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Little is known about the pathogenic mechanisms of IgA nephropathy, despite being the most prevalent form of glomerulone-
phritis in humans. We report in this study that in (New Zealand White (NZW) � C57BL/6)F1 mice predisposed to autoimmune
diseases, the expression of a human bcl-2 (hbcl-2) transgene in B cells promotes a CD4-dependent lupus-like syndrome charac-
terized by IgG and IgA hypergammaglobulinemia, autoantibody production, and the development of a fatal glomerulonephritis.
Histopathological analysis of glomerular lesions reveals that the glomerulonephritis observed in these animals resembles that of
human IgA nephropathy. The overexpression of Bcl-2 in B cells selectively enhances systemic IgA immune responses to T-
dependent Ags. Significantly, serum IgA purified from (NZW � C57BL/6)F1-hbcl-2 transgenic mice, but not from nontransgenic
littermates, shows reduced levels of galactosylation and sialylation and an increased ability to deposit in the glomeruli, as observed
in human patients with IgA nephropathy. Our results indicate that defects in the regulation of B lymphocyte survival associated
with aberrant IgA glycosylation may be critically involved in the pathogenesis of IgA nephropathy, and that (NZW � C57BL/
6)F1-hbcl-2 Tg mice provide a new experimental model for this form of glomerulonephritis. The Journal of Immunology, 2004,
172: 7177–7185.

I mmunoglobulin A nephropathy (IgAN)5 is the most common
form of glomerulonephritis worldwide. Its clinical presenta-
tion may vary greatly from a primary nephropathy to a glo-

merulonephritis associated with several diseases, including auto-
immune diseases such as systemic lupus erythematosus (SLE) or
rheumatoid arthritis (1, 2). IgAN is unique among glomerular dis-
eases in being defined by immunohistochemical findings rather

than by light microscopy. The most common, but not exclusive,
glomerular alteration associated with IgAN is the presence of focal
or diffuse mesangial expansion of both extracellular matrix and
cells (1, 2). The diagnosis of IgAN is based on the finding of IgA
deposits in the mesangium that appear as an electron-dense mate-
rial by electron microscopy (1–4). The presence of Ig deposits of
IgG and IgM isotypes as well as C3 also can be observed in this
type of nephropathy (3, 4).

Despite being so common, the etiology and the molecular and
cellular mechanisms involved in IgAN remain largely unknown. It
has been demonstrated recently that transgenic (Tg) mice overex-
pressing human Fc�R on monocytes/macrophages develop an
IgAN in association with the presence of circulating soluble Fc�R-
IgA complexes (5). Mesangial IgA deposition seems to be the final
step resulting from different genetic and immunological abnormal-
ities. Increased levels of circulating IgA1 and IgA plasma B cells,
and altered mucosal (reduced) and systemic (enhanced) IgA im-
mune responses are common immunological abnormalities ob-
served in patients with IgAN (1, 2, 6–9). Multiple studies have
reported that in these patients, IgA1 derived from sera and from
diseased kidneys have a reduced pattern of galactosylation (10–
13). Similar abnormalities are observed in HIGA (high IgA levels)
mice bearing the ddY mutation, which spontaneously develop a
glomerulonephritis resembling human IgAN (14, 15). Signifi-
cantly, it has been shown that underglycosylated IgA1 has an in-
creased capacity of self-aggregation and binding to human mes-
angial cells (12, 13), suggesting a nephritogenic potential of
hypogalactosylated IgA.

Associations between defects in the regulation of lymphocyte
apoptosis and autoimmune diseases have been reported repeatedly.
The best example is the autoimmune lymphoproliferative syn-
drome observed both in humans and mice due to mutations in

*Laboratory of Immunology, Department of Molecular Biology, Unit Associated with
Centro de Investigaciones Biologicas/Consejo Superior de Investigaciones Cientifi-
cas, and Departments of †Medical and Surgery Sciences and ‡Anatomy and Cellular
Biology, University of Cantabria, Santander, Spain; §Immunology and ¶Nephrology,
Hospital Universitario Marqués de Valdecilla, Santander, Spain; and �Department of
Pathology, University of Geneva, Geneva, Switzerland

Received for publication January 20, 2004. Accepted for publication March 22, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by Grant SAF00/0176 from the Ministerio de Ciencia y
Tecnologı́a (Spain) to J.M.; Grant SAF2002-02624 from the Ministerio de Ciencia y
Tecnologı́a (Spain) to R.M.; Grant FIS PI020417 from the Fondo de Investigación
Sanitaria (Spain) to M.L.-H.; grants from the Fundación Marqués de Valdecilla
(Spain) to J.M., R.M., M.A., and M.L.-H.; a grant from Swiss National Foundation to
S.I.; and the “Instituto Reina Sofı́a de la Fundación Renal Iñigo Alvarez de Toledo”
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fas/fasL or different caspases (16, 17). Mice with a targeted dis-
ruption of bim, a proapoptotic bcl-2 relative, develop an autoim-
mune syndrome resembling SLE (18). The absence of bim results
in alterations in the elimination of autoreactive T cells within the
thymus and in the control of cell death of Ag-activated T cells
during termination of an immune response (19, 20). However, in
other situations in which the inhibition of cell death induces the
development of autoimmune diseases, such as is observed in Tg
mice overexpressing Bcl-2 in B cells, the mechanisms involved in
the pathogenesis of the disease are less clear (21). In an attempt to
explore in more detail the relationship between the inhibition of B
cell apoptosis and the development of systemic autoimmune dis-
eases, we have generated (New Zealand White (NZW) � C57BL/
6)F1 mice overexpressing a human bcl-2 (hbcl-2) transgene in B
cells. These Tg mice spontaneously develop a CD4-dependent au-
toimmune syndrome, which is characterized by IgG and IgA hy-
pergammaglobulinemia, the production of several autoantibodies,
and the development of a lethal glomerulonephritis. Unexpectedly,
histopathological analysis reveals that the glomerular disease ob-
served in these animals resembles human IgAN, and is associated
with a reduced sialylation and galactosylation of circulating IgA.
We propose (NZW � B6)F1-hbcl-2 Tg mice as a new experimen-
tal model to explore in vivo cellular and molecular mechanisms
involved in IgAN.

