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Summary. Recent reports have suggested the involvement of interleukin-4
(IL-4) in glomerular pathophysiology. Using immunohistochemistry and
reverse transcriptase polymerase chain reaction we investigated the renal
lesions in transgenic (tg) mice with widely distributed IL-4 expression includ-
ing the kidney, and measured the serum levels of the cytokines transforming
growth factor-b (TGF-b) and IL-4 by ELISA.

Transgenic animals exhibited glomerular hypertrophy with progressive
mesangial sclerosis leading to renal failure. Renal IL-4 transcript expression,
mesangial accumulation of collagen types I, III, IV and V, and immune
deposition accompanied by increased expression of TGF-b1 protein and
mRNA were observed. Seven day-old transgenic animals showed early renal
fibrotic changes in the absence of immune deposits or TGF-b1 upregulation.
The sera of transgenic mice not only showed elevated levels of circulating IL-
4 (tg: 76.6 pg/ml 6 7.1 vs wildtype (wt): <3 pg/ml), but significantly decreased
TGF-b1 levels (tg: 18.9 ng/ml 6 4.1 vs wt: 38.7 ng/ml 6 2.9; P <0.005). The
disease severity correlated with the serum IL-4/TGF-b1 ratio rather than with
the IL-4 concentration.

These data suggest that renal IL-4 production results in matrix accumula-
tion prior to any immunological insult, that increased circulating IL-4/TGF-b1
ratios are associated with renal immunopathological manifestations and that
upregulation of renal TGF-b1 expression following glomerular Ig deposition
accelerates the sclerosis and exacerbates disease development.
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Progressive glomerular sclerosis is a common feature of
a variety of glomerular lesions. Several factors, both
immunological and nonimmunological, contribute to the
progression of disease (Wardle 1996). The exact patho-
genic mechanisms involved in the process from the initial
glomerular insult to the increased deposition of mesangial
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extracellular matrix are still largely unknown (Müller et al.
1996). However, there is increasing evidence that cyto-
kines play a critical role as mediators of inflammation and
as factors for the progression of various renal disorders
(Takemura et al. 1994; Neale et al. 1995; Isbel & Atkins
1996).

Recently interleukin-4 (IL-4) has been implicated in the
pathogenesis of experimental and human glomerulone-
phritis (Furusu et al. 1997; Nakajima et al. 1997). It has
been shown that intrinsic human glomerular cells
express mRNA for both IL-4 and IL-4 receptor, and that
IL-4 expression is upregulated in various types of
glomerulonephritis (Furusu et al. 1997). Furthermore,
an in vitro study has suggested that IL-4 contributes to
the pathological changes in glomerular diseases by
stimulating collagen synthesis in human mesangial
cells (Nakazato et al. 1996).

IL-4 is an approximately 20kD, secreted, pleiotropic
cytokine, predominantly produced by CD4þ helper T
lymphocytes, as well as by non-T, non-B cells of the
mast cell lineage (Paul 1991). IL-4 mediates its many
functions by binding to receptors expressed on target
cells. Such receptors have been reported to exist on B
and T lymphocytes, macrophages and various other cell
types including lymphoid, mast and haematopoietic cells,
fibroblast and stromal cell lines (Lowenthal et al. 1988),
and also on intrinsic human glomerular cells (Furusu et al.
1997).

We have recently found that constitutive expression of
IL-4 under the control of a MHC class I promoter leads to
autoimmune-type disorders characterized by increased
B cell-surface MHC class II expression, elevated respon-
siveness of B cells to polyclonal ex vivo stimulation, and
increased IgG1 and IgE serum levels in mice (Erb et al.
1997). These mice showed increased production of
autoantibodies, developed anaemia and manifested glo-
merulonephritis with immune deposition. In other IL-4
transgenic (tg) mouse models, where T cells and/or B
cells express tg IL-4, no renal pathological changes have
been reported (Tepper et al. 1990; Lewis et al. 1991;
Müller et al. 1991). Interestingly, the glomerular lesions in
MHC-I/IL-4 tg mice resembled the progressive renal
disease observed in transforming growth factor-b1
(TGF-b1) tg mice which show elevated plasma TGF-b1
levels (Kopp et al. 1996). However, the extrarenal
autoimmune-type manifestations in MHC-I/IL-4 tg mice
were similar to the disorders seen in TGF-b1 deficient
mice which did not show any renal changes histologically
despite immunohistochemical detection of glomerular
immune deposits (Yaswen et al. 1996). It has been well
established that TGF-b exerts various effects, including
immunosuppression and fibrogenesis, and acts in a

