Circulating immune complexes in IgA nephropathy
consist of IgA1 with galactose-deficient hinge
region and antiglycan antibodies
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Circulating immune complexes (CICs) isolated from sera of patients with IgA nephropathy (IgAN)
consist of undergalactosylated, mostly polymeric, and J chain-containing IgA1 and IgG antibodies
specific for N-acetylgalactosamine (GalNAc) residues in O-linked glycans of the hinge region of IgA1
heavy chains. Antibodies with such specificity occur in sera of IgAN patients, and in smaller quanti-
ties in patients with non-IgA proliferative glomerulonephritis and in healthy controls; they are pres-
ent mainly in the IgG (predominantly IgG2 subclass), and less frequently in the IgA1 isotype. Their
specificity for GalNAc was determined by reactivity with IgA1 myeloma proteins with enzymatically
removed N-acetylneuraminic acid (NeuNAc) and galactose (Gal); removal of the O-linked glycans of
IgAl resulted in significantly decreased reactivity. Furthermore, IgA2 proteins that lack the hinge
region with O-linked glycans but are otherwise structurally similar to IgAl did not react with IgG or
IgA1 antibodies. The re-formation of isolated and acid-dissociated CICs was inhibited more effectively
by IgA1 lacking NeuNAc and Gal than by intact IgA1. Immobilized GalNAc and asialo-ovine submax-
illary mucin (rich in O-linked glycans) were also effective inhibitors. Our results suggest that the defi-
ciency of Gal in the hinge region of IgA1 molecules results in the generation of antigenic determinants

containing GalNAc residues that are recognized by naturally occurring IgG and IgA1 antibodies.

J. Clin. Invest. 104:73-81 (1999).

Introduction

IgA nephropathy (IgAN) is the most common glomeru-
lonephritis worldwide (1-3). Clinically, it is character-
ized by hematuria and proteinuria; about 20-30% of
the IgAN patients develop progressive renal failure
within 10-20 years from the onset of disease (1, 3). His-
tologically, the glomerular mesangium contains
deposits of IgA1, the C3 component of complement,
and less frequently, IgG and/or IgM (4). Circulating
immune complexes (CICs) composed of IgA1, C3, and
IgG (5) are thought to be involved in the pathogenesis
of the disease (3, 6, 7). However, the nature of the
potential antigen(s) in CICs and mesangial deposits
has remained unknown (8).

Recent analyses of serum IgAl from IgAN patients
revealed significant alterations in the glycan side
chains (9-17). In contrast to IgG, IgM, and IgA2,
human IgA1 contains N- and O-linked glycans; the lat-
ter are bound to seryl and threonyl residues in the
unique hinge region of this isotype (18-20). In gener-
al, itis agreed that IgA1 molecules from IgAN patients

display altered glycan moieties, usually with a reduced
content of galactose (Gal) (9-17). Recently, we have
demonstrated that the Gal-deficient IgA1 is presentin
CICs with IgG; no significant difference was detected
in the content of Gal in uncomplexed serum IgAl
from IgAN patients or controls (9). Increased binding
of IgA1 from sera of IgAN patients to lectins specific
for a terminal GalNAc, such as Helix aspersa (HAA) or
Helix pomatia (HPO), indicated that the aberrant gly-
cans were located in the hinge region of IgA1 proteins
(9, 10). In addition to a deficiency of Gal residues, the
hinge region glycans of IgA1 from IgAN patients also
differ from those of controls in another aspect. They
contain an increased number of N-acetylneuraminic
acid (NeuNAc) residues attached to GalNAc (14), as
shown by the increased binding of GalNAc-specific
lectins after removal of NeuNAc (9).

Because Gal-deficient IgA1 was present in CICs with
IgG (9), we considered the possibility that the interac-
tion of these 2 component immunoglobulin molecules
may be based on antigen (IgA1l)-antibody (IgG) recog-
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nition. Indeed, our earlier studies demonstrated that
sera of IgAN patients, as well as those of normal indi-
viduals, contain naturally occurring IgG and IgM anti-
bodies that react with the Fab fragment of IgA1l, but
not IgA2, myeloma proteins (21-23). Fortuitously, we
used IgA1 protease from Haemophilus influenzae, which
cleaves the hinge region of IgA1 heavy chain so that
most of the O-linked glycans remained associated with
the Fab fragment (24).

The present study was conducted to determine the role
of hinge region glycans in interactions of IgAl with
serum IgG, to investigate the molecular property of IgA1-
IgG immune complexes, and to examine whether similar
interactions also exist between IgA1 with abnormal struc-
ture of hinge region glycans and serum IgM or IgA.

Methods

Human subjects. Sera from 88 biopsy-proven IgAN
patients (60 men and 28 women, age 37.5 + 14.2 years),
20 non-IgA mesangial proliferative glomerulonephri-
tis (non-IgA GN) patients (12 men and 8 women, age
44.3 + 13.4 years), and 91 healthy volunteers of compa-
rable age and sex distribution were collected from vol-
unteers at the University of Alabama-Birmingham
Hospital and Clinics; the University of Alabama-Birm-
ingham employees; and the School of Medicine,
Palacky University. Informed consent was obtained
before collecting samples.

Isolation of myeloma proteins. Monomeric (m) and poly-
meric (p) IgAl and pIgA2 myeloma proteins were iso-
lated from plasma of patients with IgA multiple
myeloma by methods described previously (25), which
included ammonium sulfate precipitation, gel filtra-
tion, starch-block electrophoresis, affinity chromatog-
raphy on jacalin(a lectin specific for Gal-B1,3-GalNAc)
(26), and immunoabsorption. The Fab fragments of
IgA1l myeloma proteins were prepared by cleavage with
bacterial IgA1 protease from H. influenzae HKS0 as
described (25) and were further purified by size-exclu-
sion chromatography and affinity chromatography on
immobilized concanavalin A. Carbohydrate analyses of
2 Fab preparations (Ste and Ber) revealed only O-linked
glycans. Concanavalin A and jacalin conjugated to
agarose were purchased from Pierce Chemical Co.
(Rockford, Ilinois, USA).

Modification of the carbohydrate moieties of IgA. NeuNAc
residues were removed using neuraminidase from Vib-
rio cholerae (Boehringer Mannheim Biochemicals, Indi-
anapolis, Indiana, USA). Gal residues linked to GalNAc
in the hinge region of IgA1 were cleaved with [3-galac-
tosidase from bovine testis (Boehringer Mannheim Bio-
chemicals), which hydrolyzes 31,3 linkages substantial-
ly faster than 31,4 or 31,6 linkages (27). O-linked glycans
were partially removed by incubation with neu-
raminidase and endo-O-glycosidase (Boehringer
Mannheim Biochemicals). IgAl preparations degalac-
tosylated or deglycosylated in the hinge region were sep-
arated from intact or desialylated IgA1 by affinity chro-
matography on a column of immobilized jacalin.

