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Summary

Experimental autoimmune glomerulonephritis (EAG) can be induced in
Wistar Kyoto (WKY) rats by immunization with the non-collagenous
domain (NC1) of the alpha 3 chain of type IV collagen, a3(IV)NC1. In
patients with Goodpasture’s disease, the major B cell epitope is located at
the N-terminus of a3(IV)NC1. In order to investigate whether B and T cell
responses in EAG are directed towards immunodominant peptides within
the same region of rat a3(IV)NC1, we immunized WKY rats with recombi-
nant rat a3(IV)NC1 (positive control) and five 15-mer overlapping syn-
thetic peptides from the N-terminus of rat a3(IV)NC1: pCol(17–31),
pCol(24–38), pCol(31–45), pCol(38–52) and pCol(45–59). Positive control
animals immunized with a3(IV)NC1 produced an antibody response
directed towards a3(IV)NC1 and pCol(24–38). Splenic T cells from these
animals proliferated in response to a3(IV)NC1 and pCol(24–38). No signifi-
cant antibody or T cell responses were observed to the other peptides exam-
ined. Animals immunized with pCol(24–38) developed linear deposits of
immunoglobulin G on the glomerular basement membrane, albuminuria
and focal necrotizing glomerulonephritis with crescent formation by week 6
after immunization. Circulating antibodies from these animals recognized
pCol(24–38) and a3(IV)NC1, and their T cells proliferated in response to
pCol(24–38) and a3(IV)NC1. Animals immunized with the other peptides
developed no significant immune response to a3(IV)NC1 and no disease. In
conclusion, these results demonstrate that a 15-mer peptide from the
N-terminus of a3(IV)NC1 [pCol(24–38)] is recognized by B and T cells
from rats immunized with recombinant a3(IV)NC1, and that the same
peptide is capable of inducing crescentic glomerulonephritis. Identification
of this immunodominant peptide will be of value in designing new thera-
peutic strategies for inducing mucosal tolerance in EAG, which may be
applicable to patients with glomerulonephritis.
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Introduction

Goodpasture’s, or anti-glomerular basement membrane
(GBM), disease is an autoimmune disorder characterized by
rapidly progressive glomerulonephritis and lung haemor-
rhage [1,2]. The disease is caused by autoimmunity to a
component of the GBM, which has been identified as the
non-collagenous domain (NC1) of the a3 chain of type IV
collagen, a3(IV)NC1 [3,4]. The immunodominant region
for autoantibody binding in patients has been localized to

the amino terminal of the a3(IV)NC1 molecule [5,6].
More recently, the major conformational epitopes have been
mapped to residues 17–31 and 127–141 of the NC1 domain
[7,8].

Experimental autoimmune glomerulonephritis (EAG), an
animal model of Goodpasture’s disease, can be induced in
susceptible strains of rats and mice by immunization with
GBM [9–11] or recombinant a3(IV)NC1 [12–14]. This
results in the development of circulating and deposited
anti-GBM antibodies, with focal necrotizing crescentic
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glomerulonephritis and lung haemorrhage. EAG shares
many features with the human disease, in that the renal and
lung pathology are very similar [15], and the anti-GBM anti-
bodies show the same specificity for the main target antigen,
a3(IV)NC1 [12–14].

There is now compelling evidence for the role of both
humoral and cell-mediated immunity in the pathogenesis
of EAG. The pathogenic role of anti-GBM antibodies has
been demonstrated in a variety of passive transfer studies
[11,16–18]. Transfer of disease has been demonstrated using
antibodies pooled from the serum of nephritic mice [11],
antibodies purified from the urine of nephritic rats [16],
monoclonal antibodies (mAb) derived from rats with EAG
[17] and antibodies eluted from the kidney of nephritic rats
[18]. In the latter study, it was shown that deposited anti-
GBM antibody has a higher functional affinity for GBM than
circulating antibody.

The pathogenic role of T cells in EAG has also been dem-
onstrated in several studies. T cells have been shown to be
present in the glomeruli of animals with EAG [13,15], to
proliferate in response to a3(IV)NC1 [14,19] and to transfer
disease to naive recipients [11,20]. Glomerular T cells from
rats with EAG show restricted T cell receptor CDR3 spec-
tratypes, demonstrating that they are an oligoclonal antigen-
driven population [21]. Anti-T cell immunotherapy has
been shown to be effective in preventing or ameliorating
disease [22–25]. Anti-CD4 mAb therapy is effective in the
prevention of EAG [22], anti-CD8 mAb therapy is effective
in both prevention and treatment of established disease [23],
inhibition of T cell co-stimulation by blockade of either the
CD28-B7 pathway [24] or the CD154-CD40 pathway [25]
has been shown to reduce the severity of glomerulonephritis,
and oral administration of GBM [26] or nasal administra-
tion of recombinant a3(IV)NC1 [27] has been shown to
induce mucosal tolerance.

