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Aberrant	glycosylation	of	IgA1	plays	an	essential	role	in	the	pathogenesis	of	IgA	nephropathy.	This	abnor-
mality	is	manifested	by	a	deficiency	of	galactose	in	the	hinge-region	O-linked	glycans	of	IgA1.	Biosynthesis	of	
these	glycans	occurs	in	a	stepwise	fashion	beginning	with	the	addition	of	N-acetylgalactosamine	by	the	enzyme	
N-acetylgalactosaminyltransferase	2	and	continuing	with	the	addition	of	either	galactose	by	β1,3-galactosyl-
transferase	or	a	terminal	sialic	acid	by	a	N-acetylgalactosamine–specific	α2,6-sialyltransferase.	To	identify	the	
molecular	basis	for	the	aberrant	IgA	glycosylation,	we	established	EBV-immortalized	IgA1-producing	cells	
from	peripheral	blood	cells	of	patients	with	IgA	nephropathy.	The	secreted	IgA1	was	mostly	polymeric	and	
had	galactose-deficient	O-linked	glycans,	characterized	by	a	terminal	or	sialylated	N-acetylgalactosamine.	As	
controls,	we	showed	that	EBV-immortalized	cells	from	patients	with	lupus	nephritis	and	healthy	individuals	
did	not	produce	IgA	with	the	defective	galactosylation	pattern.	Analysis	of	the	biosynthetic	pathways	in	cloned	
EBV-immortalized	cells	from	patients	with	IgA	nephropathy	indicated	a	decrease	in	β1,3-galactosyltransferase	
activity	and	an	increase	in	N-acetylgalactosamine–specific	α2,6-sialyltransferase	activity.	Also,	expression	of	
β1,3-galactosyltransferase	was	significantly	lower,	and	that	of	N-acetylgalactosamine–specific	α2,6-sialyltransferase		
was	significantly	higher	than	the	expression	of	these	genes	in	the	control	cells.	Thus,	our	data	suggest	that	pre-
mature	sialylation	likely	contributes	to	the	aberrant	IgA1	glycosylation	in	IgA	nephropathy	and	may	represent	
a	new	therapeutic	target.

Introduction
IgA nephropathy (IgAN) is the most common primary glomeru-
lonephritis worldwide (1), with about 20%–40% of patients devel-
oping end-stage renal failure. IgAN is defined by the dominance 
or codominance of IgA in the mesangial immune deposits (2, 3). 
There is now considerable evidence that the mesangial immune 
deposits originate  from circulating  IgA1-containing  immune 
complexes (4–10). The IgA1 in these complexes (11, 12) and in the 
glomerular deposits of IgAN patients (5, 6) is aberrantly glycosyl-
ated, i.e., the hinge-region O-linked glycans are galactose-deficient 
(Gal-deficient) (7, 8, 10). The absence of Gal apparently leads to 
the exposure of epitopes that are normally sequestered, including 
terminal and sialylated N-acetylgalactosamine (GalNAc) residues 
(9). These epitopes are recognized by naturally occurring IgG or 
IgA1 antibodies with anti-glycan specificities and, consequently, 
circulating immune complexes are formed (12). The clearance 
of the Gal-deficient IgA1 in these immune complexes is delayed, 
promoting its deposition in the glomeruli (9, 13). Experiments in 
vitro have established that binding of the immune complexes con-

taining aberrantly glycosylated IgA1 to the mesangial cells induces 
pathologic changes that are characteristic of IgAN (13–22). Taken 
together, these findings indicate that aberrantly glycosylated IgA1 
plays a pivotal role in the pathogenesis of IgAN.

In  humans,  each  IgA1  heavy  chain  hinge  region  has  3  to  5  
O-linked glycans that are built by stepwise addition of monosac-
charides: GalNAc is linked to the serine and threonine in the IgA1 
hinge region by the enzyme N-acetylgalactosaminyltransferase 2 
(GalNAcT2) (23), Gal is attached to GalNAc by core 1 β1,3-galac-
tosyltransferase (C1GalT1) (24) in association with its chaperone, 
Cosmc (25, 26), and sialic acid N-acetylneuraminic acid (NeuAc) 
may be linked to GalNAc by α2,6-GalNAc-sialyltransferase I or II 
(ST6GalNAcI or ST6GalNAcII) (27–29). NeuAc can be attached 
also to Gal by an α2,3-Gal-sialyltransferase (30, 31). Theoretically, 
the Gal deficiency of IgA1 O-linked glycans in IgAN could occur as 
a result of elevated activity of ST6GalNAc, as sialylation of GalNAc 
blocks its galactosylation (32), or reduced activity of C1GalT1, or it 
could result from a combination of both of these defects (10).

An understanding of the molecular basis for the variations in the 
carbohydrate content of IgA1 in IgAN and the identification of the 
roles of individual glycosyltransferases in these events is essential for 
the definition of the fundamental defects that result in the synthe-
sis of the aberrant glycans in IgAN. Such studies have been stymied, 
however, by the lack of experimental models. IgA1 is present exclu-
sively in humans and hominoid primates (33, 34), which suggests 
that the use of small-animal models may generate results irrelevant 
to IgAN in humans; furthermore, it is difficult to obtain sufficient 
cells of interest from human mucosal tissues, lymph nodes, or bone 
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marrow. We therefore explored the possibility that EBV-immortal-
ized cell lines established from circulating IgA1-producing B cells 
would prove to be a suitable model for such analyses. Analysis of 
EBV-immortalized B cells from patients with IgAN, patients with 
biopsy-proven lupus nephritis, and healthy control individuals indi-
cated that these IgA1-secreting cell lines retained the phenotype of 
the circulating IgA1-secreting cells. Thus, the EBV-immortalized 
IgA1-secreting cells from patients with IgAN secreted IgA1 with Gal-
deficient O-linked glycans, and the IgA1 was predominantly in the 
polymeric form, whereas the IgA1-secreting EBV-transformed B cells 
from patients with biopsy-proven lupus nephritis or from healthy 
individuals secreted IgA1 that was normally glycosylated. In all cases, 
the degree of Gal deficiency in O-glycans on IgA1 in the cell super-
natants was equivalent to that on IgA1 in the serum. Cloned EBV-
immortalized IgA1-secreting cell lines from patients with IgAN, here 
referred to as IgAN-IgA1S cell lines, and healthy control individuals, 
here referred to as HC-IgA1S cell lines, were established. All of the 
IgAN-IgA1S cell lines were found to exhibit significant differences in 
the expression of C1GalT1 and ST6GalNAcII, and the activities of the 
corresponding enzymes, as compared with the HC-IgA1S cell lines 
or the EBV-immortalized IgA1-secreting cells from the patients with 
lupus nephritis. Collectively, our findings suggest that “premature” 
sialylation contributes to the aberrant IgA1 glycosylation in IgAN.