context-dependent fashion (McCartney-Francis & Wahl
1994). The role of TGF-b in tissue fibrosis, particularly in
connection with progressive renal disease, has been
studied extensively in recent years (Border et al. 1991;
Sharma & Ziyadeh 1994).

We have investigated the mechanism(s) that are
responsible for the development of the renal lesions
observed in MHC-I/IL-4 tg mice including the role of
TGF-b. Kidneys of tg and littermate wildtype (wt) mice
were analysed by light microscopy, immunohistochem-
istry and reverse transcriptase-polymerase chain reac-
tion (RT-PCR). In addition, the concentrations of IL-4 and
TGF-b1 in the sera from these animals were determined
by ELISA.

Materials and methods

Mice

The IL-4 tg mice were originally established from
B6C3F1/CrlBR mice and then bred with B6C3F1 mice
(Erb et al. 1994). The use of an MHC class I promoter
leads to a low level of IL-4 production in almost all cell
types. The mice were tested for the presence of the
transgene using genomic PCR (see below and Table 1).
Littermates were used as wild-type controls. One to 12
week-old mice (5–6 litters each) were analysed in this
study. All animals used in this project were bred, housed
and maintained under conventional conditions in an
isolation facility at the Wellington School of Medicine
Animal Facility. Access to food and drinking water was
available at all times. The Wellington School of Medicine
Animal Ethics Committee approved the experiments
conducted in this project.

Histology

Sections (2–3 mm) of formalin-fixed paraffin-embedded
kidney tissues from tg and wt mice were cut and stained
with haematoxylin & eosin and Congo Red.

Immunohistochemistry

Immunoperoxidase labelling. Frozen sections from tg
and wt mice (one to 12 week-old) were fixed in acetone
for 5 min at room temperature (rt) and incubated with
primary antibodies (diluted in 1% TBS/BSA) overnight at
4 8C. Paraffin sections were digested with bacterial pro-
tease XXIV (Sigma, St Louis, MO) prior to incubation with
peroxidase-conjugated rabbit antimouse immunoglobu-
lins (anti-total Igs, DAKO Corp., Carpinteria, CA) for
60 min at rt. Controls included both the omission of and
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the substitution of primary antibodies with either an
irrelevant mAb of the same isotype, or with normal
rabbit or goat serum. Endogenous peroxidase was
blocked with 0.3% H2O2 in TBS for 20 min at rt, or by
the addition of 1% D-glucose (BDH, Poole, UK) and 0.85
units/ml glucose-oxidase type VII (Sigma) (during
incubation with secondary/bridging antibodies in 5%
casein/TBS). Cross-reactivity of mouse Igs with Igs of
other species that were present in the detection reagents
was prevented by adding 5% normal mouse serum to
each antibody mix.