Materials and Methods
Mice, treatments, and immunizations

B6, B6-SV40-E�-hbcl-2-22 Tg (B6-hbcl-2 Tg) (21), and NZW mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). B6 �MT mice
(22) were kindly provided by K. Rajewsky (Cologne, Germany). The F1

hybrids used in this study were obtained in our animal facilities. The pres-
ence of the hbcl-2 Tg in F1 mice was assessed in PBMC by flow cytometry
using a specific mAb against human Bcl-2 (clone 6C8; BD PharMingen,
San Diego, CA), as described previously (23). In B6-hbcl-2 Tg mice, the
expression of the hbcl-2 transgene is controlled by the SV40 promoter and
E� enhancer and promotes the overexpression of hBcl-2 in all subpopu-
lations of developing and peripheral mature B cells, but not in T or den-
dritic cells (21) (data not shown). Mice were bled every 2 mo from the
retro-orbital plexus, and the resulting sera were stored at �20°C until use.

To evaluate the role of CD4� T cells in the development of autoimmune
disease, (NZW � B6)F1-hbcl-2 Tg mice were treated from birth until 6 mo
with an anti-CD4 mAb (GK-1.5: rat IgG2b), as described previously (24).
The efficiency of this treatment was evaluated monthly in PBMC by flow
cytometry.

To explore the effects of hBcl-2 overexpression in B cells in the devel-
opment of IgG and IgA T-dependent immune responses, 8-wk-old B6-
hbcl-2 Tg and non-Tg mice were immunized i.p. with 100 �g of hen egg
lysozyme (HEL) emulsified in CFA. Primary IgG and IgA anti-HEL im-
mune responses were evaluated 2 and 4 wk after immunization by ELISA.
Mice were challenged i.p. with 100 �g of HEL dissolved in PBS 1 and 2
mo after primary immunization, and IgG and IgA secondary and tertiary
anti-HEL Ab responses were evaluated 2 and 4 wk later. In addition, 8-wk-
old B6-hbcl-2 Tg and non-Tg mice were immunized i.p. with 50 �g of
2,4,6-trinitrophenyl (TNP)11-OVA (Biosearch Technologies, Novato, CA)
mixed with Al(OH)3 and boosted with the same dose of Ag 4 and 8 wk
later. The titers of high affinity IgG and IgA anti-TNP3 Abs were evaluated
2 and 4 wk after each immunization, by ELISA on polystyrene microtiter
plates (Flow Laboratories, McLean, VA) coated with 10 �g/ml BSA-TNP3

(Biosearch Technologies). Results of anti-HEL and anti-TNP3 Abs were
expressed in titration units (TU) in reference to serum pools from immu-
nized adult mice. To determine the number of anti-tetanous toxoid (TT)
Ab-secreting B cells (ASC), 8-wk-old B6-hbcl-2 Tg and non-Tg mice were
immunized i.p. with 3 �g of TT (Anatoxal TE, Berna, Switzerland) in a
volume of 100 �l of saline solution containing 500 �g of Al(OH)3. Ani-
mals were boosted with the same dose of Ag 15 days later. All in vivo
experiments with mice were performed in compliance with the Guide for
the Care and Use of Laboratory Animals (25).

Enumeration of anti-TT ASC by ELISPOT

The TT-specific ASC number was assessed by ELISPOT, as previously
described (26). Briefly, single-cell suspensions were obtained from the

spleen of B6-hbcl-2 Tg and non-Tg mice 21 days after secondary immu-
nization with TT-Al(OH)3 and resuspended in complete DMEM (Life
Technologies, Gaithersburg, MD) containing 10% FCS. The spleen cell
suspensions were then treated with ammonium citrate potassium lysing
buffer (0.15 M NH4CL, 10 mM KHCO3, and 0.1 mM Na2EDTA) to elim-
inate RBC. Multiscreen HA nitrocellulose-bottom plates (Millipore, Bed-
ford, MA) were coated with 10 �g/ml TT overnight at 37°C. After washing
with PBS-0.1% Tween 20 and blocking with DMEM containing 10% FCS,
serial dilutions of the single-cell suspension were added to the plates and
incubated for 5 h at 37°C. After washing, plates were incubated with al-
kaline phosphatase-conjugated goat anti-mouse IgG or IgA (Serotec, Ox-
ford, U.K., and ICN Biomedicals, Irvine, CA, respectively) overnight at
4°C, washed, and incubated with 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium substrate (Sigma-Aldrich, Madrid, Spain). Wells con-
taining between 10 and 70 spots (linear zone) were counted by eye. In
addition, total IgA ASC in spleen and Peyer’s patches (PP) from nonim-
munized 4-mo-old (NZW � B6)F1-hbcl-2 Tg and non-Tg mice were also
evaluated by ELISPOT using Multiscreen HA nitrocellulose-bottom plates
coated with 10 �g/ml goat anti-IgA Abs, as described above.

Flow cytometry studies

The number of marginal zone (MZ) B cells in the spleen, B-1a cells in the
peritoneal cavity, and B220�CD138� plasma B cells in the spleen and PP
in (NZW � B6)F1 non-Tg and (NZW � B6)F1-hbcl-2 Tg mice was eval-
uated by flow cytometry. Single-cell suspensions from spleen and perito-
neal cells, obtained after washing the peritoneal cavity with 10 ml of ice-
cold PBS containing 5% of FCS, were stained with different combinations
of FITC-, PE-, PerCP-, and biotin-conjugated mAbs (BD PharMingen)
directed against surface B cell Ags. The following anti-mouse mAbs were
used: FITC-conjugated anti-CD21 (clone 7G6), PE-conjugated anti-CD138
(clone 281-2), PE-conjugated anti-CD5 (clone 53-7.3), PE-conjugated anti-
CD23 (clone B3B4), PerCP-conjugated anti-B220 (clone RA3-6B2), and
biotin-conjugated anti-IgM (clone R6-60.2). For biotinylated mAbs, PE-
conjugated streptavidin (BD PharMingen) was used as a second step re-
agent. A total of 5 � 104 viable cells was analyzed in a FACSCalibur flow
cytometer using CellQuest Pro software (BD Biosciences, Mountain
View, CA).