Results
Generation of immunoglobulin-secreting EBV-immortalized cells from 
PBMCs of patients with IgAN or lupus nephritis and healthy controls. 
PBMCs obtained from 57 patients with IgAN, 10 patients with 
lupus nephritis, and 63 healthy controls were immortalized with 
EBV. The immunoglobulin levels secreted by the EBV-immortal-
ized cells from patients with IgAN or lupus nephritis and healthy 
controls were similar (4.30 ± 5.22, 3.87 ± 1.05, and 4.55 ± 5.86 μg/ml  
IgA; 12.47 ± 13.66, 13.14 ± 0.84, and 14.50 ± 10.94 μg/ml IgG; 
and 20.41 ± 27.02, 15.78 ± 14.02, and 19.74 ± 16.67 μg/ml IgM, 

respectively). The IgA1 secreted by the cells established from IgAN 
patients was Gal-deficient in the O-linked glycans as estimated by 
reactivity with the GalNAc-specific lectin from Helix aspersa (HAA) 
(35). The normalized HAA reactivity (values normalized to total 
IgA and expressed as percentage of the standard Gal-deficient IgA1 
[Mce] myeloma protein) was 27.48% ± 10.67% for IgA1 secreted 
by cells established from IgAN patients, 13.05% ± 3.43% for IgA1 
secreted by cells established from patients with lupus nephritis  
(P = 0.0007), and 12.63% ± 8.13% for IgA1 secreted by cells estab-
lished from healthy controls (P < 0.0001). There was no difference 
for the values between healthy controls (serum creatinine ranging 
from 0.7 to 1.1 mg/dl) and patients with lupus nephritis (serum 
creatinine ranging from 0.8 to 1.7 mg/dl). Thus, only the immor-
talized cells from IgAN patients produced Gal-deficient IgA1.

We then subcloned the EBV-immortalized IgA-secreting cell lines 
from 11 randomly selected patients with IgAN and 11 randomly 
selected healthy controls by limiting dilution (Table 1). The resultant 
cell lines secreted 6.6 ± 3.1 and 6.7 ± 2.7 μg/ml IgA, respectively, but 
no IgG or IgM. Based on immunofluorescence analysis using IgA1- 
and IgA2-specific monoclonal antibodies, all of the cell lines secreted 
exclusively IgA1. The IgA1 secreted by the IgAN-IgA1S cell lines but 

Table 1
Clinical characteristics of the study population

	 Age		 Serum	creatinine		 UP/Cr		 U	IgA/CrB	 U	HAA-IgA1/CrC	

	 (years)	 (mg/dl)	 ratioA	 	

IgAN patients (n = 11) 41.4 ± 19.0 1.7 ± 1.2 1.3 ± 1.1 155.0 ± 187.7 17.1 ± 8.8
Healthy controls (n = 11) 44.9 ± 17.6 0.9 ± 0.2 0.1 ± 0.1 3.3 ± 1.9 6.2 ± 2.3
Disease controls (lupus nephritis) (n = 10) 38.1 ± 12.1 1.1 ± 0.3 4.1 ± 5.3 ND ND

Data expressed as mean ± SD. AUrinary protein/creatinine ratio. BLevels of urinary IgA relative to urinary creatinine. CLevels of urinary Gal-deficient IgA1 
(HAA-IgA1) relative to urinary creatinine. ND, not done.

Figure 1
IgA1 secreted by IgA1-producing cell lines from patients with IgAN 
is Gal deficient. (A) Degree of Gal deficiency of O-glycans on IgA1 
secreted by IgAN-IgA1S cell lines (n = 11; filled circles) and HC-IgA1S 
cell lines (n = 11; open circles) was measured by lectin ELISA. The 
results were calculated relative to HAA reactivity of the standard 
naturally Gal-deficient IgA1 (Mce) myeloma protein (its relative HAA 
reactivity is set to 100%). IgA1 secreted by the IgAN-IgA1S cell lines 
showed higher reactivity with HAA than that secreted by the HC-IgA1S 
cell lines (P = 0.0001). (B) Serum levels of Gal-deficient IgA1 correlate 
with Gal deficiency of IgA1 secreted by the corresponding cell lines 
(P < 0.001; R2 = 0.883). The mean values were expressed relative 
to HAA reactivity of the standard Gal-deficient IgA1 (Mce) myeloma 
protein, as in A.
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not the HC-IgA1S cell lines was Gal-deficient (P = 0.0001) (Figure 1A).  
Furthermore, the degree of Gal deficiency of the IgA1 in the culture 
supernatants was similar to that of the circulatory IgA1 in the serum 
samples from the donors (R2 = 0.883; P < 0.001) (Figure 1B).

Characterization of the molecular forms and glycosylation of IgA1 secret-
ed by the cell lines established from PBMCs from IgAN patients and healthy 
controls. Three IgAN-IgA1S cell lines and 3 HC-IgA1S cell lines, all 
of which were established using PBMCs from different donors, 
were randomly selected for further analysis. The secreted IgA1 
was first analyzed by Western blotting after SDS-PAGE separation 
under nonreducing conditions (Figure 2A). Densitometric analy-
sis of these blots, normalized to the total amount of IgA1 heavy 
chain, revealed that all of the tested IgAN-IgA1S cell lines secreted 
predominantly dimeric and trimeric IgA1 (Figure 2B), whereas 
all of the tested HC-IgA1S cell lines secreted mostly monomeric 
IgA1 (Figure 2C). Size-exclusion chromatography of the cell-cul-
ture supernatants from 3 IgAN-IgA1S and 2 HC-IgA1S cell lines 
confirmed these findings (Figure 3A). Furthermore, a lectin ELISA 
showed that the dimeric and trimeric IgA1 secreted by the IgAN-
IgA1S cell lines were Gal-deficient (Figure 3B).

To determine whether the Gal-deficient O-linked glycans con-
tained mostly terminal or sialylated GalNAc, we used a lectin 
ELISA (35) in which HAA specifically recognizes GalNAc in the 
untreated or neuraminidase-treated IgA1. The HAA reactivity of 
the IgA1 secreted by each of the IgAN-IgA1S cell lines was enhanced 
significantly by treatment with neuraminidase (P < 0.01) (Fig-

ure 4A). Western blot analysis with HAA (Figure 4B) or Sambucus  
nigra lectin (SNA) (detects α2,6-bound NeuAc) (Figure 4C) con-
firmed excess sialylation of GalNAc on the Gal-deficient O-linked 
glycans of IgA1 from the IgAN-IgA1S cell lines.