Monoclonal antibodies to murine T cell subsets, CD4
and CD8 (PharMingen, San Diego, CA) were used at a
1 : 800 dilution each. Binding of mAb was detected with a
sensitive three-step immunoperoxidase technique (Rüger
et al. 1994, 1996), using peroxidase-conjugated rabbit
antirat F(ab0)2 (Serotec, Oxford, England; incubation
at room temperature for 45 min) and peroxidase-
conjugated swine antirabbit Ig (DAKO; incubation at rt
for 45 min), both antibodies diluted 1 : 100. For staining of
macrophages, a biotinylated antibody (Mac-1, PharMingen,
San Diego, CA, diluted 1 : 500) was used, followed by
incubation with peroxidase-conjugated streptavidin (Bio-
Genex, San Ramon, CA) (1 : 100 in 0.5% Casein/TBS)
for 30 min at rt. A peptide-specific rabbit polyclonal anti-
body to TGF-b1 (Santa Cruz Biotech, Santa Cruz, CA),
and goat polyclonal antibodies to types I, III, IV and V
collagen (Southern Biotech, Birmingham, AL) were all
used at 1 : 100 dilutions. The reactivity of these polyclonal
antibodies was revealed using peroxidase-conjugated
swine antirabbit Ig (1 : 100 dilution) and rabbit antigoat
Ig (1 : 100) (both DAKO) as bridging reagents followed by
peroxidase-conjugated rabbit antiswine Ig (1 : 100)
(DAKO) and goat peroxidase antiperoxidase (DAKO)
(1 : 50), respectively. The sections were exposed to
0.05% diaminobenzidine in 50 mM Tris/HCl, pH 7.5, for
10 min or until the desired colour reaction occurred, coun-
terstained with Mayer’s Hemalum for 1 min at rt, rinsed

for 10 min with tap-water and mounted with Glycergel
Mounting Medium (DAKO).

Immunofluorescence microscopy. Frozen sections were
postfixed as for immunoperoxidase labelling, and goat
serum (diluted 1 : 10 in TBS/BSA) applied for 30 min as a
blocking reagent. Slides were drained and incubated for
60 min at rt with FITC-conjugated goat anti-complement
3 (C3) (Nordic, Tilburg, Netherlands) (diluted 1 : 200 in
TBS/BSA). The slides were washed three times in TBS
buffer, mounted with 10% glycerol/TBS and viewed
under a Leitz fluorescence microscope.

Cell counting. To estimate the number of Mac-1-positive
cells in kidneys of MHC-I/IL-4 tg and control wt mice, a
minimum of 20 equatorially sectioned glomeruli were
assessed per animal, and the results were expressed
as macrophages per glomerular cross section (macs/
gcs) (mean 6 SEM). Statistical evaluation was carried
out using Student’s t-test with P-values >0.05 being
considered not significant.

PCR

DNA obtained from the tail was used for typing of MHC-I/
IL-4 tg mice and wt littermates. After a ‘hot start’ (95 8C for
two min), the protocol involved denaturation at 94 8C for
15 s, annealing of primers at 60 8C for 15 s, and extension
at 72 8C for 40 s with a final extension step at 72 8C for
10 min. A total of 30 cycles were performed. PCR products
were electrophoresed on 2% agarose gels in tris acetate
ethylene diamine tetraacetic acid buffer. Ethidium bromide
stained gels were documented using the Eagle Eye II
Digital Imaging System (Stratagene, CA).

RT-PCR

Total RNA from snap-frozen kidneys obtained from the
same mice used for immunohistochemistry was extracted

Renal disease in IL-4 transgenic mice 115

q 1999 Blackwell Science Ltd, International Journal of Experimental Pathology, 80, 113–123

Table 1. Sense (þ) and antisense (¹) primers used for genomic PCR and RT-PCR

Gene Primer sequence Product size

Sequences of primers for genomic PCR
IL-4 þ 50-ATGGGTCTCAACCCCCAGCTAGT-30 (1)

¹ 50-GCTCTTTAGGCTTTCCAGGAAGTC-30 (2) 490 bp (chromosomal)
¹ 50-CTTCCTCTCCCACCTCCAGAATA-30 (3) 399 bp (tg)

Sequences of primers for mRNA expression
gGCS þ 50-CTTTATTAGAGACCCAAACTGACCCTTTTTGA-30 391 bp

¹ 50-GGCCTTGCTACACCCATCCACCAC-30

IL-4 þ 50-TCGGCATTTTGAACGAGGTC-30 216 bp
¹ 50-GAAAAGCCCGAAAGAGTCTC-30

TGF-b1 þ 50-ATACAGGGCTTTCGATTCAGC-30 360 bp
¹ 50-GTCCAGGCTCCAAATATATAGG-30
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using TRIzolTM Reagent (GIBCO, Life Technologies,
Inc., Gaithersburg, MD) according to the manufacturer’s
instructions.