Serological studies

Serum levels of total IgG1, IgG2a, IgG2b, IgG3, and IgA were determined
by ELISA. Briefly, plates were coated with rabbit anti-mouse IgG subclass-
specific (Serotec) or goat anti-mouse IgA-specific Abs, and the assays were
developed with the same corresponding Abs conjugated to alkaline phos-
phatase. None of the subclass- or isotype-specific Abs used in this study
were cross-reactive with other Ig isotypes (data not shown). Results were
expressed in mg/ml in reference to a standard curve obtained with a mouse
reference serum (ICN Biomedicals). The presence of IgG and IgA anti-
DNA autoantibodies was determined in sera by ELISA. ssDNA from calf
thymus (Sigma-Aldrich) was used at a concentration of 10 �g/ml for coat-
ing the wells of polystyrene microtiter plates (Flow Laboratories). After
incubation with 1/100 diluted serum samples, bound IgA and IgG were
detected with alkaline phosphatase-conjugated goat anti-IgA or anti-IgG
Abs, respectively. Results were expressed in TU in reference to a standard
curve obtained from a serum pool from 6- to 8-mo-old MRL lpr/lpr mice.
Serum levels of gp70 immune complexes (IC) were quantified by ELISA
(24), and the results were expressed as �g of Ab-bound gp70/ml serum.
Serum levels of IgM anti-Bromelain-treated mouse RBC autoantibodies
were measured, as described previously (27).

Serum pools from 4- to 6-mo-old (NZW � B6)F1 non-Tg and (NZW �
B6)F1-hbcl-2 Tg mice were prepared by mixing 50 �l of 10–15 sera in
each different pool. IgA, IgG, and IgM were purified from each pool using
KATIV-AE affinity column (Genomics One International, Buffalo, NY),
protein G affinity column (Amersham Pharmacia Biotech, Barcelona,
Spain), and LOMM-9 affinity column chromatography, respectively. The
purity of IgA, IgG, or IgG samples thus obtained was confirmed by iso-
type-specific ELISA. The pattern of galactosylation and sialylation of IgA,
IgG, and IgM was assessed by a lectin-binding assay combined with
ELISA, using biotinylated elderberry (Sambucus nigra) bark lectin to de-
tect sialic acid (SNA; Vector Laboratories, Burlingame, CA) and Ricinus
communis agglutinin I (RCA-I; Vector Laboratories) to detect galactose
residues (28). Different concentrations of purified IgA, IgG, or IgM diluted
in PBS were used for coating the wells of polystyrene microtiter plates
(Linbro Titertek; ICN Biomedicals). After washing, wells were incubated
first with biotinylated lectins at 10 �g/ml and then with alkaline phos-
phatase-conjugated streptavidin (BD PharMingen). Glycosylation was ex-
pressed as percentage of binding calculated by the following formula: (OD
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developed with the lectin detection system/OD developed with anti-IgA,
anti-IgG, or anti-IgM alkaline phosphatase conjugates) � 100.

IgA clearance and glomerular deposition studies

To explore possible differences in the clearance of IgA from (NZW �
B6)F1-hbcl-2 Tg and non-Tg mice, separate groups of Ig-deficient B6 �MT
mice were injected i.v. with 0.2 ml (1 mg) of purified IgA of each mouse
strain. Mice were bled at serial time points after the injection. Serum con-
centrations of IgA were determined by ELISA. The amount of IgA re-
maining in blood was calculated relative to the value 5 min after the
injection.

To analyze whether hypoglycosylated IgA from (NZW � B6)F1-hbcl-2
Tg mice has an increased glomerular deposition capacity than IgA from
(NZW � B6)F1 non-Tg mice, groups of 1.5-mo-old (NZW � B6)F1

non-Tg mice (3 mice/group) received a daily i.v. injection during 3 con-
secutive days of 3.3 mg of purified IgA from each 8-mo-old F1 mice (total
amount: 10 mg/mice), separately. The presence of IgA deposits in the
glomeruli of Ig-injected (NZW � B6)F1 non-Tg mice was explored by
immunofluorescence 24 h after the last injection, as described below.

Quantitative real-time RT-PCR analyses

Spleens from (NZW � B6)F1-hbcl-2 Tg and non-Tg mice were homoge-
nized with a Polytron (IKA Labortechnik, Staufen, Germany), and total
RNA was isolated using the Ultraspec RNA reagent (Biotecx, Houston,
TX). For RT-PCR, 2 �g of DNase I-treated RNA was reverse transcribed
with murine leukemia virus reverse transcriptase (Roche Diagnostics,
Lewes, U.K.). To measure the expression of TGF-�1 in the spleen of these
mouse strains, real-time PCR was performed in an ABI-Prism 700 cycler
system (Applied Biosystems, Foster City, CA) using primers from different
exons that generated a product of �200 bp in length. Results (in triplicates)
are normalized to GAPDH expression and measured in parallel in each
sample.

Proteinuria and histopathology

Proteinuria was assessed by determination of urine albumin using reagent
striped Albustix (Bayer, Barcelona, Spain) and scored in a 0–4 scale in
which 0 indicates the absence or traces of proteinuria, 1 indicates protein-
uria values between 30 and 100 mg/dl, 2 indicates proteinuria values be-
tween 100 and 300 mg/dl, 3 indicates proteinuria values between 300 and
1000 mg/dl, and 4 indicates proteinuria values higher than 1000 mg/dl.
Proteinuria of 2 or more was considered as positive.

Samples of all major organs were obtained at autopsy. Most organs were
included in paraffin and stained with H&E for pathological studies. For
kidney light and electron microscopy studies, the organs were immersed in
a fixative solution containing 3% glutaraldehyde in 0.12 M PBS (pH 7.4)
for 24 h at room temperature. After fixation, 300-�m-thick sections were
obtained in a vibratome, and small blocks from the cortex were dissected
out and postfixed in 2% osmium tetroxide (in 0.12 M PBS), dehydrated,
and embedded in Durcupan (Fluka, Buchs, Switzerland; Sigma-Aldrich).
For light microscopy examination, semithin sections (1 �m) were stained
with 1% toluidine blue. Glomerulonephritis was scored on a 0–4 scale, as
described previously (29). In addition, ultrathin sections were cut on a LKB
ultramicrotome (LKB Instruments, Gaithersburg, MD), counterstained
with 3% uranyl acetate, followed by lead citrate, and examined in a Philips

EM-208 electron microscope. All histological preparations were analyzed
in a blinded fashion by a pathologist.