Neuraminidase, 3-galactosidase, and liberated mono-
saccharides were separated from IgA by gel filtration on
Superdex 200 (Pharmacia Biotech, Piscataway, New Jer-
sey, USA) or by HPLC on TSK-3000 columns (Phe-
nomenex, Torrance, California, USA). The glycan con-
tent was tested by gas chromatography and by ELISA
with biotinylated lectins such as HAA or jacalin.

Preparation of CICs. IgAl-containing CICs were par-
tially purified from sera using Perkin-Elmer Series 10
(Perkin-Elmer Corp., Norwalk, Conneticut, USA)
HPLC equipped with a size-exclusion TSK-5000 col-
umn (300 X 7.5 mm; Phenomenex) equilibrated with
0.02 M sodium phosphate buffer (pH 7.5) containing
0.05 M Na,SO,, or by low-pressure size-exclusion chro-
matography using a Superose 6 column (600 X 12 mm;
Pharmacia Biotech). The molecular form (monomer
and/or polymer) of complexed IgA1 was determined,
after dissociation of CICs at pH 3.0 (5), by HPLC using
a TSK-3000 column (300 X 7.5 mm; Phenomenex)
equilibrated with 0.1 M glycine-HCI buffer (pH 3.0).
Fractions were neutralized and tested by ELISA for the
content of IgM, IgA1, IgG, J chain, and proteins react-
ing with HAA. Biotinylated polyclonal antibodies to
IgM and F(ab'), fragment of anti-IgA and anti-IgG (all
heavy chain specific) were purchased from Southern
Biotechnology Associates Inc. (Birmingham, Alabama,
USA). The biotinylated HAA was purchased from EY
Laboratories (San Mateo, California, USA) and Sigma
Chemical Co. (St. Louis, Missouri, USA). The assay for
J chain (indicating pIgA) in IgA-containing fractions
was conducted as described (28).

Inhibition studies. 1gA1-1gG CICs prepared by low-pres-
sure size-exclusion chromatography on Superose 6 were
dissociated at pH 3.0, adjusted by the addition of 0.1 M
glycine-HCl buffer (5). Solid phase-immobilized
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Figure 1

Possible structures of O-glycans in the hinge region of human IgA1.
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Table 1

Binding of IgG from normal human sera to IgA1 and IgA2 myeloma
proteins and Fab IgA1 with intact and modified hinge region glycans

Myeloma IgG binding n Significance
(OD 405 nm, 30 minutes)

IgA1 (Lat) 0.826 +0.615 10

IgAT (Pet) 0.660 + 0.439 10

IgAT (Kni) 0.477 £0.271 10

IgA1 (Mce) 0.419 £ 0.250 10

IgAT (Wil) 0.404 + 0.420 10

IgAT (Ber) 0.388 +0.227 10

IgA1 (Git) 0.218+0.118 18

IgA2 (Fel) 0.024+0.012 10 P <0.0001%
Fab IgA1 (Ber) 0.116 £ 0.188 53
De-O-glycosylated ~ 0.025 + 0.036 53 P <0.00088
Fab IgA1 (Ber)

Fab IgA1 (Ste) 1.989 + 1.072 20
De-O-glycosylated ~ 0.527 + 0.560 20

Fab IgA1 (Ste)

Data shown are mean + SD. AlgA2 (Fel) vs. any of the IgAT protein

above; Bvs. Fab IgA1 (Ber); Cvs. Fab IgA1 (Ste).

inhibitors were added to dissociated CICs, and the sus-
pension was neutralized with sodium bicarbonate to
allow re-formation of CICs. A naturally undergalacto-
sylated IgA1 myeloma protein (Mce) and an asialo-31,3-
agalacto-(a,a-) IgA1 myeloma protein (Mce) were immo-
bilized on Sepharose 4B. The same solid phase was
used to immobilize asialo-ovine submaxillary mucin
(a-OSM), kindly provided by G. Hart (The Johns Hop-
kins University, Baltimore, Maryland, USA) and T.
Gerken (Case Western Reserve University, Cleveland,
Ohio, USA). N-acetylglucosamine (GIcNAc) and
GalNAc immobilized on agarose were purchased from
Sigma Chemical Co. Immobilized human serum albu-
min (HSA) served as negative control. After 2 hours’
incubation at room temperature, the inhibitors and
bound proteins were removed by centrifugation. An
aliquot of the supernatant from each sample was then
placed into wells of a microtiter plate coated with
staphylococcal protein G (Sigma Chemical Co.). The
captured IgG was detected by immunoassay using
biotinylated F(ab'), fragment of goat anti-human IgG
antibody. The affinity of IgG toward a particular
inhibitor was estimated from the amount of IgG bound
to protein G from a sample incubated with and without
immobilized inhibitor.

Subclass specificity of IgG with anti-IgA1 hinge region activi-
ty. Sera (diluted 1:10) from IgAN patients and healthy
controls were incubated in wells of a microtiter plate
coated with the a,a-IgA1l proteins; identically treated
IgA2 myeloma protein served as a control. The subclass-
es of captured IgG were determined with the following
biotinylated mouse mAb’s: clone JDC-1 (mouse IgG2a,
IgG1-specific; Sigma Chemical Co.); clone HP6014
(mouse IgG1, IgG2-specific; Sigma Chemical Co.); clone
HP6050 (mouse IgG1, IgG3-specific; Southern Biotech-
nology Associates Inc.); and clone HP6023 (mouse IgG1,
IgG4-specific; Southern Biotechnology Associates Inc.).

Detection of IgA1 and IgM antibodies with anti-IgA1 hinge
region glycan activity. To determine whether immuno-
globulins of isotypes other than IgG were bound to
a,a-IgAl, sera (diluted 1:10) of IgAN patients and
healthy controls were incubated in wells of a microtiter
plate coated with the Fab fragment of IgA1 (Ste) pro-
tein that was shown to bind IgG. Biotinylated anti-
bodies against human IgAl (specific for the Fca
region, clone H69-7.1; ref. 29) and human IgM [F(ab'),
fragment of goat anti-human IgM, heavy chain specif-
ic; BioSource International, Camarillo, California,
USA] were used in the ELISA.