Prior to assessing the presence of TGF-b1 and IL-4
mRNA in renal tissue (primer sequences see Table 1),
the amount of transcribable RNA in each sample was
equalized by competitive RT-PCR as described pre-
viously (Rüger et al. 1996; Hasan et al., 1998) using
gamma-glutamylcysteine synthetase (gGCS) as the con-
trol gene. Intron-spanning gGCS primers (for sequence
see Table 1) based on the published sequence (Yan &
Meister 1990) were designed to generate a predicted
product of 391 bp. RNA was amplified using the Perkin
Elmer (Norwalk, CT) rTth RT-PCR kit, with a 10-min RT
step followed by 45 cycles of three stage PCR with
annealing at 60 8C and 63 8C for IL-4 and TGF-b1,
respectively, in a Perkin Elmer 9600 machine. RT-PCR
products were analysed by agarose gel electrophoresis
as described above.

Renal function

Serum urea levels were measured in a Hitachi 717
Automatic Analyser (Boehringer Mannheim, Mannheim,
Germany). 20-h urine samples were collected from mice
kept in metabolic cages. Proteinuria was determined by
the Bradford assay (Bradford 1976).

IL-4 and TGF-b1 ELISAs

Quantification of IL-4 and TGF-b1 concentrations in the
sera from three to 12 week-old MHC-I/IL-4 tg and wt mice
was determined using commercially available kits (IL-4:
R & D Systems, Minneapolis, MN; TGF-b1: Genzyme,
Cambridge, MA). The assays were performed following
the manufacturers’ instructions. Absorbance was measured
at 405 nm (for IL-4) and 450 nm (for TGF-b1) in a Bio-tek
Microplate Autoreader.

Statistics

Statistical analyses of ELISA and biochemical results
were performed using the Mann–Whitney nonparametric

test. All data are expressed as mean 6 SEM. Correlation
analyses were undertaken using the StatViewTM

programme.

Results

Renal histology

On light microscopy the kidneys of MHC-I/IL-4 tg mice
showed a disproportionate increase in glomerular size
and an increase in mesangial matrix which resulted in
severe progressive glomerulosclerosis (Figure 1a). The
histological renal abnormalities were present to varying
degrees in all tg mice from three weeks of age onwards.
Structural changes included a thickened glomerular
basement membrane, and an accumulation of eosino-
philic material in the mesangium of affected glomeruli. As
Congo Red staining of kidney sections was negative
(data not shown) the diagnosis of amyloidosis was
excluded. Most but not all glomeruli within each kidney
showed a similar degree of scarring. The kidneys of
seven day-old tg animals showed no obvious histological
changes (Figure 2a). Disease progression accelerated
generally after weaning (three weeks after birth) with the
mean survival time being seven weeks. Renal interstitial
fibrosis was not a major feature in this model and
occurred only in mice which showed a slow disease
progression and survived beyond 12 weeks (data not
shown).

Immunohistochemistry

The glomeruli of tg mice aged between three and 12
weeks showed Ig deposits (Figure 1c), while those of wt
control mice were negative (Figure 1d). In tg mice, the
more severe the histological changes, the greater the
glomerular Ig deposits. Extensive glomerular immuno-
globulin deposition was accompanied by positive com-
plement 3 staining (data not shown). However, complement
was either undetectable or only minimal in the less
severely affected glomeruli. In kidneys of seven day-old
tg mice staining for Ig deposits was negative (Figure 2c).