Tissue-bound IgM, IgG, and IgA Abs were studied by immunofluores-
cence on kidney cryosections using FITC-conjugated goat anti-mouse IgM
and IgG Abs (Jackson ImmunoResearch Laboratories, West Grove, PA) or
FITC-conjugated goat anti-mouse IgA Ab (Cappel Laboratories,
Cochranville, PA).

Statistical analysis

Statistical analysis of differences between groups of mice was performed
using the Mann-Whitney U test. Probability values �0.05 were considered
significant.

Results
Development of an IgAN associated with a lupus-like
autoimmune syndrome in (NZW � B6)F1-hbcl-2 Tg mice

To study how alterations in the regulation of B cell apoptosis may
result in autoimmune diseases, B6-hbcl-2 Tg mice (21) were
crossed with NZW mice. (NZW � B6)F1-hbcl-2 Tg mice devel-
oped a severe autoimmune syndrome. At 4 mo of age, these Tg
mice spontaneously produced increased levels of serum IgG1,
IgG2a, IgG2b, IgG3, and IgA Abs in comparison with (NZW �
B6)F1 non-Tg controls (Fig. 1; p � 0.01 in all cases). These mice
also had higher titers of IgG and IgA anti-DNA autoantibodies and
of gp70 IC in their sera than non-Tg F1 mice (Fig. 2; p � 0.001 in
all cases). The enhanced IgA autoantibody production in (NZW �
B6)F1-hbcl-2 Tg mice was accompanied by a parallel increase in
the number of splenic total IgA and B220�CD138� plasma cells.
Thus, 4-mo-old (NZW � B6)F1-hbcl-2 Tg mice exhibited a 19-
and 25-fold increase in the number of splenic total IgA ASC
(1.5 � 106 � 0.4 � 106 cells; n � 5) and B220�CD138� plasma
cells (36.3 � 106 � 12.4 � 106 cells; n � 5), respectively, in
comparison with (NZW � B6)F1 non-Tg mice (total IgA ASC,
0.8 � 105 � 0.1 � 105 cells; B220�CD138� plasma cells, 1.5 �
106 � 0.3 � 106 cells; n � 4). This increment was also observed,
although at a much lower extent, in the PP of (NZW � B6)F1-
hbcl-2 Tg mice (number of total IgA ASC in PP of (NZW �
B6)F1-hbcl-2 Tg mice, 1.4 � 104 � 0.2 � 104 cells; in (NZW �
B6)F1 non-Tg mice, 0.4 � 104 � 0.03 � 104 cells (3.5-fold in-
crease); number of B220�CD138� plasma cells in PP of (NZW �
B6)F1-hbcl-2 Tg mice, 1.7 � 104 � 0.6 � 104 cells; in (NZW �
B6)F1 non-Tg mice, 0.6 � 104 � 0.08 � 104 cells (3-fold in-
crease)). Interestingly, we had recently reported that (NZW �
B6)F1-hbcl-2 Tg, but not non-Tg mice produced increased levels
of IgG rheumatoid factor (RF) autoantibodies (30). The increased
anti-IgG RF autoantibody production observed in (NZW � B6)F1-
hbcl-2 Tg mice might account for the elevated titers of IgA anti-

FIGURE 1. Serum levels of IgA and IgG subclasses in 4-mo-old (NZW � B6)F1 non-Tg, (NZW � B6)F1-hbcl-2 Tg, and anti-CD4-treated (NZW �
B6)F1-hbcl-2 Tg mice, and serum levels of IgA in 4-mo-old B6 non-Tg and B6-hbcl-2 Tg mice. Values of individual mice are expressed in mg/ml. Bars
represent the mean value of each examination.
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DNA autoantibody production observed in these animals. How-
ever, although the production of IgA anti-IgG RF autoantibodies
was not explored in our previous study, the increased numbers of
total IgA ASC and IgA Ag-specific ASC (see below) observed in
hbcl-2 Tg mice strongly argue against such possibility. In corre-
lation with these serological parameters, (NZW � B6)F1-hbcl-2
Tg mice showed a shortened life span, with a 50% cumulative
mortality rate at 13 mo of age and 80% at 18 mo of age (Fig. 3).
Notably, none of the non-Tg F1 littermates died by 18 mo of age.
The accelerated mortality of (NZW � B6)F1-hbcl-2 Tg mice was
preceded by the presence of intense proteinuria (mean score of
proteinuria at 9 mo of age: 3.3 � 0.9; n � 14) that was not ob-
served in (NZW � B6)F1 non-Tg controls (mean score of protein-
uria at 9 mo of age: 1.1 � 1.4; n � 11).

Histological analysis of major organs at 8–12 mo of age indi-
cated that the majority of (NZW � B6)F1-hbcl-2 Tg mice, but
none of the non-Tg littermates, developed a severe and diffuse
glomerulonephritis (mean histological grades of glomerular le-
sions in Tg mice, 3.75 � 0.62, n � 12; in non-Tg mice, 0.67 �
1.03, n � 6, p � 0.001), characterized by intense mesangial hy-
percellularity in association with immune deposits (Fig. 4, A and
B). In addition, in 37.6% of Tg mice, but not in non-Tg controls,
clear signs of tubular atrophy and interstitial fibrosis were also
observed (Fig. 4, C and D). The presence of proteinuria together

with the histopathological kidney lesions observed in (NZW �
B6)F1-hbcl-2 Tg mice suggest that this severe form of glomeru-
lonephritis was likely to be the principal cause for the accelerated
mortality. In fact, other histopathological lesions, such us lympho-
proliferative disorders, were not observed in these animals. Ultra-
structural inspection of affected glomeruli from (NZW � B6)F1-
hbcl-2 Tg mice revealed basement membrane thickening in
glomerular capillaries and the presence of electron-dense deposits
in both subepithelial (Fig. 5C) and mesangial regions (Fig. 5D). In
association with these electron-dense deposits, there was an in-
tense hypercellularity in the mesangium of affected glomeruli (Fig.
5B). In contrast, glomeruli from (NZW � B6)F1 non-Tg mice
showed a normal appearance, and electron-dense deposits were
hardly observed within glomeruli (Fig. 5A).