Gal-deficient IgA1 is localized in the Golgi apparatus of cell lines produc-
ing the aberrant IgA1. The IgA1 in the cytoplasm of IgAN-IgA1S cell 
lines, but not HC-IgA1S cell lines, reacted with HAA after treatment 
of the cells with neuraminidase, indicating a Gal deficiency (Fig-
ure 5, A and B). Using confocal microscopy, we confirmed that the 
Gal-deficient IgA1 was localized in the Golgi apparatus (Figure 6A). 
The intensity of HAA staining of IgA1 in the Golgi apparatus was 
enhanced by neuraminidase treatment (Figure 6, A and B). Thus, 
the aberrantly glycosylated O-linked glycans of IgA1 were present 
throughout the Golgi system as sialylated GalNAc glycans.

Gene expression of specific glycosyltransferases in the IgA1-producing cells 
of patients with IgAN or lupus nephritis and healthy controls. Using real-
time RT-PCR with SYBR Green I detection and specific primers for 
GalNAcT2, C1GalT1, Cosmc, ST6GalNAcI, -II, -IV, and -VI, IgA α chain, 
and J chain (Table 2), we determined the gene expression in the IgAN-
IgA1S and HC-IgA1S cell lines. The mean levels of transcripts for 

Figure 2
Analysis of molecular form of IgA1 secreted by IgA1-producing cell 
lines. Supernatants from randomly selected cell lines from 3 IgAN 
patients and 3 healthy controls were separated by SDS-PAGE under 
nonreducing (A) and reducing (B) conditions. The loaded samples 
were normalized to total IgA content (10 ng/well). (C) Densities of the 
bands in A were quantitated by densitometry. Cell lines from IgAN 
patients secreted predominantly polymeric IgA1 (about 70% of total 
IgA1 was dimeric [d] and trimeric [t]) in contrast to only 20%–30% as 
polymeric forms for the IgA1 secreted by the cell lines from healthy 
controls. mIgA1, monomeric IgA1.

Figure 3
Analysis of IgA1 fractionated by size-exclusion chromatography. Cul-
ture supernatants from the 3 randomly selected IgAN-IgA1S cell lines 
(filled circles) and 2 HC-IgA1S cell lines (open circles) were separated 
by size-exclusion chromatography. Concentration of IgA1 in the frac-
tions was determined by ELISA (A). Western blotting analysis after 
SDS-PAGE separation under nonreducing conditions confirmed 
distinct molecular forms of IgA in various fractions (inset in A). (B) 
Gal deficiency of IgA1 was determined by HAA-ELISA. Trimeric and 
dimeric IgA1 secreted by IgAN-IgA1S cell lines had high reactivity with 
HAA, while monomeric IgA1 did not react. Furthermore, IgA1 secreted 
by HC-IgA1S cell lines was mostly monomeric and did not react with 
HAA. Data are expressed as mean ± SD.
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both C1GalT1 and its molecular chaperone Cosmc were significantly 
lower in the IgAN-IgA1S cell lines than in the HC-IgA1S cell lines  
(P = 0.0004 and P = 0.0001, respectively) (Figure 7A). ST6GalNAcI was 
not detected in either the IgAN-IgA1S or HC-IgA1S cell lines. Nota-
bly, the mean expression of ST6GalNAcII was significantly higher in 
the IgAN-IgA1S cell lines than in the HC-IgA1S cell lines (P = 0.0013)  
(Figure 7A). In contrast, the levels of GalNAcT2 (Figure 7A) and 
ST6GalNAcIV and ST6GalNAcVI  (data not shown) were detected 
at equivalent levels in the IgAN-IgA1S and HC-IgA1S cell lines, as 
were IgA α chain and J chain (Figure 7B). Analysis of the expression of 
C1GalT1, Cosmc, and ST6GalNAcII genes in EBV-immortalized IgA-
producing cells from patients with lupus nephritis indicated that 
these were equivalent to those in similarly prepared cells from healthy 
controls (data not shown). Thus, only the cells from IgAN patients 
exhibited aberrant expression of C1GalT1, Cosmc, and ST6GalNAcII.

Enzymatic activities of β1,3-galactosyltransferase and ST6GalNAc in 
IgA1-producing cell lines from IgAN patients and healthy controls. Using 
the Golgi-enriched fraction of the IgA1-producing cell lines as 
the enzyme source, desialylated IgA1 (Mce) myeloma protein as 
the acceptor, and an appropriate sugar donor (either uridine-
5′-diphospho–Gal [UDP-Gal] for β1,3-galactosyltransferase or 
CMP-NeuAc for ST6GalNAc), we measured the activities of β1,3-
galactosyltransferase and ST6GalNAc. The IgAN-IgA1S cell lines 
exhibited significantly lower β1,3-galactosyltransferase activity 

(28.15 ± 14.40 U/mg protein) than did the HC-IgA1S cell lines 
(107.31 ± 17.74 U/mg protein) (P = 0.006) (Figure 8A). The identity 
of the reaction product, and thus the specificity of the reaction, 
was confirmed by Western blot developed with HAA (Figure 8B). 
In contrast, the ST6GalNAc activity was several-fold higher in the 
IgAN-IgA1S cell lines (97.84 ± 32.37 U/mg protein) than in the 
HC-IgA1S cell lines (34.79 ± 13.68 U/mg protein) (P = 0.011) (Fig-
ure 8C). The identity of the reaction product, sialylated GalNAc, 
and thus the specificity of the reaction, was confirmed by HAA 
Western blotting of the untreated and neuraminidase-treated reac-
tion product with HAA (Figure 8D). The increase in HAA binding 
of the IgA1 α chain after neuraminidase treatment was consistent 
with the neuraminidase-sensitive covering of GalNAc by NeuAc.