There was no difference in the number of infiltrating
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Figure 1. Renal histology and immunohistochemistry of eight week-old IL-4 tg and wt mice. The kidney of an IL-4 tg animal (a)
shows extensive glomerular hypertrophy and hypocellularity, basement membrane thickening and mesangial accumulation of
eosinophilic material compared with the kidney of a wt littermate (b). The same tg mouse exhibits heavy glomerular Ig deposition
(c); the control wt mouse kidney is negative for total mouse Ig staining (d). The expanded mesangium of the tg mouse kidney
contains increased collagen type I (e), compared with the normal mouse kidney of the same age (f). TGF-b1 protein is increased in
glomeruli of IL-4 tg kidneys (g); the kidney of a wt littermate displays low levels of glomerular TGF-b1 protein (h). a, b (H & E stain,
×290); c-h (immunoperoxidase staining, ×290).
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macrophages/monocytes in tg animals compared with wt
control mice (wt (n ¼ 17): 0.31macs/gcs 6 0.05 vs tg
(n ¼ 28): 0.27macs/gcs 6 0.06; n.s.). Immunolabelling
of kidney sections with antibodies to T cells (CD4 and
CD8 subsets) was negligible in both wt and tg mice
suggesting that these cells were not directly involved in
the progression of disease (data not shown).

Immunohistochemistry for glomerular extracellular
matrix (ECM) components revealed increased staining
for collagen types I (Figure 1e,f), III, IV and V (data not
shown) in the mesangium of tg glomeruli compared with
wt glomeruli. Even at seven days of age some of the tg
mice showed a slight but definite increase in mesangial
ECM components (Figure 2e).

The mesangial ECM accumulation in tg mouse kid-
neys was accompanied by a marked increase in glomer-
ular TGF-b1 protein expression (Figure 1g). Interestingly,
this increase was not detected in the kidneys of seven
day-old tg mice in which matrix expansion was already
evident. On the contrary, staining for glomerular TGF-b1
protein in these mice was reduced (Figure 2g,h).

RT-PCR

The kidneys of MHC-I/IL-4 tg mice expressed mRNA for
IL-4; wt kidneys were negative (Figure 3a,b). Consistent
with the increased glomerular staining for TGF-b1 protein
in three to 12 week-old tg mice was the increased renal
mRNA for this cytokine (Figure 3a). The upregulation of
TGF-b1 in MHC-I/IL-4 tg mouse kidneys therefore was
both at the transcriptional and translational level. On the
other hand, the aberrant renal IL-4 expression in seven
day-old tg mice was accompanied by decreased tran-
scription levels for TGF-b1 (Figure 3b).

Renal function

As an indicator of renal function, urinary protein and
serum urea levels were examined in tg and wt mice.
MHC-I/IL-4 tg mice developed oliguria and proteinuria (tg
(n ¼ 11): 2.61 mg/ml 6 0.65 vs wt (n ¼ 7): 0.11 mg/
ml 6 0.02; P<0.005). They had significantly higher
serum urea levels compared with wt animals indicating
impaired kidney function (tg (n ¼ 16): 17.0 mM 6 3.3 vs wt
(n ¼ 10): 5.9 mM 6 0.7; P<0.005). The serum urea level

(BUN) increase correlated positively with the degree of
glomerulosclerosis (data not shown).

Serum IL-4 and TGF-b1 levels

As expected the sera of MHC-I/IL-4 tg mice exhibited
high IL-4 levels (tg (n ¼ 16): 76,6 pg/ml 6 7.1). The circu-
lating IL-4 levels of wt controls (n ¼ 10) were below
detection level (< 3 pg/ml). In contrast, serum TGF-b1
levels in MHC-I/IL-4 tg mice were significantly diminished
compared with those in wt mice (wt (n ¼ 10): 38.7 ng/
ml 6 2.9 vs tg (n ¼ 16): 18.9 ng/ml 6 4.1; P< 0.005).
Neither the IL-4-nor the TGF-b1-serum concentrations
of tg mice showed an age-dependent pattern.

The high serum IL-4 concentrations did not correlate
with the elevated serum urea in MHC-I/IL-4 tg mice, but
there was a negative correlation between serum urea
and serum TGF-b1 levels (correlation coefficient: ¹0.578;
P< 0.01). Furthermore, there was an even more signifi-
cant positive correlation between serum urea levels and
the ratio of serum IL-4 to serum TGF-b1 in IL-4 tg mice
(Figure 4a). Not surprisingly, the IL-4/TGF-b1 ratio also
correlated positively with the progressive glomerulo-
sclerotic changes in the kidneys of tg mice (Figure 4b).

