA nephropathy (IgAN). A portion of IgA1 secreted by
IgA1-producing cells in patients with IgAN is galactose-deficient and consequently recognized
by anti-glycan IgG or IgA1 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 IgA1-producing cells favors production of molecules
with galactose-deficient O-linked glycans at specific sites in the hinge region of the �  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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 gA nephropathy (IgAN) is characterized by
immune deposits with dominant or co-
dominant IgA in the glomerular mesangi-

m.1,2 The IgA is of the IgA1 subclass3 and
ay be accompanied by C3, and IgG or IgM,

r both.4 Mesangial proliferation and expan-
ion of extracellular matrix is present in bi-
psy specimens from patients with even mild
linical disease. Glomerular sclerosis and in-
erstitial fibrosis generally signify more seri-
us disease and are associated frequently
ith progressive disease that leads to end-

tage renal failure in 20% to 40% of patients
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ithin 20 years of diagnosis.4-6 Hematuria is
ypical and often includes episodes of macro-
copic bleeding that coincide with mucosal
nfections, including those of the upper respi-
atory tract and digestive system.4,7-9

There are substantial data suggesting that the
esangial immune deposits originate from cir-

ulating IgA immune complexes. Evidence that
he primary cause of IgAN is extrarenal includes
ecurrence of the disease in 50% to 60% of
atients undergoing renal transplantation.10-14

oreover, in the few instances in which a kid-
ey from a donor with subclinical IgAN has
een engrafted into a patient with end-stage
enal failure due to a disorder other than IgAN,
he immune deposits cleared from the allograft
ithin several weeks.15 Many patients with

gAN have increased levels of IgA and IgA-con-
aining immune complexes in the circula-
ion.16-19 Idiotypic determinants are shared be-
ween the circulating complexes and the
esangial deposits20; however, disease-specific

diotypes have not been identified.21 Further-

ore, circulating immune complexes in pa-
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IgA glycosylation and IgA immune complexes 79
ients with IgAN and in the immune deposits
ontain IgA1, but not IgA2.16,22-25

gA1: STRUCTURE AND GLYCOSYLATION

gA1 represents 1 of 2 structurally and function-
lly distinct subclasses of IgA, the other being
gA2.26-28 Unlike IgA2, the heavy chains of IgA1
olecules contain a unique insertion in its hinge-

egion segment between the first and second con-
tant region domains (Fig. 1A). This hinge region,
hich has a high content of proline, serine, and

hreonine, is the site of attachment of as many as
O-linked glycan chains consisting of N-acetyl-

alactosamine with a �1,3-linked galactose that
ay be sialylated.29-34 Sialic acid also may be

ttached to N-acetylgalactosamine by an �2,6
inkage. The carbohydrate composition of these
-linked glycans in the hinge region of normal
irculatory IgA1 is variable. The prevailing
orms include N-acetylgalactosamine-galactose
isaccharide, and its monosialylated and disia-

ylated forms (Fig. 1B).18,31,35 Galactose-defi-
ient variants with terminal N-acetylgalac-
osamine or sialylated N-acetylgalactosamine

igure 1. (A) IgA1 and its hinge region with O-linked gly
mino acids denote usual sites of attachment of as many
he hinge region of human circulatory IgA1.30,31 □, N-a
arely are found in the O-glycans of normal n
irculatory IgA1,31 but are much more common
n patients with IgAN, predominantly in the
lomerular immune deposits and in circulating
mmune complexes.18,23,36-39

gAN: A DISEASE OF
BERRANT GLYCOSYLATION

nalysis of the glycosylation of IgA1 in patients
ith IgAN has provided new insights into the
echanisms underlying formation of immune

omplexes and their deposition in the mesan-
ium.18,23,40-44 Specifically, aberrant glycosyla-
ion of the O-linked glycans (galactose defi-
iency) in IgA1 hinge region appears to be a key
athogenetic factor contributing to the devel-
pment of IgAN.18,23,39-41,45 Notably, galactose-
eficient IgA1 is the predominant glycosylation
ariant of IgA1 in the mesangium.37,38 A rela-
ionship between galactose deficiency and ne-
hritis has been observed in other diseases.
alactose-deficient IgA146 and IgA-IgG circulat-

ng complexes47 are found in sera of patients
ith Henoch-Schönlein purpura who develop
ephritis, but not in sera of patients who do