Inhibition of β1,3-galactosyltransferase enhances the Gal deficiency of IgA1 
secreted by cell lines established from PBMCs from IgAN patients and healthy 
controls. To confirm that the β1,3-galactosyltransferase is function-
al in the IgA1-producing cell lines, we treated the cells with 5 mM 
benzyl 2-acetamido-2-deoxy-α-d-galactopyranoside (BADG) (36), a 
specific inhibitor of the enzyme. As measured by lectin ELISA, the 
proportion of Gal-deficient IgA1 secreted by IgAN-IgA1S as well 
as HC-IgA1S cell lines was greater in the treated cells than in the 
untreated cells (P < 0.01) (Table 3). The IgA1 secreted by the BADG-
treated HC-IgA1S cell lines bound HAA to the same degree, irrespec-
tive of neuraminidase treatment, a finding that is consistent with 

Figure 4
IgA1 secreted by cell lines from IgAN patients has Gal-deficient O-linked glycans with terminal or sialylated GalNAc. (A) Gal-deficient IgA1 was 
measured by HAA-ELISA as the ratio of HAA binding IgA1 to total IgA1 with (N+) or without (N–) neuraminidase treatment. The values were 
expressed relative to HAA reactivity of the standard Gal-deficient IgA1 (Mce) myeloma protein, as described in Figure 1. Reactivity of IgA1 with 
HAA increased after neuraminidase treatment of IgA1 from cell lines from 5 IgAN patients but not from 5 healthy controls. Western blots obtained 
after SDS-PAGE under reducing conditions were developed with HAA before (N–) or after (N+) neuraminidase treatment (B) or with SNA  
(α2,6-NeuAc-specific lectin) (C). The loaded samples were normalized to total IgA (10 ng/well) (load control; lower panels developed with IgA-spe-
cific antibody). IgA1 secreted by IgAN-IgA1S cell lines reacted with HAA, and this reactivity was enhanced by neuraminidase treatment; in contrast, 
the IgA1 secreted by HC-IgA1S cell lines only marginally reacted with HAA (B). (C) SNA Western blotting of IgA1 not treated with neuraminidase. 
The results confirmed that the IgA1 secreted by IgAN-IgA1S cell lines was highly sialylated, whereas the IgA1 secreted by HC-IgA1S cell lines was 
less sialylated. Bands were densitometrically quantified and expressed as ratio of SNA-binding IgA to total IgA (bar graph shows mean ± SD).
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the lack of NeuAc bound to GalNAc. In contrast, HAA binding to 
IgA1 secreted by IgAN-IgA1S cell lines was enhanced significantly 
by neuraminidase treatment, suggesting that many GalNAc resi-
dues (>40%) were covered with NeuAc. These results confirmed the 
excess sialylation of GalNAc in the IgA1 secreted by IgAN-IgA1S cell 
lines and indicated that this occurred regardless of the inhibition of  
β1,3-galactosyltransferase. Compared with the HC-IgA1S cell lines, 
the IgAN-IgA1S cell lines had less functional β1,3-galactosyltrans-
ferase activity together with elevated sialyltransferase activity, lead-
ing to synthesis of Gal-deficient IgA1 with sialylated GalNAc.

Discussion
The lack of a full understanding of the etiopathogenesis of IgAN 
has hindered the development of a disease-specific therapy. There is 
a consensus opinion that aberrant glycosylation of IgA1 (Gal defi-
ciency in the hinge-region O-linked glycans) is involved directly in 
the pathogenesis of IgAN (7–9, 37). The mechanisms leading to this 
aberrant glycosylation have not been studied extensively, however, 
due to the fact that expression of IgA1 is restricted to humans and 
hominoid primates. The lack of suitable animal models has neces-
sitated new approaches for the development of a novel model that 
can be used to elucidate the molecular mechanisms that contribute 
to the development of this disease. In this study, we explored the 
possibility that EBV-immortalized cells from patients with IgAN 
could be used as such a model. We subcloned IgA1-secreting cell 
lines established from EBV-immortalized PBMCs of patients with 
IgAN and from healthy controls and characterized the glycosyl-
ation and molecular forms of the secreted immunoglobulin.

The EBV immortalization of the IgA1-producing cells did not 
affect the degree of Gal deficiency on O-glycans of IgA1 produced 
by the IgA1-secreting cells from patients with IgAN in terms of 

comparison with the IgA1 in the serum of these patients. More-
over,  the IgA1 secreted by EBV-immortalized cells  from both 
healthy and disease controls exhibited a normal Gal content in the 
O-glycans. The aberrantly glycosylated IgA1 secreted by the IgAN-
IgA1S cell lines contained hinge-region glycans with sialylated or 
terminal GalNAc. This IgA1 was mostly polymeric, compared with 
the predominantly monomeric IgA1 secreted by the HC-IgA1S 
cell lines. In previous studies, the proportions of polymeric and 
monomeric IgA produced by lymphoblastoid IgA-secreting cell 
lines were found to vary, whereas the intracellular IgA was mostly 
monomeric (38). This result led the authors to speculate that the 
ability of the cells to produce polymers was dependent on the cel-
lular content of J chain and the stage of cellular maturation and 
differentiation. In our studies, we did not observe a difference in 
the mean expression levels of J chain between the IgAN-IgA1S and 
HC-IgA1S cell lines. This finding would favor the concept that 
the discrepancies in the production of the molecular forms may 
be related to the differentiation of the cell lines and/or distinctive 
genetic properties rather than the expression of the J chain. The 
IgA1 secreted by the IgAN-IgA1S cell lines reacted strongly with 
HAA. This binding was significantly enhanced by treatment with 
neuraminidase, suggesting that a substantial fraction of the Gal-
deficient glycans contained sialylated GalNAc. In the HC-IgA1S 
cell lines, the Gal content of the O-linked glycans of the hinge 
region approximated the full complement. Using SNA, a lectin 
specific for α2,6-NeuAc, we confirmed an increased content of 
NeuAc in the hinge region of the IgA1 from the IgAN-IgA1S cell 
lines. The degree of Gal deficiency of the IgA1 secreted by the cell 
lines was equivalent to the Gal deficiency exhibited by the IgA1 
isolated from the serum of the corresponding patient. Further-
more, a similar Gal deficiency and sialylation of GalNAc had been 

Figure 5
Immunofluorescence analysis of IgA1-producing cell lines. (A) HAA lectin bound to neuraminidase-treated IgA1 in the cytoplasm of cells secret-
ing Gal-deficient IgA1 (IgAN-IgA1S cell lines from 3 IgAN patients). (B) IgA1 in HC-IgA1S cell lines from 3 healthy controls did not react with 
HAA, even after treatment with neuraminidase to remove terminal sialic acid residues. Staining for nuclei is shown in blue; for IgA, in green; and 
for HAA, in red. N+, neuraminidase treated. Scale bars: 10 μm.
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reported for O-glycans of serum IgA1 from IgAN patients (11, 12, 
39–41). Thus, the cell lines established using PBMCs from IgAN 
patients produce IgA1 with all of the characteristics of the aber-
rant IgA1 typical of IgAN, including the quantitative rather than 
absolute character of differences in the Gal deficiency.