Discussion

Recently we have reported that constitutive IL-4 expres-
sion under a MHC class I promoter leads to autoimmune-
type disorders with severe renal manifestations in mice
(Erb et al. 1997). This study has shown that the renal
lesions of tg animals consist of glomerular hypertrophy,
mesangial matrix expansion and Ig deposition resulting
in severe progressive glomerulosclerosis and renal fail-
ure. The glomerular Ig deposition in these mice is
accompanied by increased renal production of TGF-b1.

Kidneys from seven day-old MHC-I/IL-4 tg mice show
early fibrotic changes in glomeruli with accumulation of
interstitial collagen types I, III, IV and especially V, but
without evidence of glomerular Ig deposition or TGF-b1
upregulation. Since these mice express the IL-4 trans-
gene in the kidney, this suggests that the local renal IL-4
expression/production may directly mediate glomerular
ECM accumulation. In a recent study it has been shown
that intrinsic glomerular cells of normal human kidney
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Figure 2. Renal histology and immunohistochemistry of seven day-old IL-4 tg and wt mice. No apparent histological difference is
seen in glomeruli of (a) tg and (b) wt kidneys at this early stage. Glomerular Ig deposition is absent in both (c) tg and (d) wt kidneys,
but staining for collagen type V reveals increased deposition in the mesangial area of (e) seven day-old tg mice compared with (f) wt
littermates. The increased collagen deposition is not associated with increased TGF-b1 protein staining; on the contrary, glomeruli of
(g) seven day-old tg mice show less TGF-b1 protein than their wt littermates (h). a, b (H & E stain, ×290); c-h (immunoperoxidase
staining, ×290).



express low levels of IL-4 and IL-4 receptor, and that their
expression is increased in several types of glomerulone-
phritis raising the possibility of an IL-4-mediated pathway
of fibrosis (Furusu et al. 1997). IL-4 can mediate fibrotic
events directly through fibroblast activation and upregu-
lation of collagen gene expression and/or indirectly by
down-regulation of antifibrotic factors. For example, IL-4
receptor is expressed on murine lung fibroblasts sug-
gesting that elevated levels of IL-4 at a site of injury could
result in development of fibrosis (Sempowski et al. 1994),
and human fibroblasts have been shown to synthesize
elevated levels of ECM upon IL-4 stimulation (Postlethwaite
et al. 1992). Moreover, IL-4 can modulate the collagen
synthesis by human mesangial cells in a type-specific
manner (Nakazato et al. 1996). Transgenic mice expres-
sing IL-4 under the control of the human insulin promoter
develop a localized host response resulting in excessive
generation of ECM in the pancreas (Mueller et al. 1997).
Hence, as kidneys of seven day-old MHC-I/IL-4 tg mice
show signs of ECM accumulation without TGF-b involve-
ment, it is possible that renal IL-4 expression has a direct
fibrogenic effect.

In the IL-4 tg mouse model studied here increased
expression of TGF-b1 occurs only after immunological
insult to the kidney, and this leads to excessive matrix
accumulation and accelerates the disease development.
Several studies have established the role of TGF-b1 as a
powerful promoter of fibrosis (Border et al. 1991; Bruijn
et al. 1994; Sharma & Ziyadeh 1994), and it has been
shown that the glomerular expression of TGF-b1 is

increased in several types of renal disease (Wardle
1996). In vitro studies have demonstrated that the expo-
sure of mesangial cells to IgA and IgG complexes
triggers the formation of ECM, and that this is mediated
through the autocrine synthesis of TGF-b (López-
Armada et al. 1996). Interestingly, the renal lesions in
TGF-b transgenic mice (Kopp et al. 1996), which have
elevated plasma levels of TGF-b1, resemble the patho-
logical changes of kidneys from MHC-I/IL-4 tg mice.
Therefore it was initially surprising to us that TGF-b1
levels in the sera of MHC-I/IL-4 tg mice are significantly
decreased when compared with wt controls. This differ-
ence in circulating TGF-b1 concentrations is unlikely to
be due to lysed platelets, since MHC-I/IL-4 tg mice and
wt controls had similar platelet counts (B. Rüger, unpub-
lished observation).