Œ) and N-linked glycans (�). Underlined and numbered
O-linked glycans.31,34 (B) Variants of O-linked glycans in
alactosamine; �, galactose; �, sialic acid.
cans (
as 5
ot. Also, patients with IgA1 myeloma may
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80 J. Novak et al
ave very high levels of circulatory IgA1, but
nly those with aberrantly glycosylated IgA1
evelop an immune-complex glomerulonephri-
is.48,49

Analysis of O-glycans on IgA1 has been chal-
enging.50 The reasons include the structure of
he hinge region (there are 9 serine and threonine
esidues, the potential sites of attachment of 5
lycan chains51) and the heterogeneity of compo-
ition of the attached glycans.35 The techniques
pplied to the analysis include the use of lectins,
nzyme-linked immunosorbent assay, Western
lotting, mass spectrometry, gas-liquid chroma-
ography, and specific proteases (Table 1). The
reatest challenge has been the assignment of the
ites of attachment of the glycans, including those
hat are glycosylated aberrantly. The most prom-
sing techniques are based on high-resolution

ass spectrometry, such as Fourier transform ion
yclotron resonance mass spectrometry, using
lectron-capture or electron-transfer fragmenta-

Table 1. Examples of Techniques for Analysis

Technology

Gas-liquid chromatography Co
Lectin ELISA Ter
Lectin Western blotting Ter
Fluorophore-assisted carbohydrate

electrophoresis
Pro

HPLC Pro
MALDI-TOF MS of trypsin-digested

hinge-region fragment
Pro

g
ESI MS of trypsin-digested hinge-region

fragment
Pro

g
MALDI-TOF MS of hinge-region fragment

generated with two bacterial proteases
Pro

g
FT-ICR MS of hinge-region proteolytic

fragment
Pro

g
SELDI MS Pro

g
g

Lectin Western blotting of IgA1 digested
with bacterial proteases

Site

AI-ECD FT-ICR MS of hinge-region
proteolytic fragment

Site
in

Abbreviations: ELISA, enzyme-linked immunosorbent assay;
assisted laser desorption ionization-time of flight; MS,
transform ion cyclotron resonance; SELDI, surface-enhanced
dissociation.
ion techniques.34,52 t
IOSYNTHESIS AND
ATABOLISM OF IgA1

hen the daily synthesis of all isotypes of im-
unoglobulins is taken into account, the pro-

uction of IgA far exceeds the synthesis of IgG,
gM, IgD, and IgE combined. However, more
han two thirds of all IgA finishes its short life-
pan in the external secretions (half-life of IgA
n the circulation is �4-5 days).28 Quantitative
tudies of IgA production and the distribution
f IgA-producing cells in tissues clearly indicate
hat 90% to 95% of circulatory IgA is produced
n the bone marrow, lymph nodes, and spleen,

ith a small contribution from the mucosal
issues.28 In contrast, most external secretions,
ith the exception of those in the urine and the
ale and female genital tracts, contain IgA orig-

nating from local synthesis by the abundant
gA-producing plasma cells. Studies in pri-
ates53 showed that IgA is catabolized by hepa-

A1 O-Glycans

ata Generated References

ition of monosaccharides 18,39
l sugar 18,36,37,39,43,44
l sugar 43,44
f released O-glycans 96

f released O-glycans 97
f hinge-region
eptides

33,75,98,99

f hinge-region
eptides

38

f hinge-region
eptides

35

f hinge-region
eptides

34,52,75

f hinge-region
eptides with aberrant
s

100

lycan attachment 44

lycan attachment of
ual glycopeptides

34,52,75

high-pressure liquid chromatography; MALDI-TOF, matrix-
pectrometry; ESI, electrospray ionization; FT-ICR, Fourier

desorption ionization; AI-ECD, activated-ion electron capture
of Ig
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IgA glycosylation and IgA immune complexes 81
eavy chains. In contrast to other immunoglob-
lin isotypes, human IgA occurs in 2 subclasses
nd 2 molecular forms, monomeric and poly-
eric, with characteristic distributions in vari-

us body fluids and in immunoglobulin-produc-
ng cells in the systemic and mucosal tissues.28

ypically, most of the IgA-secreting cells in the
one marrow and lymph nodes produce mono-
eric IgA (�95%) of the IgA1 subclass (�85%).