The apparent excess sialylation of the Gal-deficient O-linked 
glycans on IgA1 from IgAN patients implies potential pathogenic 
roles for several specific glycosyltransferases (10). It has been sug-
gested that B cells in the circulation of IgAN patients have lower 

expression and/or show less activity of β1,3-galactosyltransferase 
than such cells in healthy controls (42, 43). The stability and activ-
ity of this enzyme depends on a chaperone, Cosmc (25). Transcrip-
tion of Cosmc has also been found to be reduced in IgAN patients 
(43). Mutations of this protein result in the production of Gal-
deficient O-linked glycans in Tn syndrome, a rare disease formerly 
called permanent mixed-field polyagglutinability, which is char-
acterized by thrombocytopenia, leukopenia, and hemolytic ane-
mia, but not nephritis (26, 44–46). The Tn antigen on the surfaces 

Figure 6
HAA bound to Gal-deficient IgA1 in the 
Golgi apparatus. (A) Representative 
example of immunostaining with anti-
human IgA antibody (violet), HAA lectin 
(after neuraminidase treatment) (red), and 
Golgi marker (Golgin 97) antibody (green) 
in cell from IgAN-IgA1S cell lines. IgA and 
HAA were colocalized in the Golgi appa-
ratus. Fluorescence intensity profile from 
the confocal microscope is shown in the 
right-hand bottom panel (left bottom panel: 
line with arrow marks the cross section). 
(B) Same staining, but without neuramini-
dase treatment. Nuclear staining is shown 
in blue. N+, neuraminidase treated; N–, not 
treated with neuraminidase.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 118      Number 2      February 2008  635

of the blood cells is recognized by naturally occurring circulating 
antibodies but differs from the IgAN epitope in that it is composed 
of 3 adjacent GalNAc residues (47). In addition to, or perhaps inde-
pendent of, the lower activity or expression of β1,3-galactosyltrans-
ferase, early sialylation or oversialylation of GalNAc residues in the  
O-linked hinge-region glycans may contribute to the development 
of the Gal deficiency of IgA1 in patients with IgAN. If NeuAc is 
linked to GalNAc prior to attachment of Gal, this “premature” 
sialylation precludes subsequent galactosylation (32).

The activities of the enzymes that add carbohydrate residues to 
the O-linked glycans of the IgA1 hinge region were out of balance 
in the IgAN-IgA1S cell lines. The mean activity of β1,3-galactosyl-
transferase in these cell lines was several-fold lower than that in the 
HC-IgA1S cell lines; in contrast, the mean activity of ST6GalNAc 
was several-fold higher in the HC-IgA1S cell lines. These differences 
in enzymatic activities correlated with the differences in transcrip-
tion of the corresponding genes. Using BADG, an inhibitor of β1,3-
galactosyltransferase, we confirmed that β1,3-galactosyltransferase 
was active in the IgAN-IgA1S as well as the HC-IgA1S cell lines. The 
cell lines treated with BADG secreted IgA1 that had less Gal. The 
O-linked glycans on these IgA1 molecules contained sialylated and 
terminal GalNAc. We did not detect expression of ST6GalNAcI in 
any cell line, in agreement with our earlier observations (28). The 
expression of control genes, sialyltransferases ST6GalNAcIV and -VI, 
did not differ between the IgAN-IgA1S and HC-IgA1S cell lines nor 
did the transcript levels of GalNAcT2, IgA α chain, and J chain differ.

Immunofluorescence analyses demonstrated intracellular expres-
sion of the aberrantly glycosylated IgA1 in the IgAN-IgA1S cell lines 
but not in the HC-IgA1S cell lines. Confocal microscopy analysis 
localized the Gal-deficient IgA1 to the Golgi apparatus and showed 
that IgA1 contained sialylated GalNAc throughout the organelle, 
suggesting an early sialylation of hinge-region GalNAc residues. An 

analogous situation has been shown 
for  localization  of  ST6GalNAcI;  its 
presence throughout the Golgi stacks 
explains its ability to override core 1/
core 2 pathways of O-linked glycosyl-
ation in breast tumor cells to produce 
sialylated GalNAc (Tn antigen) (48). 
The  mechanism  appears  to  include 
direct competition of ST6GalNAcI with 
C1GalT1, the first enzyme involved in 
the elongation of O-glycan chains (49, 
50). These findings support the con-
tention that the premature sialylation 
is probably a mechanism for the gen-
esis of the Gal deficiency of the IgA1 
O-linked glycans in IgAN (10).

In summary, we have successfully immortalized and cloned B 
cells that synthesized and secreted an undergalactosylated form 
of IgA1 that is characteristically found in the circulation and in 
the glomerular deposits of subjects with IgAN. This glycosylation 
aberrancy was due to complex changes in expression of specific 
glycosyltransferases with reduced expression of galactosyltransfer-
ase/Cosmc and elevated expression of sialyltransferase (Figure 9). 
These cell lines represent a new model for studies of mechanisms 
leading to aberrant IgA1 glycosylation in IgAN. They may be valu-
able in the development of new therapeutic strategies for IgAN, 
such as the use of specific inhibitors of ST6GalNAcII that would 
result in the generation of O-glycans that would not be sialylated 
and would thus remain accessible for normal galactosylation.

Methods
Human subjects. Peripheral blood was collected from 57 patients with biopsy-
proven IgAN (mean age, 39.7 ± 15.0 years; serum creatinine, 1.6 ± 1.3 mg/dl;  
urinary protein/creatinine ratio, 1.09 ± 1.48), from 63 healthy controls 
(mean age, 40.4 ± 16.6 years; serum creatinine, 1.0 ± 0.3 mg/dl; urinary pro-

Table 2
Sequences of primers used for real time RT-PCR

Genes	 Sense	5′–3′		 Antisense	5′–3′

GalNAcT2 AGGTCCTGACCTTCCTGGAC TCCTACTTCCCCAGTTCTTCA
C1GalT1 TCATGCAAGGCATTCAGATG ATGGGTTCTTCAGGGTCGTA
Cosmc GCTTTCCTGTCCCCAAGC TGCTTTGTCACAGTGTTTGGT
ST6GalNAcI GCAACCACAGCCAAGACGCTCATTCCCAA TGTCACGACCTTCTGCACCAAGGAGTAG
ST6GalNAcII AAGCTGCTACATCCGGACTTCA GGGACAGATCGTGGTTTGCATA
ST6GalNAcIV CTGCAGCTCACCAGGATGTA AACACGATGGGCCTCTTCT
ST6GalNAcVI GCCACCAGTGTGTGATTGTC TGCTCAACCACGAATGAGAC
IgA a chain CCCCGACCAGCCCCAAGGTCT GGCAGGACACTGGAACACGCTGTA
J chain CCCAGAGCAATATCTGTGATGA GGTGGCAGGGAGTTGGTTTTAC
β-actin RDP-38-025 (R&D) RDP-38-025 (R&D)