Carbohydrate analyses. Carbohydrate analyses were per-
formed by gas chromatography. The gas chromato-
graph (model 5890; Hewlett-Packard, Sacramento Cal-
ifornia, USA) was equipped with a 25-m fused silica
OV-1701 WCOT column (Chrompack, Bridgewater,
New Jersey, USA), electron capture detector, and
Hewlett-Packard model 3396 integrator (30). The
monosaccharides were determined as trifluoroacetates
of methyl-glycosides.

Statistical analyses. Comparisons between group means
were performed using Student’s ¢ test. P values less than
0.05 were considered statistically significant.

Results

Interactions of human serum IgG with binge region glycans of
IgA1 myeloma proteins. The binding of IgG from sera of
normal individuals to various IgA1 myeloma proteins
differed considerably, indicating structural heterogene-
ity of IgA1 proteins; binding to IgA2 protein was signif-
icantly lower (Table 1). IgG bound also to Fab fragments
prepared from IgAl myeloma proteins by incubation
with IgAl protease from H. influenzae, which cleaves
IgA1l in the hinge region so that the O-linked glycans
remain associated with the Fab fragment (24). Gas chro-
matographic carbohydrate analyses of Fab fragments
from IgA1 Ber and Ste showed the predominant pres-
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Figure 2

Correlation of binding of HAA and normal serum IgG to IgA myelo-
ma proteins. The binding of serum IgG to IgA1 (filled squares) and
IgA2 (open circle) myeloma proteins. The binding of IgG to IgA1 sig-
nificantly correlated with HAA binding (r = 0.875, P = 0.044), indi-

cating requirement of terminal GalNAc residues for IgG binding.
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Figure 3

The binding of serum IgG to Fab fragment of IgA1 (Ste) myeloma
protein. Wells of microtiter plates were coated with Fab fragment of
IgA1, incubated with diluted sera from 20 IgAN patients, 20 healthy
controls, and 20 patients with non-IgA GN and subsequently with
biotinylated mAb specific for IgG, avidin-alkaline phosphatase, and
phosphatase substrate. Data shown are OD at 405 nm, mean and
SD. Statistical significance is noted; NS, not significant.

ence of constituents of O-linked glycans (GalNac, Gal,
and NeuNAc), whereas the typical constituents of N-
linked sugars, mannose, and GIcNAc were present in
trace amounts, and fucose was not detected. These
preparations varied considerably in their ability to bind
serum IgG, owing to differences in the galactosylation
or sialylation of the hinge region glycans. Total or par-
tial cleavage of glycans from Fab by incubation with
neuraminidase and endo-O-glycosidase resulted in a sig-
nificant loss of the ability to bind IgG (P = 0.0008 and
0.0001, respectively).

These data indicated that the binding site for IgG was
in the area of the hinge region glycans. The hinge
region glycans of normal serum IgA1 consist mostly of
mono-, di-, tri-, and tetrasaccharides linked to serine or
threonine (16, 18-20) (Figure 1). The IgG binding to
IgA1 myeloma proteins correlated (r=0.875, P = 0.044)
with the binding of HAA, a lectin specific for GalNAc
(Figure 2). The involvement of GalNAc as one of the
antigenic determinants for IgG with anti-a,a-IgAl
binding activity was also suggested by experiments in
which the binding of IgG to a,a-IgAl was partially
inhibited by HAA. In conclusion, the results sug-
gested that IgG antibody with specificity to serine-
or threonine-linked GalNAc residues is present in
sera of IgAN patients and healthy individuals.

The increased binding of HAA to IgA1 in IgAN

patients, and the correlation between IgA1 bind-  myeloma IgG binding Significance?

ing of HAA and serum IgG, led us to investigate
whether sera of IgAN patients contain higher lev-

to IgA2 myeloma protein and to desialylated/de-O-
glycosylated Fab fragment of IgAl was negligible
(Tables 1 and 2).

Sera from patients with IgAN and non-IgA GN, and
from healthy controls, were tested for the presence of
IgG antibodies reacting with Fab fragment of IgAl
(Ste) myeloma protein. Although IgG from IgAN
patients exhibited elevated binding when compared
with healthy controls (P = 0.02), no significant differ-
ence was detected between controls and patients with
non-IgA GN (Figure 3). Likewise, no statistically sig-
nificant difference was detected between the binding of
IgG from healthy controls and patients with non-IgA
GN when a,a-IgAl myeloma protein (Mce) was used
instead of the Fab fragment.

To determine the molecular form of serum IgG that
binds to a,a-IgAl, serum fractions obtained by size-
exclusion chromatography on Superose 6 column were
incubated with a,a-IgAl immobilized in a microtiter
plate and subsequently with biotinylated antibody spe-
cific for human IgG. IgA1 bound to uncomplexed IgG
but not to IgG in CICs. This observation suggested that
all binding sites of IgG in CICs were occupied. Serum
IgG from a healthy individual with specificity to a,a-
IgAl was purified by affinity chromatography on
immobilized a,a-IgA1. When tested by ELISA, this IgG
antibody bound to a,a-IgAl and to Fab fragment of
IgAl myeloma protein, but not to IgA2, which was used
as a control. Therefore, we concluded that IgG antibod-
ies to IgA1 with specificity to hinge region glycans were
present in an uncomplexed form in normal sera and in
elevated levels in sera of IgAN patients.

Subclass specificity of IgG with anti-a,a-IgA1 binding activ-
ity. The IgG subclass most frequently reacting with
IgA1 with modified glycans was IgG2; IgG1 and IgG3
were less frequent, and the reaction with IgG4 was neg-
ligible (Figure 4). Within individual IgG subclasses, no
significant difference was found between specimens
from IgAN patients and healthy controls.

Specificity of IgG antibodies in IgG-IgA1 CICs. The anti-
body specificity of IgG in CICs was examined in frac-
tions prepared from sera of IgAN patients and healthy
controls by size-exclusion chromatography (Figure 5).
Fractions containing HAA-binding protein were pooled

Table 2
Binding of serum of IgG from IgAN patients and healthy controls to intact
and modified IgA myeloma proteins and their Fab fragments

(OD 405 nm, 30 minutes)

els of IgG with specificity toward hinge region IgAN patients  n Controls n
glycans. A significantly larger amount of IgG was ~ 'gA1 (Ber) 0.429+0.387 54 0.261+0.198 54 P=0.0054
bound to microtiter plates coated with IgAl or Fab IgA1 (Ber) 0.202+0.234 53 0.116+0.188 53 P=0.0395
Fab fragment of an [gA1 protein incubated wich D¢O-ghcosylaved 0.037£0.044 53 0.025+0.036 53 NS
sera from IgAN patients when compared with FabIgA1 (Ber)