As well as playing an important role in ECM accumula-
tion, TGF-b also has powerful anti-inflammatory and
immunosuppressive properties (McCartney-Francis &
Wahl 1994). Several recent studies have shown a pro-
tective effect of TGF-b1 preventing or delaying the onset
of various Th1 and Th2 mediated autoimmune disorders
(Kuruvilla et al. 1991; Chen et al. 1994; Bridoux et al.
1997). In this context, the low TGF-b1 serum levels in
MHC-I/IL-4 tg mice are consistent with the observed
autoimmune disorders characterized by elevated auto-
antibody titres to nuclear antigens and upregulated MHC
class II expression (Erb et al. 1997). Apart from the
decreased serum TGF-b1 levels, MHC-I/IL-4 tg mice
exhibit dramatically elevated IL-4 serum levels. It has
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Figure 3. IL-4 and TGF-b1 expression
in the kidneys of (a) eight week-old and
(b) seven day-old tg and wt mice. RNA
samples from wt (a and b: lanes 2,3 and
7,8) and tg (a and b: lanes 4,5,6 and
9,10,11) kidneys, equalized with gGCS,
were subjected to RT-PCR for IL-4 (a
and b: lanes 2–6) and TGF-b1 (a and b:
lanes 7–11). Only tg kidneys show IL-4
expression, as demonstrated by the
216 bp-band (a and b: lanes 4,5,6). Wt
kidneys do not express IL-4 mRNA (a
and b: lanes 2,3). Renal TGF-b1
expression is upregulated in eight week-
old tg mice, as shown by the 360 bp-
band (a: lanes 9,10,11); the TGF-b1
expression in adult wt kidneys is
negligible (a: lanes 7,8). In contrast, the
renal TGF-b1 expression in seven day-
old wt mice (b: lanes 7,8) is stronger
compared with tg littermates, which
show only weak 360 bp-bands (b: lanes
9,10,11) indicating decreased TGF-b1
mRNA (ethidium bromide-stained
agarose gels).



been shown previously that MHC-I/IL-4 tg mice have
increased serum IgE levels (Erb et al. 1994), however,
the antibodies present in the kidneys of tg animals were
of the IgM, IgG1, IgG2a and IgA isotypes, whereas IgE
was not detected (Erb et al. 1997), demonstrating that
glomerular IgE deposition is not involved in the disease
development. Animals with the highest IL-4 serum levels
did not show the most impaired kidney function. How-
ever, circulating TGF-b1 seems to play a crucial role in
the development of the immune-mediated renal dis-
orders in this model, with an apparent protective effect

of higher concentrations. Moreover, the strong correla-
tion between the IL-4/TGF-b1 serum ratio and the degree
of glomerular scarring suggests that the cytokine balance
is more important than absolute concentrations of single
cytokines. Machold et al. have shown that TGF-b is able
to inhibit IL-4 induced production of IgM, IgG, IgA and IgE
in vitro (Machold et al. 1993). This is consistent with our
finding in MHC-I/IL-4 tg mice that higher serum TGF-b
levels are associated with fewer glomerular Ig deposits
and less severe renal histological changes. However,
there is no correlation between serum TGF-b concentra-
tions and total serum IgG in MHC-I/IL-4 tg mice (unpub-
lished observation) suggesting the immunosuppressive
effect of TGF-b is on autoreactive antibodies rather than
on general serum Ig levels. This is supported by a report
showing that intramuscular injection of TGF-b expression
vectors into lupus prone mice (MRL/lpr/lpr) decreased
autoantibodies to chromatin (Raz et al. 1993). It is there-
fore not surprising that TGF-b deficient mice show similar
autoimmune-features (Yaswen et al. 1996) as MHC-I/IL-4
tg mice. These TGF-b1 deficient mice are not able to
produce TGF-b1 by themselves, but they are not 0protein
knockouts’, since TGF-b1 has been detected in several
tissues, and has been shown to be derived from maternal
sources through placenta and lactation (Letterio et al.
1994). Although maternal protection does provide
short-term survival of these mice, the levels of
maternally derived circulating TGF-b1 levels are not
sufficient to prevent the onset of disease (Letterio et al.
1994).