Immunofluorescence studies showed the presence of mesangial
IgM deposits with a granular distribution in (NZW � B6)F1-
hbcl-2 Tg mice at an extent much greater than that observed in
(NZW � B6)F1 non-Tg and NZW mice (Fig. 4H and Table I).
Despite the high levels of circulating total IgG and IgG autoanti-
bodies, (NZW � B6)F1-hbcl-2 Tg mice presented little, if any, IgG
deposits in their glomeruli in comparison with aged-matched lu-
pus-prone (New Zealand Black � NZW)F1 female mice used as
positive controls (Fig. 4, J and K; Table I). However, prominent
granular IgA deposits localized primarily in the mesangium were
observed in (NZW � B6)F1-hbcl-2 Tg mice, but not in (NZW �
B6)F1 non-Tg and NZW mice (Fig. 4I and Table I). Thus, the
combination of light and electron microscopy findings, together
with the immunofluorescence studies, indicated that the glomeru-
lonephritis observed in (NZW � B6)F1-hbcl-2 Tg mice resembles
an IgAN.

Because multiple genetic factors are involved in the pathogen-
esis of both IgAN and SLE (31, 32) and because NZW mice have
several dominant genetic loci linked with lupus traits (32–34), the
importance of the genetic background in the development of au-
toimmune syndrome in (NZW � B6)F1-hbcl-2 Tg mice was ex-
plored using B6-hbcl-2 Tg mice. In contrast to (NZW � B6)F1-
hbcl-2 Tg mice, B6-hbcl-2 Tg mice failed to produce IgA anti-
DNA autoantibodies and gp70 IC ( p � 0.5 and p � 0.2,
respectively), despite a significant production of IgG anti-DNA
autoantibodies (Fig. 2, p � 0.005). Serum levels of IgA in B6-
hbcl-2 Tg mice were hardly elevated, and not higher than those in
(NZW � B6)F1 non-Tg mice (Fig. 1, p � 0.5). Notably, B6-hbcl-2
Tg mice showed a normal life span (Fig. 3) with no sign of glo-
merulonephritis (Fig. 4, F and G; Table I).

FIGURE 2. Serum levels of IgG and IgA anti-DNA and of gp70 IC in
4-mo-old (NZW � B6)F1 non-Tg, (NZW � B6)F1-hbcl-2 Tg, anti-CD4-
treated (NZW � B6)F1-hbcl-2 Tg, B6 non-Tg, and B6-hbcl-2 Tg mice.
Values of individual mice are expressed in TU for anti-DNA autoantibod-
ies and in �g/ml for gp70 IC. Bars represent the mean value of each
examination.

FIGURE 3. Mortality curve of (NZW � B6)F1 non-Tg, (NZW �
B6)F1-hbcl-2 Tg, and B6-hbcl-2 Tg mice.
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The development of both IgAN and SLE in (NZW � B6)F1-hbcl-
2 Tg mice is dependent on CD4� T cells.

To assess the role of CD4� T cells in the development of IgAN
and SLE in (NZW � B6)F1-hbcl-2 Tg mice, Tg F1 animals were
treated from birth with an anti-CD4 mAb. This treatment induced
a complete and persistent depletion of CD4� T cells, documented
by flow cytometric analysis (data not shown). The depletion of
CD4� T cells in (NZW � B6)F1-hbcl-2 Tg mice was followed by
the complete inhibition of autoimmune manifestations. The levels
of circulating IgG subclasses and IgA (Fig. 1), IgG, and IgA anti-
DNA autoantibodies and gp70 IC (Fig. 2) in 4-mo-old CD4�-
depleted (NZW � B6)F1-hbcl-2 Tg mice were similar or even
lower than those found in untreated (NZW � B6)F1 non-Tg con-
trols. When evaluated for renal histopathology at 6 mo of age,
CD4�-depleted (NZW � B6)F1-hbcl-2 Tg mice showed minimal
glomerular alterations (Fig. 4E), in clear contrast with the signif-
icant glomerular lesions observed in untreated Tg mice (Fig. 4B).

Overexpression of Bcl-2 in B cells enhances systemic IgA
immune responses to T-dependent Ags

It has been shown that patients with IgAN mount abnormal mu-
cosal and systemic IgA immune responses to T-dependent Ags (8,
9). To analyze whether the overexpression of Bcl-2 in B cells
influenced systemic IgA Ab responses, serum levels of IgA and
IgG Abs during primary, secondary, and tertiary immune re-
sponses against T-dependent Ags were compared between B6-
hbcl-2 Tg and non-Tg mice. Both B6-hbcl-2 Tg and non-Tg mice
developed high affinity IgG anti-TNP3 Ab responses after immu-
nization with TNP11-OVA. The levels of high-affinity IgG anti-
TNP3 Abs in B6-hbcl-2 Tg mice were slightly higher ( p � 0.01)
than in non-Tg littermates after primary immunization, but no
longer different after secondary or tertiary immunization (Fig. 6A).
However, primary, secondary, and tertiary high-affinity IgA anti-
TNP3 Ab responses were observed only in B6-hbcl-2 Tg mice
(Fig. 6B; p � 0.001 in all cases). These results were confirmed

using another T-dependent Ag, HEL. B6-hbcl-2 Tg mice devel-
oped higher primary, but comparable secondary and tertiary IgG
anti-HEL Ab responses after immunization with HEL (Fig. 6C).
Again, IgA anti-HEL Ab levels were very significantly enhanced
after each immunization in mice overexpressing Bcl-2 in B cells
(Fig. 6D). Enhanced IgA immune responses to T-dependent Ags in
hbcl-2 Tg mice were further confirmed by enumeration of IgG and
IgA anti-TT ASC, as measured by ELISPOT, in the spleen 21 days
after secondary immunization with TT-Al(OH)3. In fact, B6-
hbcl-2 Tg and non-Tg mice showed comparable numbers of IgG
anti-TT ASC per spleen after secondary immunization with TT,
while the overexpression of hBcl-2 in B cells promoted a remark-
able expansion of IgA ASC per spleen (15 times), in comparison
with that observed in B6 non-Tg controls (Table II; p � 0.001).