Control (IgA2 Fel) 0.011+0.009 20 0.024+0.012 20 NS

those from healthy controls (Table 2). The bind-

ing OfIgG from sera of patients and of controls  Data shown are mean + SD. AIgAN patients vs. controls. NS, not significant.
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Figure 4

Subclass specificity of serum IgG binding to a,a-IgA1. Wells of
microtiter plates were coated with myeloma a,a-IgA1, incubated with
sera (diluted 1:10) from 30 IgAN patients and 30 healthy controls
(C) and subsequently with biotinylated mAb specific for IgG1, 1gG2,
IgG3, and 1gG4; avidin-alkaline phosphatase; and phosphatase sub-
strate. Data shown are OD at 405 nm, mean and SD.

and acidified to pH 3.0 to dissociate the immune com-
plexes (5). Immobilized glycoprotein or monosaccha-
ride inhibitors were incubated with aliquots of dissoci-
ated CICs, and the reaction was adjusted to neutral pH
to allow re-formation of immune complexes. Percent
inhibition of the complex formation was estimated
from the concentration of IgG, determined by solid-
phase immunoassay before and after the inhibition.
Complex formation was inhibited by Sepharose-bound
a,a-IgAl, intact myeloma IgA1l, and a-OSM,; inhibitory
activity was also associated with agarose-bound
GalNAc. The inhibitory activity of agarose-bound Glc-
NAc was close to that of immobilized HSA that was
used as a negative control (Figure 6). The inhibitory
activity associated with a-OSM and immobilized mono-
saccharide GalNAc indicated that IgG antibodies in
high-molecular-mass CICs displayed specificity to Gal-
deficient O-linked glycans of the IgA1 hinge region, as
well as to structurally analogous glycans in other
immunoglobulin-unrelated proteins.

Molecular forms of 1gA1 in IgA1-IgG CICs from IgAN
patients and bealthy individuals. To determine the presence
of mIgAl or pIgAl in IgA1-IgG CICs, sera of an IgAN
patient and a healthy control were subjected to HPLC
in a size-exclusion column (TSK-5000) equilibrated
with a buffer of neutral pH; fractions that exhibited the
highest binding for a biotinylated lectin HAA were acid-
ified to pH 3.0 to dissociate CICs and were subjected to
a second HPLC separation on a size-exclusion column
(TSK-3000) equilibrated in acidic buffer (pH 3.0). The
elution profile was examined by ELISA, and the results
indicated the presence of IgM, pIgA, mIgA, and IgG.
The polymeric character of IgA in fractions containing
IgA1-IgG CICs was confirmed by the presence of ] chain,
a typical component of polymeric IgA and IgM (25). In
all serum specimens, the highest concentration of J
chain was detected in a fraction that also contained the

maximal concentration of IgA reacting with HAA lectin
(Figure 7). Because IgM was present in addition to pIgA,
the concentration of J chain associated with IgA was
determined before and after absorption of pooled frac-
tions with solid phase-immobilized antibody to IgM. J
chain was associated with IgA and IgM proteins and
thus confirmed pIgA in these fractions.

Investigations for the presence of IgA1 and IgM antibodies
with anti—a,a-IgA1 binding activity. To examine whether
IgA1l and IgM antibodies with specificity toward the
hinge region glycans are in the circulation, microtiter
plates coated with the Fab fragment of the IgA1 myelo-
ma protein (Ste) were incubated with sera from IgAN
patients and healthy individuals and subsequently
with biotinylated mAb specific for the Fc fragment
(CH2 domain) of IgA1 (29), or antibodies against IgM
or IgG. In IgAN patients, the binding of IgA1 and IgG
to Fab fragment of IgAl was higher (mean + SD: 2.46
+1.19and 2.71 + 1.07, respectively) than in the control
groups (1.85 + 1.30 and 1.99 + 1.07, respectively),
although it was not statistically significant for IgA1.
For IgG, this difference was statistically significant (P
=0.039). The mean + SD for IgM binding to the Fab
fragment was lower for patients (1.37 + 1.79) than for
the control group (1.99 + 1.07; Table 3). Comparison
of the control group with IgAN patients indicated that
the difference in the binding of IgA1 and IgM was not
statistically = significant. Treatment with neu-
raminidase and O-glycosidase to remove O-linked sug-
ars resulted in decreased average binding of IgG and
IgAl from both groups, whereas IgM binding did not
change significantly. This observation indicated that
IgAl and IgG can recognize epitopes that require the
O-linked sugars, whereas IgM may be specific for other
epitopes. Analogous results were obtained for IgM
when a,a-IgAl myeloma protein, instead of Fab, was
used for coating of microtiter plates.

15
Vo 670 kDa 158 kDa
¢ HAA pool
—E 1.0
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Figure 5

Distribution of IgM, IgA, IgG, and reactivity with HAA in serum frac-
tions from Superose 6 column. Serum from an IgAN patient was frac-
tionated on a Superose 6 column (0.9 X 58.5 cm); 0.25-mL fractions
were collected and analyzed by ELISA for the content of IgM
(squares), IgA (circles), IgG (open triangles), and reactivity with HAA
(filled triangles). Fractions containing aberrantly glycosylated IgA

were pooled (HAA pool) and used in the inhibition experiment.
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Figure 6

Inhibition of IgA1-1gG complex formation. IgA1-1gG CICs from an
IgAN patient (left columns 1-6) and a healthy control (right columns
1-6) prepared by size-exclusion chromatography on Superose 6 were
dissociated at pH 3.0. Aliquots of dissociated CICs were incubated
with agarose- or Sepharose-immobilized inhibitors: 1, IgA1(Mce); 2,
a,a-IgA1(Mce); 3, GalNAc; 4, GlcNAc; 5, a-OSM; and 6, HSA. The
mixture was adjusted to neutral pH to allow re-formation of immune
complexes, and the affinity of IgG toward the particular inhibitor was
determined as described in Methods.
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Discussion
The presence of IgA-IgG CICs in most IgAN patients
has been reported in many studies (for reviews, see
refs. 2,3,5,7,31,32). However, a search for potential
exogenous or endogenous antigen as a component of
such CICs has not been fruitful (4). The current study
indicates that these CICs are composed of IgA1 with
aberrantly glycosylated O-linked glycans in the hinge
region and IgG, some of which had antibody activity
directed at such antigenic determinants.