n mucosal tissues, IgA-secreting cells produce
olymeric IgA with J chain. However, the dis-
ribution of IgA1- or IgA2-producing cells dis-
lays marked differences among mucosal tis-
ues. For example, the upper respiratory and
astrointestinal tracts are populated by IgA1-
roducing cells whereas the large intestine and
he female genital tract contain equal numbers
r a slight excess of IgA2-producing cells. Hu-
an salivary, lacrimal, and mammary glands

ontain approximately equal numbers of IgA1-
nd IgA2-producing cells.28

Whether the bone marrow or mucosal tissue
s the origin of IgA1 in circulating immune com-
lexes and the mesangial deposits of patients
ith IgAN has been a matter of controversy. A

ignature clinical manifestation of the disease,
acroscopic hematuria, often is accompanied

y a concurrent infection of the upper respira-
ory tract. Because this site is populated by cells
roducing polymeric IgA1, this feature favors a
ucosal origin of the pathogenic IgA1.54 How-

ver, in other studies, polymeric IgA1- and J
hain–producing cells have been detected in
he bone marrow of patients with IgAN.55-58

nfortunately, samples of mucosal tissues,
ymph nodes, and bone marrow from patients

ith IgAN are not easily available to resolve this
ispute.

IOSYNTHESIS OF
-LINKED GLYCANS ON IgA1

-linked glycans of IgA1 are synthesized in a
tep-wise manner, beginning with attachment of
-acetylgalactosamine to serine or threonine, cat-

lyzed by uridine-5=-diphospho-N-acetylgalactosami-
yl-transferase 2 (GalNAcT2) (Fig. 2).59,60 The O-
lycan chain then is extended by sequential
ttachment of galactose and/or sialic acid residues
o the N-acetylgalactosamine. The addition of ga-

actose is mediated by core 1 �1,3-galactosyltrans- a
erase (C1�3GalT1) that transfers galactose from
DP-galactose to a N-acetylgalactosamine resi-
ue.61 The stability of this enzyme depends on its

nteraction with C1-�3 gal T1-specific molecular
haperone (Cosmc).61-64 In the absence of Cosmc,
he C1�3GalT1 protein is degraded rapidly,
hereby resulting in undergalactosylation of N-
cetylgalactosamine in O-linked glycans. The gly-
an structure is completed by the sialyltrans-
erases that attach negatively charged sialic acid
o the galactose (�2,3-linked) or N-acetylgalac-
osamine (�2,6-linked) residues. Sialylation of
-acetylgalactosamine in IgA1-secreting cells is
ediated by a N-acetylgalactosamine–specific
2,6-sialyltransferase (ST6GalNAcII).65 If sialic
cid is linked to N-acetylgalactosamine before
ttachment of galactose, this premature sialyla-
ion precludes subsequent attachment of a
alactose residue.65-67 Thus, the relative activ-
ty of ST6GalNAcII and C1�3GalT1/Cosmc di-
ectly can influence the glycosylation of IgA1.
tudies of the variants of the C1�3GalT1
ene found an association of certain polymor-
hisms with IgAN.68 Other studies looking at
enetic factors contributing to IgAN are on-
oing.69