The marked increase of Ag-specific IgA ASC in hbcl-2 Tg mice
can be a result of an expansion of B-1 cells, as proposed in humans
(35), or MZ B cells, which share many phenotypic characteristics
of B-1 cells (36). However, the total number of B-1 cells in the
peritoneal cavity of both strains of mice was essentially identical
(means of 5 mice � SD: 3-mo-old (NZW � B6)F1-hbcl-2 Tg
mice, 4.4 � 1.3 � 106; and in 3-mo-old (NZW � B6)F1 non-Tg
mice, 6.5 � 1.8 � 106). This was consistent with the finding that
the serum levels of IgM anti-Bromelain-treated mouse RBC, se-
lectively produced by B-1 cells (35), were comparable between
(NZW � B6)F1-hbcl-2 Tg and non-Tg mice (data not shown). In
contrast, the overexpression of hBcl-2 in B cells from (NZW �
B6)F1-hbcl-2 Tg mice resulted in a reduction in the size of MZ B
cell compartment (means of 5 mice � SD: percentage of B220�-
CD21high-CD23negative/low MZ B cells in spleen cells from 3-mo-
old (NZW � B6)F1-hbcl-2 Tg mice, 0.7 � 0.2%; and from 3-mo-
old (NZW � B6)F1 non-Tg mice, 7.4 � 2.5%), as reported
recently in B6-hbcl-2 Tg mice (37). We also determined whether
(NZW � B6)F1-hbcl-2 Tg mice exhibited an increased expression of
TGF-�, a cytokine involved in the induction and differentiation of

FIGURE 4. Representative histological appearance of glomeruli (�40) from 8-mo-old (NZW � B6)F1 non-Tg mice (A) and (NZW � B6)F1-hbcl-2 Tg
mice (B), tubules (�10) from 8-mo-old (NZW � B6)F1 non-Tg mice (C) and (NZW � B6)F1-hbcl-2 Tg mice (D), glomeruli (�40) from 6-mo-old
anti-CD4-treated (NZW � B6)F1-hbcl-2 Tg mice (E) and 8-mo-old B6 non-Tg mice (F), and B6-hbcl-2 Tg mice (G). Presence of IgM (H), IgA (I), and
IgG (J) deposits in the glomeruli of 6-mo-old (NZW � B6)F1-hbcl-2 Tg mice and IgG glomerular deposits (K) in 6-mo-old (New Zealand Black � NZW)F1

female mice (�40).

7181The Journal of Immunology



IgA-secreting plasma cells (38, 39), in their secondary lymphoid or-
gans. However, quantitative real-time RT-PCR analysis failed to
show any significant differences in the levels of TGF-�1 mRNA in the
spleen between 6-mo-old (NZW � B6)F1-hbcl-2 Tg (TGF-�1/
GAPDH ratio: 0.841 � 0.014, n � 5) and non-Tg mice (0.987 �
0.006, n � 4).

Abnormal glycosylation of serum IgA in mice overexpressing
hBcl-2 in B cells

The development of IgAN both in humans and in HIGA mice has
been associated with a reduced galactosylation of IgA (10–13, 15).
To explore whether similar changes in IgA galactosylation were
observed in (NZW � B6)F1-hbcl-2 Tg mice in association with the
development of IgAN, circulating IgA was purified from serum
pools from 4- to 6-mo-old (NZW � B6)F1-hbcl-2 Tg and non-Tg
F1 mice. Murine IgA bear a series of bi-antennary and tri-anten-
nary complex-type oligosaccharide chains, and the terminal resi-
dues are heterogeneous, either ending by sialic acid, galactose, or
N-acetylglucosamine, in which the terminal sialylation is depen-
dent on the galactosylation, because sialic acids are linked to ga-
lactose residues (40). Thus, the extent of galactosylation and sia-
lylation was assessed by determining the interaction of IgA with
two different lectins, SNA and RCA-I, which specifically recog-
nize sialic acid and galactose, respectively (28). SNA and RCA-I
lectin-binding assays revealed that galactosylation and sialylation
levels of IgA from five different serum pools of (NZW � B6)F1-
hbcl-2 Tg mice were reduced by �50% in comparison with that

observed in IgA from five independent non-Tg F1 serum pools
(Fig. 7A; p � 0.005).

To verify whether the abnormal Ig glycosylation pattern ob-
served in (NZW � B6)F1-hbcl-2 Tg mice was specific to IgA,
serum IgG and IgM purified from (NZW � B6)F1-hbcl-2 Tg and
non-Tg F1 mice were similarly subjected to the lectin-binding as-
says. In contrast to IgA, IgG and IgM from three independent
serum pools of 4- to 6-mo-old (NZW � B6)F1-hbcl-2 Tg and
non-Tg mice exhibited comparable bindings to both SNA and
RCA-I lectins (Fig. 7, B and C; p � 0.5 in both cases), indicating
no measurable alterations in the galactosylation and sialylation of
oligosaccharide chains attached to IgG or IgM from (NZW �
B6)F1-hbcl-2 Tg mice.

In human patients with IgAN, it has been demonstrated that
hypoglycosylated IgA1 apparently has an increased capacity of
binding to glomerular mesangial cells (12, 13). It also has been
claimed that hypoglycosylated IgA1 from patients with IgAN has
a longer t1/2 than IgA1 from healthy donors when injected into

FIGURE 6. Serum levels of IgG (A) and IgA (B) anti-TNP3 Abs and of
IgG (C) and IgA (D) anti-HEL Abs after primary, secondary, and tertiary
immunization in B6 non-Tg mice (Œ) and B6-hbcl-2 Tg mice (F). Mean
levels (�1 SD) are expressed in TU in reference to serum pools from
immunized adult mice (7–10 mice in each group). Arrows indicate the time
of each immunization.

FIGURE 5. A, Electron micrograph of glomerular capillaries from
8-mo-old (NZW � B6)F1 non-Tg mice showing endothelial cells, base-
ment membrane, epithelial cells, and mesangial cells with a normal ap-
pearance. B, Ultrastructural analysis of affected glomeruli in kidneys from
(NZW � B6)F1-hbcl-2 Tg mice shows mesangial hypercellularity, base-
ment membrane thickening in glomerular capillaries, and electron-dense
deposits in both subepithelial and mesangial regions. C and D, Detailed
view of the squared regions in B showing subepithelial (C) and mesangial
(D) deposits (asterisks). Three mice were analyzed in each group.