Several recent studies have shown that a portion of
IgA1 molecules in sera of IgAN patients display alter-
ations in O-linked (9-17), and perhaps N-linked (10),
glycans. The most frequently encountered changes were
restricted to Gal (9-17) and NeuNAc (14) in O-linked
IgA1l hinge region glycans, as determined by reactivities
with NeuNAc-, Gal-, and GalNAc-specific lectins and
direct carbohydrate analyses. Studies of lectin reactivi-
ties of serum fractions from IgAN patients and from
healthy individuals obtained by size-exclusion chro-
matography revealed Gal-deficient IgA1 molecules in
high-molecular-mass  frac-
tions containing IgAl and
IgG (9). Because such IgAl-
IgG CICs are dissociable at

Table 3

an essential role (33-38). In the rare disease mixed field
polyagglutinability, also called Tn syndrome (34-36),
blood elements including lymphocytes of T and B cell
lineage, platelets, and/or erythrocytes are deficient in
1,3-linked Gal in O-linked cell surface glycoproteins,
resulting in the exposure of terminal GalNAc (33-37).
Naturally occurring antibodies with specificity to ter-
minal GalNAc interact with these cells causing their
agglutination leading to tissue damage (38).

A number of microorganisms, including viruses (e.g.,
respiratory syncitial, Epstein-Barr, and herpes viruses;
refs. 39-41) and bacteria (certain strains of streptococ-
ci; ref. 42), express GalNAc on their surface structures
and are likely to induce corresponding IgG, IgM, and
IgA antibodies. This is certainly the case with iso-
hemagglutinins (anti-blood group A and B substances)
induced in individuals with blood groups B, A, and O
by bacteria (Streptococcus pneumoniae and Escherichia coli)
that colonize mucosal surfaces (43). Such anti-A and
anti-B antibodies recognize terminal carbohydrates in
certain glycosidic bonds on surfaces of erythrocytes. By
analogy, we postulate that naturally occurring IgG anti-
bodies in the circulation of IGAN patients and, to a less-
er extent, in normal individuals recognize terminal
GalNAc in Gal-deficient hinge region O-linked glycans
of IgA1. The increased levels of anti-GalNAc antibodies
in IgAN patients probably result from preceding infec-
tions with microorganisms expressing GalNAc-associ-
ated epitopes; it is also possible that in IgAN, Gal-defi-
cient IgA1 may further boost anti-GalNAc antibodies.
The GalNAc specificity of IgG antibodies was shown by
(a) increased binding of serum IgG to IgAl that was
modified by desialylation and removal of Gal residues
from the hinge region glycans with exoglycosidases, and
(b) decreased binding after removal of hinge region gly-
cans by endo-O-glycosidase. Furthermore, competitive
immunoassay of IgG from acid-dissociated IgA1-IgG
CICs showed that IgA1l in these complexes can be par-
tially displaced with (a) naturally or enzymatically
undersialylated and undergalactosylated myeloma IgA1
(NeuNAc did not appear to be a significant part of the
GalNAc epitope, as native or desialylated IgA1 was sim-
ilarly effective in these experiments); (b) glycoproteins
with glycan structure similar to that of hinge region gly-

Binding of serum IgA1, IgM, and 1gG from IgAN patients and healthy controls to Fab fragment of
IgA1 (Ste) and partially de-O-glycosylated Fab fragment of IgA1 (Ste)

acid pH, we considered that
the component immunoglob-
ulin may involve antigen-anti-
body interactions with Gal-

Serum source

deficient IgAl as an antigen  IgAN IgA1
and IgG as an antibody to Control IgA1
altered IgA1. The rationale for  '8AN IgM
such an interaction was based ~ €°ntro! IgM
on several studies of diseases &N IgG

Control 1gG

in which IgG and IgM anti-

Immunoglobulin

Immunoglobulin binding (OD 405 nm; 30 minutes) to

Fab IgA1 (Ste)  Significance® De-O-glycosylated

Fab IgA1 (Ste)

246 +1.19 NS 0.99 +0.64 P=0.038
1.85+1.30 0.60 £ 0.50

1.37 £0.80 NS 1.71+£0.95 NS
1.63 +0.89 1.54+0.58

2.71+£1.07 P=0.039 0.88 + 0.64 NS
1.99 £1.07 0.53+£0.56

bodies to carbohydrates play

Data shown are mean + SD. AIgAN patients vs. healthy controls for the same Ig isotype; n = 20. NS, not significant.
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Distribution of HAA-reactive protein and J chain in serum fractions.
Sera from an IgAN patient and a healthy control were fractionated
on HPLC size-exclusion column TSK-5000. Aliquots of 0.25-mL frac-
tions from the IgAN patient (open squares) and the control (open
circles) were assayed for terminal GalNAc with biotinylated HAA.
Aliquots of the same fractions from the IgAN patient (filled squares)
and the control (filled circles) were assayed for J chain.

cans with free terminal GalNAc residues, such as a-
OSM; or (c) agarose-bound GalNAc residues. Although
evidence for deposition of IgAl-IgG CICs in the
mesangium is circumstantial, recent studies suggest
that IgG in the deposits is a risk factor in early IgAN
(44). However, mesangial IgG deposits are not found in
all cases of IgAN (7). The binding of serum IgA1 to Fab
fragment of IgA1 with hinge region glycans containing
free terminal GalNAc residues indicated that, in addi-
tion to IgG, naturally occurring IgAl antibodies with
specificity to hinge region glycans are also in sera of
IgAN patients and healthy individuals. It was suggested
that a nonimmunological mechanism might be respon-
sible for formation of macromolecular IgA1 by self-
aggregation of aberrantly glycosylated IgA1 molecules
in IgAN patients (15). However, our data suggest that
IgAl is an antigen that binds to naturally occurring
serum IgG and IgA1l in IgAN patients and healthy con-
trols. We cannot rule out, however, that aggregation of
aberrantly glycosylated IgA1 may play a role in the dep-
osition to mesangium in vivo. Finally, glycan-modified
IgAl interacts with C3 (45) and mannose-binding lectin
(46) that may increase the molecular mass of IgA1l-con-
taining CICs, resulting in inefficient clearance from the
circulation and deposition in the mesangium.

In contrast to IgG and IgA1, we did not find naturally
occurring IgM antibodies directed against hinge region
glycans. It is likely that IgM antibodies in CICs from
IgAN patients (5), and from controls or in kidney biop-
sy specimens from some IgAN patients (4), have speci-
ficity to other hinge region epitopes. The participation
of the protein backbone of the hinge region and the role
of serine- or threonine-linked GalNAc residues in gener-
ation of the antigenic site are presently unknown.