It is of interest that despite glomerular Ig deposition
being a common feature both in MHC-I/IL-4 tg mice as
well as in TGF-b1 knockout mice (Yaswen et al. 1996),
only the MHC-I/IL-4 tg mice show structural glomerular
changes and develop glomerulosclerosis with a dramatic
local increase of both renal TGF-b1 mRNA and protein.
One possible explanation for the apparent discrepancies
is the shorter survival time of the TGF-b deficient mice
(they die by three to four weeks of age). However, this is
unlikely, since some of the IL-4 tg mice have already
developed extensive glomerular fibrosis by three weeks
of age. Another alternative is that, although TGF-b levels
are low in both the IL-4 tg mice and the TGF-b1 knockout
mice, local renal production of TGF-b could be induced
by Ig deposition only in MHC-I/IL-4 tg mice and this leads
to fibrosis. In contrast, TGF-b deficient mice are unable
to actively produce TGF-b, and therefore ECM accumu-
lation does not occur.

The involvement in this transgenic animal model of
other cytokines which are known to play a role in renal
diseases, such as PDGF (Floege et al. 1992) and IL-6
(Horii et al. 1993), cannot be excluded. However, there is
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Figure 4. Relationship of serum IL-4/TGF-b1 ratio to renal
dysfunction (a) Correlation between serum urea and IL-4/TGF-
b1 serum ratio in MHC-I/IL-4 mice (n ¼ 13; correlation
coefficient: 0.822; P<0.001). High serum urea levels are
associated with high IL-4 serum levels together with
decreased TGF-b1 serum concentrations. (b) Relationship of
the serum IL-4/TGF-b1 ratio to the degree of glomerular
scarring in MHC-I/IL-4 mice. The extent of glomerulosclerosis
was evaluated semiquantitatively in a double-blind fashion.
Severity of glomerulosclerosis was scored, as follows:þ mild
mesangial expansion and basement membrane thickening;
þþ mild glomerular hypertrophy and mesangial matrix
accumulation; þþþ extensive glomerular hypertrophy and
hypocellularity, complete glomerulosclerosis.



indirect evidence that PDGF is not involved here, as it
induces marked mesangial proliferation (Isaka et al.
1993), and this is not a feature in MHC-I/IL-4 tg mice at
any stage of disease development. Similarly, in tg mice
expressing the human IL-6 gene under the human Ig
heavy chain promoter the renal pathology is character-
izedbya striking proliferationofmesangial cells (Suematsu
et al. 1989).

It is noteworthy that other IL-4 tg models show ele-
vated serum autoantibody titres similar to those in the
model studied here (Foote et al. 1996), but they do not
develop progressive glomerular disease. As a result of
the use of a MHC-class I promoter the tg mice in this
study exhibit renal IL-4 expression which leads to
increased mesangial matrix production prior to the immu-
nological insult to the kidney. Possibly, this change in the
glomerular matrix microenvironment promotes Ig deposi-
tion, TGF-b upregulation and further fibrosis. The other
IL-4 tg models lack renal transgene expression, and
show no pathological changes in their kidneys. This
further supports the contention that renal IL-4 expression
is a crucial factor for the development of the glomerular
lesions.

In summary, this study has shown that aberrant multi-
organ expression of IL-4 including the kidney causes
progressive glomerulosclerosis leading to end-stage
renal failure. Renal IL-4 expression leads to increased
ECM production and alters the glomerular structure
possibly promoting Ig deposition. TGF-b1 appears to
modulate the disease progression in two ways. Firstly,
the downregulation of circulating serum TGF-b1 levels
is associated with glomerular Ig deposition and the
progression of the renal manifestations, and secondly
the upregulation of renal TGF-b1 levels following Ig
deposition leads to excessive matrix accumulation
and exacerbation of the disease development. As
well, this model re-emphasizes that both IL-4 and
TGF-b are multifunctional cytokines, which exert
their actions – systemically or locally – in a context-
dependent fashion.
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