Recent studies with Epstein-Barr virus–immor-
alized cell lines from peripheral blood lympho-
ytes of patients with IgAN and healthy controls
onfirmed the earlier-described pathways in the
gA1-secreting cells.70 Furthermore, detailed anal-
sis of enzymatic activities in the cell lines from
atients with IgAN indicated an imbalance in the

igure 2. Enzymes involved in glycosylation of hinge
egion of IgA1. Galactose-deficient IgA1 may be gener-
ted by decreased activity of C1GalT1/Cosmc, by in-
reased activity of ST6GalNAcII, or both.
ctivities of the pertinent glycosyltransferases.
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82 J. Novak et al
he �1,3-galactosyltransferase activity was signif-
cantly lower and the N-acetylgalactosamine–spe-
ific �2,6-sialyltransferase activity was signifi-
antly higher.71 Studies of the aberrant glyco-
ylation in IgAN represent a promising field
ith a potentially great impact on the future

are of patients.72

NTI-IgA1
NTIBODIES AS A COMPONENT OF
IRCULATING IMMUNE COMPLEXES

lthough IgA1-IgG immune complexes have
een detected by many investigators, the true
ature of IgA1-IgG interaction was shown only
ecently.23 Dissociability of circulating immune
omplexes at acidic pH and inhibition of reforma-
ion by N-acetylgalactosamine–bearing glycopro-
eins implied an antigen-antibody nature of the
gA1-IgG interaction in these complexes.23 The
resence of IgG antibodies, and to a lesser de-
ree IgA1 or IgM antibodies, to IgA1 in sera of
ealthy individuals and patients with IgAN has
een described.73,74 However, the antigenic de-
erminants expressed on the IgA1 molecules
ere unknown. More recently, with the appli-

ation of bacterial IgA proteases, lectin Western
lots, and high-resolution mass spectrometry,
he antigenic determinants have been shown to
onsist of a N-acetylgalactosamine residue in
he central and C-terminal portions of the hinge
egion of the heavy chain.75 We have detected
nd isolated circulating IgG-producing cells that
ecrete IgG specific for aberrantly glycosylated
gA1.70

The stimulus that leads to the formation of
erum antibodies specific for N-acetylgalac-
osamine in the IgA1 hinge-region in healthy
ndividuals and patients with IgAN is unknown.
owever, some viruses (eg, respiratory syncy-

ial virus, Epstein-Barr virus) and Gram-positive
acteria (eg, streptococcus) express GalNAc-
ontaining structures on their surfaces. It is
herefore possible that these structures may
imic the glycan epitopes on galactose-defi-

ient IgA1.
The relatively short half-life of normal se-

um IgA is the result of its rapid catabolism
y hepatocytes.32,53,76,77 Hepatocytes express
he asialoglycoprotein receptor32,77 that binds

lycoproteins through a terminal galactose or f
-acetylgalactosamine residue.32,77-79 Because
f this structural prerequisite, the absence or
nzymatic removal of the otherwise terminal
ialic acid is essential for effective binding of
gA1. Indeed, human IgA1 myeloma proteins
nd polyclonal human IgA1 are removed
romptly from the circulation after enzymatic
leavage of terminal sialic acid.32,80,81

Galactose-deficient IgA1 has a longer lifespan
han normal IgA1.82 Galactose deficiency by
tself should not hinder disposal of IgA1 mole-
ules because the asialoglycoprotein receptor
ecognizes terminal N-acetylgalactosamine as
ell as galactose.78 However, if the N-acetyl-

alactosamine is linked to sialic acid or is occu-
ied by an antibody, the IgA1 cannot be recog-
ized by the asialoglycoprotein receptor and
herefore escapes hepatic catabolism.40,83 Be-
ause galactose-deficient circulatory IgA1 is
resent predominantly in the form of immune
omplexes, it is plausible to speculate that
his IgA1 does not effectively reach the he-
atic asialoglycoprotein receptor (Fig. 3). The

arger size of the complexes, compared with un-
omplexed IgA1, precludes binding to this recep-
or because the relatively small endothelial
enestrae block entry into the space of Disse.
hus, immune complexes containing aberrantly
lycosylated IgA1 are not cleared efficiently by
he liver and reach the glomerular capillaries
here larger endothelial fenestrae permit their