The hinge region of human IgAl molecules has a
highly unusual structure among the major human and

animal immunoglobulins. Contrary to an earlier pro-
posal that human IgA2 arose from IgA1 by deletion of
the hinge region, recent studies clearly indicate that
IgA2 is a phylogenetically older form and that IgA1 was
generated by insertion of DNA encoding the hinge
region (for review, see ref. 47). The IgA1 hinge region
displays sequence homology to mucins, including the
presence of O-linked glycans (48). The hinge
region-linked glycans, NeuNAc and Gal in particular,
are likely to mask the potential antigenic sites in fully
glycosylated IgA1 molecules. However, the absence of
NeuNAc and Gal residues, due to cleavage with glycosi-
dases or deficiency of specific glycosyltransferases,
exposes GalNAc and possibly protein backbone-associ-
ated antigenic determinants on the hinge region. These
are recognized by corresponding naturally occurring
antibodies in the circulation. The importance of
GalNAc as the dominant epitope is strengthened by the
fact that (a) removal of GalNAc from Fab fragments of
IgA1l decreases the reactivity with IgG (see Table 2), and
(b) IgG antibodies to a,a-IgA1l are predominantly in the
IgG2 subclass, which is well known to be associated
with anti-carbohydrate antibodies (49, 50).

What are the biological consequences of Gal defi-
ciency and the formation of CICs? Circulating IgA1 has
a relatively short half-life of 5-6 days (51). Approxi-
mately 90% of circulatory IgA is catabolized primarily
in the liver by hepatocytes (52-55) that express the
asialoglycoprotein receptor (ASGP-R) (52-54, 56-58).
Before reaching the ASGP-R, molecules of glycopro-
teins must exit the circulation to enter the space of
Disse through fenestrae found in the vascular endothe-
lial cells. These fenestrae have effective pore sizes of
180-250 A (59); larger molecules, such as IgM and its
complexes, remain in the circulation and may be catab-
olized or deposited elsewhere (60). Consequently, large
CICs do not penetrate this molecular sieve because of
their size. Glycoproteins with terminal Gal or GalNAc
that enter the space of Disse and interact with ASGP-R
in the presence of calcium are readily internalized and
degraded (61-63). Removal of Gal from the IgA1 hinge
region does not reduce the hepatic clearance because
the next proximal carbohydrate, GalNAc, is recognized
by ASGP-R with even higher efficiency than the termi-
nal Gal (63). Therefore, a mere Gal deficiency of O-
linked glycan chains should not reduce the catabolism
of IgA1. However, the presence of mainly IgG, but also
IgA1l and possibly IgM, antibodies bound to GalNAc
residues in the hinge region likely prevents the interac-
tion of GalNAc with ASGP-R. In addition, an increased
molecular mass of CICs comprising pIgA and IgG may
hinder penetration through endothelial fenestrae,
resulting in the diversion of such CICs from the cata-
bolic pathway. Whether CICs that escape the liver-
mediated clearance are identical to those in the
mesangium is at present uncertain. Nevertheless, CICs
and mesangial deposits share many common features,
including the exclusive presence of IgA1 (partially in
the polymeric form) (5, 64), C3, and IgG or IgM (2, 4).
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A recent report suggests a possibility that the Gal defi-
ciency of IgA1 may be due to a deficiency of 31,3 galac-
tosyltransferase in a fraction of IgAl-producing B cells
(65). Further studies are required to determine whether
the mesangial deposits contain IgA1 molecules defi-
cient in B1,3-linked Gal in O-linked glycans of the
hinge region. Circulating IgG and IgA1 antibodies to
a,a-IgA1 hinge region GalNAc may explain why mesan-
gial deposits in some patients contain IgG, in addition
to IgA1, whereas other patients exhibit staining only
for IgA1l. Interestingly, serum antibodies to a,a-IgAl
were predominantly in the IgG2 subclass and to lesser
extents in the IgG1 and IgG3 subclasses. However, in
other reports, the IgG in mesangial deposits were pre-
dominantly of the IgG1 and IgG3 subclasses (4, 66).
This difference may be due to 2 factors. Human mesan-
gial cells express FcyRIII receptor (67) that binds IgG1
and IgG3 but only minimal amounts of IgG2. Thus,
the mesangial cells may selectively bind IgA-CICs with
IgG1 and IgG3. The IgG2-IgA complexes may be
cleared by a different mechanism, possibly by binding
to the FcyRII receptors on other tissues. Second, mon-
oclonal anti-IgG antibodies from several sources dis-
play variable specificities in different assays (68). Paral-
lel studies of IgG subclass association of anti-GalNAc
antibodies in serum, CICs, and mesangial deposits
using identical mAb’s are therefore needed.

The antigenic specificity of IgM, which is also fre-
quently detected in mesangial deposits in IgAN (4), is
not known. The relative proportion of such antibodies,
as well as their affinity and, especially, avidity (higher
in immunoglobulins with multiple binding sites), like-
ly play important roles in the formation of CICs and
their probable mesangial deposition.

Acknowledgments

This work was supported by grant DK-49358 from the
National Institutes of Health. The authors express their
appreciation to Rhubell Brown and Rose Kulhavy for
their technical assistance and to Catherine Barker for
help with collecting clinical samples. Ovine submaxil-
lary mucin was kindly provided by T. Gerken and J.
Hart. Monoclonal antibody specific for IgAlwas kind-
ly provided by J. Radl(TNO, Leiden, the Netherlands).

1. D’Amico, G. 1987. The commonest glomerulonephritis in the world: IgA
nephropathy. Q. J. Med. 64:709-727.

2.Julian, B.A., Waldo, F.B., Rifai, A., and Mestecky, J. 1988. IgA nephropa-
thy, the most common glomerulonephritis worldwide. A neglected dis-
ease in the United States? Am. J. Med. 84:129-132.

3. Galla, J.H. 1995. IgA nephropathy. Kidney Int. 47:377-387.

4. Russell, M.W., Mestecky, J., Julian, B.A., and Galla, J.H. 1986. IgA-associ-
ated renal diseases: antibodies to environmental antigens in sera and
deposition of immunoglobulins and antigens in glomeruli. J. Clin.
Immunol. 6:74-86.

5.Czerkinsky, C., et al. 1986. Circulating immune complexes and
immunoglobulin A rheumatoid factor in patients with mesangial
immunoglobulin A nephropathies. J. Clin. Invest. 77:1931-1938.

6.Coppo, R, et al. 1982. Circulating immune complexes containing IgA,
IgG and IgM in patients with primary IgA nephropathy and with
Henoch-Schoenlein nephritis. Correlation with clinical and histologic
signs of activity. Clin. Nephrol. 18:230-239.

7.Emancipator, S.N., Mestecky, J., and Lamm, M.E. 1999. IgA nephropa-
thy and related diseases. In Mucosal immunology. P.L. Ogra et al., editors.

Academic Press. San Diego, CA. 1365-1380.