Figure 7
Gene transcriptional levels in IgA1-producing cell lines from IgAN 
patients and healthy controls. (A) Gene transcriptional levels of spe-
cific glycosyltransferases were quantitated by real-time RT-PCR, nor-
malized to β-actin, and compared between patients (n = 11; black 
bars) and controls (n = 11; white bars) using the E-method (55) as 
mean relative expression (values for controls were set to 1.0). Tran-
scription levels of C1GalT1 and its molecular chaperone Cosmc were 
lower in IgAN-IgA1S cell lines, while that of ST6GalNAcII was higher. 
(B) Gene expression of J chain and α chain was similar in the IgAN-
IgA1S and HC-IgA1S cell lines. Data are presented as mean ± SD. 
*P < 0.01; **P < 0.001.
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tein/creatinine ratio, 0.08 ± 0.05), and from 10 diseased controls (patients 
with biopsy-proven lupus nephritis; mean age, 38.1 ± 12.1 years; serum cre-
atinine, 1.1 ± 0.3 mg/dl; urinary protein/creatinine ratio, 4.1 ± 5.3) for isola-
tion of PBMCs. The IgAN patients included 34 white males and 16 white 
females, 1 African American male and 2 African American females, and 2 
Asian males (Chinese, Bangladeshi) and 2 Asian females (Chinese, Filipina). 
One IgAN patient was on immunosuppressive therapy (corticosteroids). The 
healthy control group consisted of 25 white males and 33 white females, 1 
African American male and 4 African American females. Each healthy con-
trol had no microscopic hematuria and a normal urinary protein/creatinine 
ratio or dipstick test for protein. Disease controls consisted of a group of 
3 white females and 7 African American females. We determined the lev-
els of IgA and Gal-deficient IgA1 in the urine samples from the 22 IgAN 
and healthy control subjects by capture ELISA and expressed the data rela-
tive to urinary creatinine concentration (51). The findings were confirmed 
by Western blotting with α chain–specific antibody (52, 53). The levels of 
urinary IgA and Gal-deficient IgA1 were higher in the IgAN patients than 
in the healthy controls (P < 0.05 and P < 0.01, respectively; Table 1). This 
observation is consistent with an ongoing renal injury in IgAN patients, as 
manifested clinically by proteinuria (P < 0.01).

The Institutional Review Boards at the University of Alabama at Bir-
mingham  and  the  University  of  Tennessee  Health  Sciences  Center 
approved this study. Informed written consent was obtained from all 

adults and from a parent or legally authorized representative for all chil-
dren; children age 8 years or older provided signed assent.

Isolation of PBMCs, transformation with EBV, and cloning of IgA1-secreting cell 
lines. PBMCs from patients with IgAN and lupus nephritis and healthy con-
trols were isolated from heparinized peripheral blood by Ficoll-Hypaque 
density gradient. The B cell population was enriched from the PBMCs by 
removal of adherent cells through incubation in a plastic tissue-culture flask 
for 1 hour at 37°C and removal of T cells by CD3 (panT) Dynabeads, accord-
ing to the manufacturer’s instructions (Dynal AS). An alternative protocol 
for isolation of IgA surface-positive B cells (CD19 surface positive) included 
immunofluorescence surface staining followed by cell sorting. PBMCs from 
11 randomly selected IgAN patients (IgAN-IgA1S) (8 white males, 1 African 
American male, and 2 white females; 4 subjects had microscopic hematuria at 
the time of study), 11 randomly selected white healthy controls (HC-IgA1S) 
(4 males), and purified IgA-positive cells from 3 of the 10 randomly selected 
patients with lupus nephritis (1 white and 2 African Americans) (Table 1) 
were then immortalized with EBV (54) in the General Clinical Research Cen-
ter Laboratory Core Facility at the University of Alabama at Birmingham. 
IgA-positive cells from initial immortalized cultures of all 3 groups were iso-
lated using biotin-labeled anti-IgA antibody and streptavidin-coated mag-
netic beads (CELLection Biotin Binder Kit; Invitrogen Dynal AS).

To establish cell lines from the initial EBV-immortalized PBMCs from 
patients with IgAN and healthy controls, we subcloned IgA1-secreting 

Figure 8
Enzyme activities of β1,3-galactosyltransferase and 
ST6GalNAc in IgA1-producing cell lines. (A) β1,3-
galactosyltransferase activity in Golgi-enriched 
fractions from IgAN-IgA1S cell lines was lower com-
pared with that from HC-IgA1S cell lines (P = 0.006).  
(B) HAA Western blotting confirmed that HAA 
reactivity of the acceptor IgA1 decreased due to 
attachment of Gal to GalNAc, irrespective of neur-
aminidase treatment. (C) ST6GalNAc activity in 
Golgi-enriched fraction from IgAN-IgA1S cell lines 
was higher than that in the HC-IgA1S cell lines  
(P = 0.011). (D) HAA–Western blotting confirmed 
that HAA reactivity of the acceptor IgA1 decreased 
due to attachment of NeuAc to GalNAc (HAA reac-
tivity increased after treatment with neuraminidase). 
N+, neuraminidase treated; N–, not treated with 
neuraminidase; IgA, load control developed with 
anti-IgA α chain–specific antibody.

Table 3
Incubation of cell lines from 5 IgAN patients and 5 healthy controls with BADG, an inhibitor of β1,3-galactosyltransferase, augments Gal 
deficiency of the secreted IgA1

	 IgA	production	 Sham	treated	 BADG	treated	 BADG	treated	

	 	 N+	 N+	 N–

	 (μg/ml)	 (%)A	 (%)A	 (%)A

IgAN 4.2 (3.5–7.9) 31.5 (29.3–45.0)B,C 90.4 (87.5–98.1)C 55.0 (47.7–57.8)D

Control 4.5 (3.2–6.5) 9.0 (3.8–14.4)B,E 92.2 (86.4–97.7)E 84.5 (84.2–92.8)D

Data are expressed as median and range. P values are calculated by Mann-Whitney test. ARatio of HAA-reactive IgA1 to total IgA1 relative to standard Gal-
deficient neuraminidase-treated (N+) IgA1 (Mce) myeloma protein that was set as 100%. BP < 0.01; comparison between sham-treated neuraminidase-treated 
cells from IgAN patients and healthy controls. CP < 0.01, comparison between BADG-treated neuraminidase-treated and sham-treated neuraminidase-treated 
cells for IgAN patients. DP < 0.01; comparison between cells from IgAN patients and healthy controls, both BADG-treated but not treated with neuraminidase 
(N–). EP < 0.01; comparison between BADG-treated neuraminidase-treated and sham-treated neuraminidase-treated cells for healthy controls.
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cell  lines by limiting dilution (using 96-well plates seeded with 5 to 
10 cells per well) in RPMI 1640 supplemented with l-glutamine, 20% 
FCS, penicillin, and streptomycin. After several rounds of cloning and 
screening, IgA1-producing cell lines from all 11 IgAN patients and all 11 
healthy controls were generated.