Table I. Increased deposits of IgA, but not of IgG, in the glomeruli of
(NZW � B6) F1-hbcl-2 Tg micea

Mice IgM IgG IgA

B6 non-Tg � � �
B6-hbcl-2 Tg � � �
NZW �� � �
(NZB � NZW)F1 ��� ��� ND
(NZW � B6)F1 non-Tg �� � �
(NZW � B6)F1-hbcl-2 Tg ��� � ���

a The presence of glomerular IgM, IgG, and IgA deposits in the different strain of
mice (n � 3 mice/group) was evaluated by immunofluorescence on kidney cryosec-
tions at 6 mo of age. The intensity of fluorescence is indicated (0 to ���). ND, not
done.
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mice (13, 41). To explore whether hypoglycosylated IgA from
(NZW � B6)F1-hbcl-2 Tg mice exhibited similar characteristics,
the serum clearance and glomerular deposition of IgA from
(NZW � B6)F1-hbcl-2 Tg and non-Tg mice were compared. Al-
though the in vivo clearance of IgA purified from both Tg and
non-Tg mice showed similar kinetics in B6 �MT mice (data not
shown), hypoglycosylated IgA from (NZW � B6)F1-hbcl-2 Tg
mice displayed an increased capacity to induce glomerular depo-
sition (Fig. 8). In fact, �70% of glomeruli of (NZW � B6)F1

non-Tg recipients injected with IgA from F1-hbcl-2 Tg mice
showed substantial amounts of granular IgA deposits in mesan-
gium (Fig. 8B), whereas IgA from F1 non-Tg mice induced only
minimal IgA deposits (Fig. 8A).

Discussion
Although IgAN is the most frequent form of glomerulonephritis,
the cellular and molecular mechanisms involved in its pathogen-

esis are still largely unknown. In this study, we show that in
(NZW � B6)F1-hbcl-2 Tg mice, defects in the regulation of B cell
apoptosis, as a result of the overexpression of hBcl-2, lead to the
development of IgA hypergammaglobulinemia and IgAN, in ad-
dition to a lupus-like autoimmune syndrome, and that both SLE
and IgAN are dependent on the presence of CD4� T cells. The
overexpression of Bcl-2 in B cells prominently enhances IgA sys-
temic immune responses to T-dependent Ags. In addition, the lev-
els of galactosylation and sialylation of serum IgA in (NZW �
B6)F1-hbcl-2 Tg mice are reduced, thereby promoting their glo-
merular deposition. However, the absence of significant glomeru-
lar lesions in B6-hbcl-2 Tg mice stresses the importance of the
abnormal proautoimmune genetic background of NZW mice (31–
34) in the pathogenesis of the disease.

One common immunological abnormality found in patients with
IgAN is the presence of increased levels of circulating IgA (1, 2).
In addition to IgG hypergammaglobulinemia, (NZW � B6)F1-
hbcl-2 Tg, but not B6-hbcl-2 Tg mice also exhibit high levels of
IgA in their sera. Several possibilities may explain how the over-
expression of Bcl-2 promotes the development of IgA hypergam-
maglobulinemia in (NZW � B6)F1 mice. It has been shown re-
cently that �MT mutant mice deficient in conventional mature B
cells, because of the lack of IgM expression (22), are still able to
produce significant levels of circulating IgA (42), demonstrating
the existence of a unique pathway for IgA production that does not
require IgM expression in B cells. Strikingly, �MT mice having
defects in the regulation of B cell apoptosis due to either the over-
expression of Bcl-2 or mutations in Fas display an increased num-
ber of B cell precursors that can complete their maturation pro-
gram without the surface IgM expression and produce both IgG
and IgA isotypes (43, 44). However, the production of IgA in �MT
mice is largely independent of T cells, and these IgA-producing B
cells fail to respond to exogenous Ags after immunization (42–
44), in a marked contrast to the total dependency on CD4� T cells
for the production of IgA in (NZW � B6)F1-hbcl-2 Tg mice and
the development of remarkable IgA responses to T-dependent Ags
in hbcl-2 Tg mice. These results thus strongly argue against the
involvement of the IgM-independent IgA induction pathway as the
cause of IgA hypergammaglobulinemia in (NZW � B6)F1-hbcl-2
Tg mice. Additionally, because of an increase in the number of B-1
cells in human patients with IgAN (35), a possible role for this cell
population in the development of the disease has been suggested.
However, this possibility seems unlikely in the present experimen-
tal model, because our data clearly show the lack of expansion of
peritoneal B-1 cells in (NZW � B6)F1-hbcl-2 Tg mice. In addi-
tion, we noted that the overexpression of hBcl-2 in B cells rather
leads to a reduction in the number of MZ B cells, a B cell popu-
lation that shares multiple phenotypic characteristics of B-1 cells
(36). We favor the idea that conventional B-2 cells are responsible

FIGURE 7. SNA and RCA-1 lectin binding by IgA (A), IgG (B), and
IgM (C) in sera from 4- to 6-mo-old (NZW � B6)F1-hbcl-2 Tg (F) and
(NZW � B6)F1 non-Tg mice (E). The pattern of sialylation (left) and
galactosylation (right) of IgA, IgG, and IgM purified from three to five
different serum pools was assessed by measuring the binding to SNA and
RCA-I, respectively. Bars represent the mean value of each examination.

FIGURE 8. Immunofluorescence analysis of glomerular IgA deposits
(�40) in 1.5-mo-old (NZW � B6)F1 non-Tg recipients i.v. injected with
10 mg of purified IgA from (NZW � B6)F1 non-Tg mice (A) or (NZW �
B6)F1-hbcl-2 Tg mice (B). Representative results obtained from three mice
in each group are shown.

Table II. Expansion of IgA, but not IgG anti-TT ASC in B6-hbcl-2 Tg
micea

Mice Immunization IgG anti-TT ASC IgA anti-TT ASC

Non-Tg PBS 41.4 � 7.9 14.3 � 3.8
Non-Tg TT-Al(OH)3 3970.8 � 207.1 67.2 � 10.1
bcl-2-Tg PBS 60.8 � 16.1 30.4 � 12.4
bcl-2-Tg TT-Al(OH)3 4561.4 � 335.6 1033.7 � 298.6

a Eight-week-old B6-hbcl-2 Tg and non-Tg mice were immunized l.p. with 3 �g
of TT-Al(OH)3. Animals were boosted with the same dose of Ag 15 days later. ASC
were measured by ELISPOT in the spleen 21 days after secondary immunization.
Results are expressed as the mean number of ASC � SD in the total spleen (4
animals/group).