8. Mestecky, J., et al. 1990. Exogenous antigens deposited in the glomeruli
of patients with IgA nephropathy. In Pathogenesis of IgA nephropathy. H.
Sakai, O. Sakai, and Y. Nomoto, editors. Harcourt Brace Jovanovich.
Tokyo, Japan. 247-257.

9. Tomana, M., et al. 1997. Galactose-deficient IgA1 in sera of IgA nephropa-
thy patients is present in complexes with IgG. Kidney Int. 52:509-516.

10. Allen, A.C., Harper, S.J., and Feehally, J. 1995. Galactosylation of N- and
O-linked carbohydrate moieties of IgA1 and IgG in IgA nephropathy.
Clin. Exp. Immunol. 100:470-474.

11. Andre, P.M., Pogamp, P., and Chevet, P. 1990. Impairment of jacalin
binding to serum IgA in IgA nephropathy. J. Clin. Lab. Anal. 4:115-119.

12.Baharaki, D., et al. 1996. Aberrant glycosylation of IgA from patients
with IgA nephropathy. Glycoconj. J. 13:505-511.

13. Coppo, R., et al. 1995. Characteristics of IgA and macromolecular IgA in
sera from IgA nephropathy transplanted patients with and without
IgAN recurrence. Contrib. Nephrol. 111:85-92.

14. Hiki, Y., etal. 1995. O-linked oligosaccharide on IgA1 hinge region in IgA
nephropathy. Fundamental study for precise structure and possible role.
Contrib. Nephrol. 111:73-84.

15. Kokubo, T, et al. 1997. Evidence for involvement of IgA1 hinge gly-
copeptide in the IgA1-IgAl interaction in IgA nephropathy. J. Am. Soc.
Nephrol. 8:915-919.

16. Mestecky, J., et al. 1993. Defective galactosylation and clearance of IgA1
molecules as a possible etiopathogenic factor in IgA nephropathy. Con-
trib. Nephrol. 104:172-182.

17. Mestecky, J., Tomana, M., Matousovic, K., Konecny, K., and Julian, B.A.
1997. Heterogeneity of carbohydrate moieties of IgA1 molecules from
IgA nephropathy patients and normal individuals. Nephrology. 3:85-89.

18. Baenziger, J., and Kornfeld, S. 1974. Structure of the carbohydrate units
of IgA1 immunoglobulin II. Structure of the O-glycosidically linked
oligosaccharide units. J. Biol. Chem. 249:7270-7281.

19. Field, M.C., Dwek, R.A., Edge, CJ., and Rademacher, T.W. 1989. O-linked
oligosaccharides from human serum immunoglobulin A1. Biochem. Soc.
Trans. 17:1034-1035.

20.Mattu, T.S., et al. 1998. The glycosylation and structure of human serum
IgA1l, Fab, and Fc regions and the role of N-glycosylation on Fc-alpha
receptor interactions. J. Biol. Chem. 273:2260-2272.

21.Jackson, S., Montgomery, R.I, Julian, B.A., Galla, J.H., and Czerkinsky, C.
1987. Aberrant synthesis of antibodies directed at the Fab of IgA in
patients with IgA nephropathies. Clin. Immunol. Immunopathol. 45:208-213.

22.Jackson, S., Montgomery, R.I., Mestecky, J., and Czerkinsky, C. 1987.
Normal human sera contain antibodies directed at Fab of IgA. J.
Immunol. 138:2244-2248.

23.Jackson, S. 1988. Immunoglobulin-antiimmunoglobulin interactions and
immune complexes in IgA nephropathy. Am. J. Kidney Dis. 12:425-429.

24. Kilian, M., Mestecky, J., Kulhavy, R., Tomana, M., and Butler, W.T. 1980.
IgA1 proteases from Haemophilus influenzae, Streptococcus pneumoniae, Neis-
seria meningitidis, and Streptococcus sanguis: comparative immunochemical
studies. J. Immunol. 124:2596-2600.

25.Mestecky, J., and Kilian, M. 1985. Immunoglobulin A (IgA). Methods
Enzymol. 116:37-75.

26.Roque-Barreira, M., and Campos-Neto, A. 1985. Jacalin: an IgA-binding
lectin. J. Immunol. 134:1740-1743.

27. Distler, ].J., and Jourdian, G.W. 1973. The purification and properties of
B-galactosidase from bovine testes. J. Biol. Chem. 248:6772-6780.

28. Tarkowski, A., et al. 1990. Immunization of humans with polysaccharide
vaccines induces systemic, predominantly polymeric IgA2-subclass anti-
body responses. J. Immunol. 144:3770-3778.

29. Mestecky, J., et al. 1996. Evaluation of monoclonal antibodies with speci-
ficity for human IgA, IgA subclasses and allotypes and secretory com-
ponent. Results of an IUIS/WHO collaborative study. J. Immunol. Meth-
ods. 193:103-148.

30. Tomana, M., Prchal, J.T., Garner, L.C., Skalka, H.W., and Barker, S.A.
1984. Gas chromatographic analysis of lens monosaccharides. J. Lab.
Clin. Med. 103:137-142.

31. Coppo, R.,and Emancipator, S. 1994. Pathogenesis of IgA nephropathy:
established observations, new insights and perspectives in treatment. J.
Nephrol. 7:5-15.

32. Sinico, R.A., Fornasieri, A., Oreni, N., Benuzzi, S., and D’Amico, G. 1986.
Polymeric IgA rheumatoid factor in idiopathic IgA mesangial nephropa-
thy (Berger’s disease). J. Immunol. 137:536-541.

33. Thurnher, M., Clausen, H., Fierz, W., Lanzavecchia, A., and Berger, E.G.
1992. T cell clones with normal or defective O-galactosylation from a
patient with permanent mixed-field polyagglutinability. Eur. J. Immunol.
22:1835-1842.

34.Thurnher, M., Rusconi, S., and Berger, E.G. 1993. Persistent repression
of a functional allele can be responsible for galactosyltransferase defi-
ciency in Tn syndrome. J. Clin. Invest. 91:2103-2110.

3S.Dahr, W., Uhlenbruck, G., Gunson, H.H., and van der Hart, M. 1975.
Molecular basis of Tn-polyagglutinability. Vox Sang. 29:36-50.

36. Gahmberg, C.G., Peltokorpi, L., and Andersson, L. 1986. B lymphoblas-

The Journal of Clinical Investigation |

July 1999 |

Volume 104 | Number 1



toid cell lines with normal and defective O-glycosylation established
from an individual with blood group Tn. Blood. 67:973-979.