Measurement of immunoglobulin levels. The isotypes of the immunoglobu-
lins secreted by the immortalized cells were determined by capture ELISA 
(12, 40). ELISA plates were coated with F(ab′)2 fragment of goat IgG anti-
human IgA, IgG, or IgM (Jackson ImmunoResearch Inc.) at 1 μg/ml. The 
bound immunoglobulins were then detected with biotin-labeled F(ab′)2 
fragment of goat IgG anti-human IgA, IgG, or IgM antibody (Biosource), 
as appropriate. The binding was measured after addition of avidin–horse-
radish peroxidase conjugate (ExtrAvidin; Sigma-Aldrich), and the reaction 
was developed with the peroxidase chromogenic substrate o-phenylenedi-
amine–H2O2 (OPD-H2O2) (Sigma-Aldrich). The color reaction was stopped 
with 1 M sulfuric acid, and the absorbance at 490 nm was measured using 
an EL312 BioKinetics microplate reader (BioTek Instruments Inc.).

Measurement of level of Gal-deficient IgA1. For capture ELISA, Costar  
96-well U-bottom plates (Corning Inc.) were coated overnight at 4°C 
with F(ab′)2 fragment of goat anti-human IgA (Jackson ImmunoRe-
search) at a concentration of 3 μg/ml. Plates were blocked overnight at 
4°C with 2% BSA (Sigma-Aldrich) in PBS containing 0.05% Tween 20 
(v/v). Samples diluted in blocking buffer were added to each well and 
incubated overnight at 4°C. The captured IgA was subsequently desi-
alylated by treatment for 3 hours at 37°C with 10 mU/ml neuraminidase 
from Vibrio cholerae (Roche) in 10 mM sodium acetate buffer, pH = 5 (11). 
To assess the proportion of molecules with sialylated and terminal Gal-
NAc residues, samples were analyzed in parallel, with and without neur-
aminidase treatment. Samples were then incubated for 3 hours at 37°C 
with GalNAc-specific biotinylated HAA lectin (Sigma-Aldrich) diluted 
1:500 in blocking buffer (35, 40). The bound lectin was detected with 
avidin–horseradish peroxidase conjugate, and the reaction was devel-
oped as described above. The HAA reactivity of IgA1 in each sample was 
then calculated as OD units/1 μg of IgA1. Naturally Gal-deficient IgA1 
(Mce) purified from the plasma of a patient with IgA1 multiple myeloma 
(12, 35) was treated with neuraminidase and used as the standard. Thus, 
for comparisons of HAA binding, the OD units per 1 μg neuraminidase-
treated IgA1 (Mce) were assigned a value of 100%.

Immunostaining of IgA1-secreting cell lines. Cells were cytospun on a glass 
microscopic slide, fixed with 4% paraformaldehyde (for surface staining) 
or acidic alcohol (for intracellular staining), and blocked with BSA (2%) in 
PBS. Each specimen was stained with FITC-conjugated anti-human IgA 
antibody (Southern Biotech) and biotin-labeled HAA (Sigma-Aldrich), fol-
lowed by TRITC-conjugated streptavidin (Southern Biotech). Cell nuclei 
were stained with Hoechst 33342 (Calbiochem). In a separate experiment, 
IgA-producing cells were also stained with FITC-conjugated anti-human 
IgA1 antibody (Southern Biotech) and PE-conjugated IgA2 (Southern Bio-
tech) to determine the subclass of IgA.

The Golgi apparatus of the cells was stained with anti-human Golgin 97 
mouse IgG followed by Alexa Fluor 488 goat anti-mouse IgG (Molecular 
Probes). For detecting IgA, biotin-labeled goat F(ab′)2 anti-human IgA anti-
bodies (Biosource) and allophycocyanin-conjugated streptavidin (South-
ern Biotech) were used. Gal-deficient IgA1 was stained with biotin-labeled 
HAA and TRITC-conjugated streptavidin with or without neuraminidase 
treatment. Cell nuclei were stained with Hoechst 33342 reagent.

Confocal microscopy.  Imaging was performed using a Leica DMIRBE 
inverted epifluorescence/Nomarski microscope outfitted with Leica TCS 
NT Laser Confocal optics (Leica Inc.) equipped with UV, argon, krypton, 
and helium/neon lasers. An image analysis program (IPLab, version 3.6; BD 
Biosciences) was used to examine the colocalization of proteins by measur-
ing the line intensity. The intensity profile within the line drawn through 
the diameter of the cell, including the Golgi apparatus, demonstrated the 
spatial relationship of the corresponding proteins visualized in the graph.

Size-exclusion chromatography. To determine the molecular form of IgA1 
secreted by the IgAN-IgA1S and HC-IgA1S cell lines, 1 ml culture super-
natant was filtered through a 0.45-μm filter (Pall Corp.) and fractionated 
on a calibrated Superose 6 column (600 × 12 mm) equilibrated in PBS 
(12, 20). The fractions were analyzed by ELISA for IgA and Gal-deficient 
IgA1. Purified polymeric and monomeric IgA1 myeloma proteins were 
used as molecular mass standards.

SDS-PAGE and Western blotting. Serum and culture supernatants were 
separated by SDS-PAGE using 4%–20% gradient slab gels (Bio-Rad) under 
reducing or nonreducing conditions. Protein levels of the loaded samples 
were normalized to IgA concentration. The gels were blotted to PVDF 
membranes and incubated with antibody specific for IgA α chains (Vector 
Laboratories) or biotin-labeled lectins specific for terminal GalNAc (HAA; 
Sigma-Aldrich) or α2,6-bound NeuAc (SNA; EY Laboratories Inc.). HAA 
reacts with terminal GalNAc but not with sialylated GalNAc or GalNAc-
Gal disaccharide. Reaction of HAA with a terminal GalNAc is blocked by an 
attached NeuAc; therefore, the blots were treated with neuraminidase from 
V. cholerae (Roche) on PVDF membranes for 3 hours or overnight before the 
lectin binding (40). The visualization of positive bands was accomplished 
by subsequent incubation of the membrane with avidin-peroxidase conju-
gate, followed by enhanced chemiluminescence detection (Pierce) (40).