7183The Journal of Immunology



for the increased production of IgA observed in (NZW � B6)F1-
hbcl-2 Tg mice. It can be speculated that in the course of T-de-
pendent immune responses, the increase in B cell survival within
the germinal center, secondary to the overexpression of Bcl-2, may
facilitate the isotype class switching to more downstream H chain
genes such as C�, simply by prolonging the duration of the B cell
response. Although we failed to show any modulation of TGF-�
mRNA in spleen between hbcl-2 Tg and non-Tg mice, it would be
of interest to explore whether any unique cytokine expression may
be associated with increased IgA Ab responses in the hbcl-2 Tg
mouse model.

One intriguing observation in our study is the absence of IgG
deposits in the glomeruli of (NZW � B6)F1-hbcl-2 Tg mice de-
spite the elevated titers of IgG autoantibodies in their sera. These
findings contrast with the demonstration of strong IgG deposits in
the original hbcl-2 Tg mice bearing a (B6 � SJL)F2 mixed back-
ground (the presence of IgA deposits was not explored in these
mice) (21). Such divergences can be partly attributed to the dif-
ference in the genetic background of mice used in the present
study. Nevertheless, our present results suggest that serum IgA in
(NZW � B6)F1-hbcl-2 Tg mice may exhibit intrinsic abnormali-
ties that facilitate the preferential glomerular deposition. In this
regard, it should be stressed that IgA, but not IgG, in these mice is
hypogalactosylated and hyposialylated in comparison with IgA
from non-Tg F1 littermates. A reduced glycosylation pattern of
IgA also has been observed in patients with IgAN and in HIGA
mice developing an IgAN (10–13, 15). This IgA abnormality
seems to play an important role in the pathogenesis of IgAN in
humans, because hypoglycosylated IgA1 apparently has an in-
creased capacity of binding to mesangial cells (12, 13). This is
consistent with our present results showing that hypoglycosylated
IgA from (NZW � B6)F1-hbcl-2 Tg mice displays an increased
capacity to induce glomerular deposits, and strongly supports the
notion that aberrant IgA glycosylation has an important pathogenic
significance in this experimental murine model of IgAN.

The reduced pattern of oligosaccharide galactosylation and sia-
lylation in serum IgA from (NZW � B6)F1-hbcl-2 Tg mice can be
secondary to the presence of a particular proinflammatory cytokine
environment as a consequence of the activation of the immune
system observed in these autoimmune animals. An association be-
tween a Th2 hyperactivity and IgA hypoglycosylation has been
reported (15, 28, 45), and the administration of IL-12, a potent
Th1-inducing factor, to ddY mice increases both the galactosyla-
tion and sialylation of circulating and glomerular IgA (15). If an
imbalance toward Th2 is responsible for the reduced glycosylation
of serum IgA in (NZW � B6)F1-hbcl-2 Tg mice, we would expect
reciprocal changes in serum levels of IgG1 (increase) and IgG2a
(reduction), two IgG subclasses associated with Th2 and Th1 ac-
tivity, respectively (46). However, an increased production of all
IgG subclasses at the same extent in (NZW � B6)F1-hbcl-2 Tg
mice argues against this possibility. Alternatively, the reduced pat-
tern of glycosylation of IgA in (NZW � B6)F1-hbcl-2 Tg mice can
be a direct consequence of Bcl-2 overexpression in B cells. In fact,
the overexpression of Bcl-2 in Maldin-Darby canine kidney cells
infected with influenza virus promotes changes in the glycosyla-
tion of viral hemagglutinin (47). It also has been shown that in
Fas-deficient MRL-lpr/lpr mice, the proportion of IgG lacking ga-
lactose is significantly increased (48, 49). Because the Fas muta-
tion and overexpression of Bcl-2 most likely result in increased life
span of activated B cells, the expansion of some autoreactive B cell
clones in an autoimmune-prone genetic background may be ac-
companied by a progressive decrease in galactosyltransferase ac-
tivity of these aging B cells, thus favoring the appearance of un-
dergalactosylated autoantibodies. However, we did not observe the

aberrant glycosylation in IgG from (NZW � B6)F1-hbcl-2 Tg
mice. This may be related to the fact that Bcl-2 and Fas may
regulate different survival pathways within the germinal center
(50), or alternatively to the fact that the structure of oligosaccha-
ride side chains from IgA is much more complex and heteroge-
neous than that from IgG (40, 48). In addition to the typical bi-
antennary complex-type oligosaccharide chains attached to IgG
molecules, IgA contains additional tri-antennary oligosaccharide
chains (40). Galactosylation of the bi-antennary and tri-antennary
chains may be catalyzed by different isoforms of galactosyltrans-
ferases (51). The selective hypogalactosylation of IgA oligosac-
charides in (NZW � B6)F1-hbcl-2 Tg mice may be due to a dif-
ferential regulation of galactosyltransferases responsible for
galactosylation in different forms of oligosaccharide chains. If so,
one would expect that altered glycosylation occurring in (NZW �
B6)F1-hbcl-2 Tg mice should be more selective to the tri-anten-
nary chains uniquely present in IgA. The structural and sequence
analysis of the bi-antennary and tri-antennary oligosaccharide
chains isolated from IgA and IgG from the hbcl-2 Tg and non-Tg
mice should help answer this question. Finally, the pattern of IgA
glycosylation may also be influenced by unknown background
genes present in either NZW or B6 mice. In fact, we have observed
that the IgA from B6 mice is hypoglycosylated to the same extent
as IgA from (NZW � B6)F1-hbcl-2 Tg mice. In these hypogly-
cosylation conditions, the overexpression of hBcl-2 in B cells from
B6 mice fails to promote an additional reduction in the levels of
IgA glycosylation (R. Marquina, J. Merino, and R. Merino, manu-
script in preparation). These results also suggest that the abnormal
proautoimmune genetic background of NZW mice may be critical
for the development of glomerular lesions in the presence of
hypoglycosylated IgA.

In summary, we present evidence for a new experimental mu-
rine model of IgAN associated with SLE. In this experimental
model, defects in the regulation of B cell apoptosis in genetically
susceptible mice are involved in the pathogenesis of the disease.
Although a relationship between inhibition of B cell death and IgAN
in humans has not been reported yet, the proposed model can be of
interest to study cellular and molecular mechanisms responsible for
the development of this common form of glomerulonephritis.
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