37.Vainchenker, W., et al. 1985. Presence of the Tn antigen on hematopoi-
etic progenitors from patients with the Tn syndrome. J. Clin. Invest.
75:541-546.

38.Bird, G.W.G., Shinton, N.K., and Windgham, J. 1971. Persistent mixed-
field polyagglutination. Br. J. Haematol. 21:443-453.

39. Wertz, G.W., Krieger, M., and Ball, L.A. 1989. Structure and cell surface
maturation of the attachment glycoprotein of human respiratory syncy-
tial virus in a cell line deficient in O glycosylation. J. Virol. 63:4767-4776.

40. Kieff, E. 1996. Epstein-Barr virus and its replication. In Fields virology.
B.N. Fields, D.M. Knipe, and P.M. Howley, editors. Lippincott-Raven.
Philadelphia, PA. 2343-2396.

41. Johnson, D.C.,and Spear, P.G. 1983. O-linked oligosaccharides are acquired
by herpes simplex glycoproteins in the Golgi apparatus. Cell. 32:987-997.

42.Cisar,].O., Sandberg, A.L., Reddy, G.P., Abeygunawardana, C., and Bush,
C.A. 1997. Structural and antigenic types of cell wall polysaccharides
from viridans group streptococci with receptors for oral actinomyces
and streptococcal lectins. Infect. Immun. 65:5035-5041.

43.Kabat, E.A. 1976. Structural concepts in i logy and i
Holt, Rinehart and Winston. New York, NY. 547 pp.

44. Nieuwhof, C., Kruytzer, M., Frederiks, P., and van Breda Vriesman, P.J.C.
1998. Chronicity index and mesangial IgG deposition are risk factors for
hypertension and renal failure in early IgA nephropathy. Am. . Kidney
Dis. 31:962-970.

45. Nikolova, E.B., Tomana, M., and Russell, M.W. 1994. The role of the car-
bohydrate chains in complement (C3) fixation by solid phase-bound
human IgA. Immunology. 82:321-327.

46.Endo, M., et al. 1998. Glomerular deposition of mannose-binding lectin
(MBL) indicates a novel mechanism of complement activation in IgA
nephropathy. Nephrol. Dial. Transplant. 13:1984-1990.

47.Peppard, J.V., and Russell, M.W. 1999. Phylogenetic development and
comparative physiology of IgA. In Mucosal immunology. P.L. Ogra et al.,
editors. Academic Press. San Diego, CA. 163-180.

48.Kilian, M., and Russell, M.W. 1999. Microbial evasion of IgA functions.
In Mucosal immunology. P.L. Ogra et al., editors. Academic Press. San
Diego, CA. 241-252.

49. Shakib, F. 1986. Basic and clinical aspects of IgG subclasses. S. Karger AG
Basel, Switzerland. 317 pp.

50. Hammarstrom, L., Insel, R.A., Persson, M.A.A., and Smith, C.L.E. 1988.
The IgGl subclass preference of selected, naturally occurring
antipolysaccharide antibodies. Monogr. Allergy. 23:18-26.

51.Mestecky, J., and Russell, M.W. 1986. IgA subclasses. Monogr. Allergy.
19:277-301.

hemi try.

52.Tomana, M., Phillips, J.O., Kulhavy, R., and Mestecky, J. 1985. Carbohy-
drate-mediated clearance of secretory IgA from the circulation. Mol.
Immunol. 22:887-892.

53. Moldoveanu, Z., Epps,].M., Thorpe, S.R., and Mestecky, J. 1988. The sites
of catabolism of murine monomeric IgA. J. Immunol. 141:208-213.

54. Moldoveanu, Z., et al. 1990. Catabolism of autologous and heterologous
IgA in non-human primates. Scand. J. Immunol. 32:577-583.

55. Mestecky, J., and McGhee, J.R. 1987. Immunoglobulin A (IgA): molecu-
lar and cellular interactions involved in IgA biosynthesis and immune
response. Adv. Immunol. 40:153-245.

56.Tomana, M., Kulhavy, R., and Mestecky, J. 1988. Receptor-mediated
binding and uptake of immunoglobulin A by human liver. Gastroen-
terology. 94:887-892.

57.Stockert, RJ., et al. 1980. Endocytosis of asialoglycoprotein-enzyme con-
jugates by hepatocytes. Lab. Invest. 43:556-563.

58. Stockert, RJ., Kresner, M.S., Collins, J.D., Sternlieb, L., and Morell, A.G.
1982. IgA interactions with the asialoglycoprotein receptor. Proc. Natl.
Acad. Sci. USA. 79:6229-6231.

59.Granger, D.N,, et al. 1979. Permselectivity of cat liver blood-lymph bar-
rier to endogenous macromolecules. Gastroenterology. 77:103-109.

60. Phillips, J.O., et al. 1986. Analysis of the hepatobiliary transport of IgA
with monoclonal anti-idiotype and anti-allotype antibodies. Mol.
Immunol. 23:339-346.

61. Ashwell, G., and Harford, J. 1982. Carbohydrate-specific receptors of the
liver. Annu. Rev. Biochem. 51:531-554.

62.Baenziger, ].U., and Maynard, Y. 1980. Human hepatic lectin. Physico-
chemical properties and specificity. J. Biol. Chem. 255:4607-4613.

63.Baenziger, J.U., and Fiete, D. 1980. Galactose and N-acetylgalac-
tosamine-specific endocytosis of glycopeptides by isolated rat hepato-
cytes. Cell. 22:611-620.

64. Valentijn, R.M,, et al. 1984. Circulating and mesangial secretory compo-
nent-binding IgA1 in primary IgA nephropathy. Kidney Int. 26:760-766.

65. Allen, A.C., Topham, P.S., Harper, S.J., and Feehally, J. 1997. Leucocyte
B1,3 galactosyltransferase activity in IgA nephropathy. Nephrol. Dial.
Transplant. 12:701-706.

66. Aucouturier, P., Monteiro, R.C., Noel, L.H., Preud’homme, J.L. and
Lesavre, P. 1989. Glomerular and serum immunoglobulin G subclasses
in IgA nephropathy. Clin. Immunol. Immunopathol. 51:338-347.

67.Radeke, H.H., et al. 1994. Intrinsic human glomerular mesangial cells
can express receptors for IgG complexes (hFc gamma RIII-A) and the
associated Fc epsilon RI gamma-chain. J. Immunol. 153:1281-1292.

68. Jefferis, R., et al. 1985. Evaluation of monoclonal antibodies having
specificity for human IgG sub-classes: results of an IUIS/WHO collabo-
rative study. Immunol. Lett. 10:223-252.

The Journal of Clinical Investigation |

July 1999 |

Volume 104 | Number 1

81