Real-time RT-PCR. Total RNA was isolated using RNAStat60 (13) from  
1 × 106 cells and treated with DNase. mRNA was converted to cDNA 
using SuperScript II reverse transcriptase (Invitrogen). Real-time RT-PCR 
was performed using LightCycler FastStart DNA Master SYBR Green I 
chemistry as suggested by the manufacturer (Roche) with MgCl2 adjust-
ed to a final concentration of 2.6 mM. Primers used for amplification of  
GalNAcT2, C1GalT1, Cosmc, ST6GalNAcI, -II, -IV, and -VI, IgA α chain, and 
J chain are listed in Table 2. Primers for β-actin amplification (housekeep-
ing gene) were purchased from R&D Systems. Real-time RT-PCR was 
performed for 42 cycles of denaturation at 95°C, annealing at 60°C, and 
extension at 72°C. Specificity of primers was verified by melting-point 
analysis and by gel electrophoresis of the amplicons. Data comparisons 
were performed by the E-method (55) and calculated as mean expression in 
IgAN-IgA1S cell lines relative to the expression in HC-IgA1S cell lines.

Figure 9
Complex changes in biosynthetic pathways of O-linked glycans in IgA1-
producing cell lines from IgAN patients. Transcription of C1GalT1 and 
Cosmc and enzyme activity of C1GalT1 was lower in the IgAN-IgA1S 
cell lines than in the HC-IgA1S cell lines, whereas the transcription 
and enzymatic activity of ST6GalNAcII was higher. Red arrows in front 
of enzyme names denote increased or decreased enzymatic expres-
sion/activity in the cell lines from IgAN patients compared with that in 
cell lines from healthy controls. Gal-containing glycans are shown in 
blue, Gal-deficient glycans, in red.
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Preparation of the Golgi-enriched fraction from IgA1-producing cell lines. Golgi-
enriched cellular fractions were prepared using a published method (28). 
In brief, cells (1 × 107) were harvested and homogenized on ice in a Potter-
Elvehjem homogenizer in 2 ml, 25 mM, 2-[N-morpholino]ethanesulfonic 
acid (MES) buffer (pH 6.5) containing 75 mM NaCl and 1× Complete Mini 
EDTA-free protease inhibitor mix (Roche). The homogenate was centrifuged 
at 1,000 g for 10 minutes. The supernatant was recentrifuged at 27,000 g for 
1 hour, and the pellet was resuspended in 25 mM MES buffer, pH 6.5, con-
taining 75 mM NaCl, 10 mM MnCl2, 10% glycerol (v/v), 1% Triton X-100, 
and 1× Complete Mini EDTA-free protease inhibitor mix (Roche). After 1 
hour, the suspension was centrifuged at 100,000 g for 1 hour and the super-
natant, designated as the Golgi-enriched fraction, was used as the source of 
the glycosyltransferases. All purification steps were performed at 4°C.

Preparation of desialylated Gal-deficient IgA1. IgA1 (Mce) myeloma protein  
(500 μg) was desialylated with 30 mU neuraminidase from V. cholerae (Roche) 
in 50 mM sodium acetate buffer pH 5.5 at 37°C for 12 hours. The desialylated 
Gal-deficient IgA1 was purified by size-exclusion chromatography (28) and 
used as acceptor in the sialyltransferase and galactosyltransferase assays.

Measurement of β1,3-galactosyltransferase and ST6GalNAc enzyme activities. To 
measure enzymatic activity of β1,3-galactosyltransferase, we used a modifica-
tion of previously published methods (24, 56). In brief, the galactosyltrans-
ferase activity was determined using desialylated Gal-deficient IgA1 (Mce) 
myeloma protein as the acceptor and UDP-Gal (Sigma-Aldrich) as the donor 
substrate. Desialylated IgA1 (Mce) myeloma protein (2 μg) was incubated 
with 10 μl Golgi-enriched fraction for 4 hours at 37°C in 45 μl reaction buf-
fer (100 mM MES buffer, pH 6.5; 20 mM MnCl2, 0.4% Triton X-100, 2 mM 
ATP, 0.4 mM UDP-Gal, and 1× Complete Mini EDTA-free protease inhibitor 
mix). The reaction was stopped by snap-freezing the samples at –80°C.

Enzymatic activity of ST6GalNAc was determined as described earlier, 
with a few modifications (28, 56). In brief, the sialyltransferase activity was 
determined using desialylated Gal-deficient IgA1 (Mce) myeloma protein 
as the acceptor and CMP-NeuAc (Sigma-Aldrich) as the donor substrate. 
Desialylated IgA1 (Mce) myeloma protein (2 μg) was incubated with 10 μl 
Golgi-enriched fraction for 4 hours at 37°C in 30 μl reaction buffer (50 mM 
MES buffer, pH 6.5; 2 mM CaCl2, 2 mM MnCl2, 10 mM MgCl2, 0.4% Triton 
X-100, 10 mM CMP-NeuAc, 1 mM 2,3-dehydro-2-deoxy-Neu5Ac [sialidase 
inhibitor, Sigma-Aldrich]; 1× Complete Mini EDTA-free protease inhibitor 
mix). The reaction was stopped by snap-freezing the samples at –80°C.

The amount of Gal or NeuAc added to GalNAc residues on IgA1 was 
determined based on changes in the HAA lectin binding to IgA1 before and 
after the sialyltransferase reaction (28). Specificity of the assay was verified 
in a parallel reaction of HAA with the IgA1 in the reaction mixture that was 
treated with neuraminidase after capture on the ELISA plate. One unit of 
the enzyme activity was defined as a decrease of HAA binding to IgA1 by 
1.0 OD in 4 hours. The enzyme activity was normalized per mg protein in 
the Golgi-enriched preparation in the reaction mixture.

Inhibition of galactosyltransferase.  BADG  was  used  as  inhibitor  of  
β1,3-galactosyltransferase (36). IgA1-secreting cell lines (1 × 106 cells) 
from IgAN patients and controls were cultured with or without 5 mM 
BADG dissolved with 3.7% methanol in RPMI 1640 medium supple-
mented with l-glutamine, 20% FCS, penicillin, and streptomycin. After 
72 hours, levels of IgA1 and HAA-reactive IgA1 produced by the cell lines 
were measured by ELISA.

Statistics. Correlations between the different parameters were analyzed by 
Student’s t test, 2 tailed, or by the Mann-Whitney test. ANOVA was used to 
determine differences in the characteristics among multiple groups. Data 
were expressed as mean ± SD or median values. P values of less than 0.05 
were considered significant. All statistical analyses were performed with 
StatView 5.0 software (Abacus Concept Inc.).
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