ntry into the mesangium.25,45,67,84

IOLOGICAL ACTIVITIES OF
gA1-CONTAINING IMMUNE COMPLEXES

ultured human mesangial cells present a con-
enient model to evaluate biologic activities
f IgA complexes.40,41,85,86 Immune complexes
rom sera of patients with IgAN containing ga-
actose-deficient IgA1 bind to the mesangial
ells more efficiently than do uncomplexed
gA1 or immune complexes from healthy con-
rols. Assessment of the biological activity of
gA1 complexes showed that large-molecular-
eight IgA1 complexes stimulated cellular pro-

iferation and production of some cytokines
eg, interleukin-6, transforming growth factor-
). In contrast, IgA1-depleted fractions were
evoid of stimulatory activity.41 Further support

or the pathogenic role of IgA1 complexes has
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IgA glycosylation and IgA immune complexes 83
ome from supplementation experiments. Ad-
ition of small amounts of desialylated poly-
eric IgA1 to sera of patients with IgAN led to

ormation of new immune complexes: the
mount of stimulatory complexes with a molec-
lar mass of 800 to 900 kDa increased. Enzyme-

inked immunosorbent assay indicated that these
omplexes contained IgG and IgA1.41 In contrast,
ncomplexed IgA1 did not alter cellular prolifer-
tion. Complexes in the native sera of patients
ith IgAN enhanced cellular proliferation more

han did complexes of similar mass from healthy
olunteers.41 Furthermore, complexes from pa-
ients with IgAN collected during an episode of
acroscopic hematuria stimulated cellular prolif-

ration more than did complexes obtained during
later quiescent phase. IgA1 complexes with

igh levels of galactose-deficient IgA1 induced
ore proliferation than did complexes with low

evels of galactose-deficient IgA1. In vivo studies
n experimental animals showed that large-molec-
lar-weight immune complexes generally in-
uced more severe glomerular lesions than did
mall complexes.87

Several findings point to activation of mes-

igure 3. A model of pathogenesis of IgAN. Some po
atients with IgAN is galactose deficient and is recog

mmune complexes are too bulky to enter the space o
epatocytes, but are able to pass through the larger fene
eposited complexes induce glomerular injury.
ngial cells through an IgA-specific recep- m
or(s).40,41,88 However, none of the known IgA
eceptors (CD89, asialoglycoprotein receptor,
nd polymeric immunoglobulin receptor) is ex-
ressed on human mesangial cells.24,67,89-91

mong the recently identified candidate recep-
ors that may mediate binding of IgA1 and IgA1
omplexes are CD71 (transferrin recep-
or)88,91-93 and the Fc�/� receptor.94 CD71 ap-
ears to be the major IgA1 receptor on human
esangial cells (reviewed by Moura, pp. 88-

5).88,92 Notably, the expression of CD71 is
nhanced in the mesangium of IgAN patients
nd it co-localizes with IgA1 deposits.95 En-
agement of CD71 by IgA1 induces cellular
roliferation and cytokine production. This
ccentuated cellular proliferation and cyto-
ine production by IgA1 is inhibited com-
letely by anti-CD71 blocking antibody, indi-
ating that CD71 plays a major role in IgA1
inding.93

YPOTHETICAL MODEL
F THE PATHOGENESIS OF IgAN

ased on published data, a hypothetical

c IgA1 (pIgA1) produced by B cells and plasma cells in
by anti–glycan IgG or IgA1 antibodies. The resultant
e to reach the asialoglycoprotein receptor (ASGP-R) on
glomerular capillaries overlying the mesangium. These
lymeri
nized
f Diss

strae in
odel of the pathogenesis of IgAN is emerg-
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84 J. Novak et al
ng. Some IgA1 molecules produced by immu-
oglobulin-secreting cells in patients with
gAN are galactose deficient and conse-
uently recognized by anti– glycan IgG (or
gA1) antibodies. The resultant immune com-
lexes are too bulky to enter the space of
isse in the liver. IgA1-containing immune
omplexes that escape normal clearance
echanisms reach the renal circulation and
ass through the larger fenestrae in the glo-
erular capillaries overlying the mesangium.
hese complexes bind to mesangial cells and

nduce glomerular injury (Fig. 3). Together,
hese characteristics classify IgAN as an auto-
mmune disease, with the aberrantly glycosy-
ated IgA1 being the autoantigen.
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