Further evidence supporting the role of T cell-mediated
cellular immunity in the pathogenesis of EAG is docu-
mented in recent studies, including our own, demonstrat-
ing that synthetic peptides derived from a3(IV)NC1 can
induce glomerulonephritis in Wistar Kyoto (WKY) rats
[28–35]. Luo et al. showed that a 24-mer synthetic peptide,
pCol(28–51), from the N terminus of a3(IV)NC1 was
capable of inducing glomerulonephritis, although this was
mild and inconsistent [29], while Wu et al. showed that a
13-mer peptide, pCol(28–40), containing a T cell epitope
from a3(IV)NC1, induced severe crescentic glomerulone-
phritis [30]. In further characterization of this T cell
epitope, it was shown that autoantibody deposition fol-
lowed T cell-mediated damage to the kidney [31] and that
only three residues within the peptide were critical for
disease induction [32]. In addition, it has been reported
that peptides containing the T cell epitope not only
induced severe glomerulonephritis, but also triggered
a diversified anti-GBM antibody response through B
cell epitope spreading, suggesting that the autoantibody

response to GBM antigens could be induced by a single
nephritogenic T cell epitope [33–35].

In this study we have demonstrated that a 15-mer peptide
from the N-terminus of a3(IV)NC1, pCol(24–38), is recog-
nized by B and T cells from rats immunized with recombi-
nant a3(IV)NC1, and that the same peptide is capable
of inducing crescentic glomerulonephritis. Identification
of this immunodominant peptide should be of value in
designing new therapeutic strategies for mucosal tolerance
in EAG, which may be applicable to patients with
glomerulonephritis.

Materials and methods

Experimental animals

Male WKY rats, aged 8–10 weeks and weighing 120–150 g,
were purchased from Charles River (Margate, Kent, UK). All
animals were housed in standard conditions and had free
access to normal laboratory diet and water. All experimental
procedures were conducted in accordance with the UK
Animals (Scientific Procedures) Act.

Production of recombinant rat a3(IV)NC1

Recombinant rat a3(IV)NC1 was produced from a stably
transfected HEK293 cell line, as described previously [27].
Purification of recombinant rat a3(IV)NC1 from the super-
natant was carried out by affinity chromatography using an
anti-FLAG M2 affinity column (Sigma-Aldrich Company
Ltd, Poole, UK), Recombinant rat a3(IV)NC1 was then char-
acterized by Western blotting, using serum from an animal
with EAG and control serum, as described previously [27].

Production of synthetic peptides

Five 15mer peptides, overlapping by eight amino acids
(aa) and spanning the first 43 aa of rat a3(IV)NC1,
were synthesized by the Advanced Biotechnology Centre,
Charing Cross Campus, Imperial College London,
UK. The aa sequence of the five peptides was as fol-
lows: peptide 1 pCol(17–31) – (TRMRGFIFTRHSQTT);
peptide 2 pCol(24–38) – (FTRHSQTTANPSCPE); peptide
3 pCol(31–45) – (TANPSCPEGTQPLYS); peptide 4
pCol(38–52) – (EGTQPLYSGFSLLFV); and peptide 5 pCol
(45–59) – (SGFSLLFVQGNEHAH).

Experimental protocol

Groups of WKY rats (n = 6) were given a single intramuscu-
lar (i.m.) injection of each of the synthetic peptides at a dose
of 500 mg/rat in an equal volume of Freund’s complete
adjuvant (FCA, Sigma-Aldrich Company Ltd). In addition,
groups of positive control rats (n = 6) were given a single i.m.
injection of recombinant rat a3(IV)NC1 at a dose of 100 mg/
rat in an equal volume of FCA [13], and groups of negative

J. Reynolds et al.

312 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 155: 311–319



control rats (n = 6) were given FCA alone. Blood samples
were taken by tail artery puncture under light anaesthesia
(Isofluorane), and 24-h urine specimens were obtained at
different time-points by placing animals in metabolic cages.
All animals were killed at week 6 after immunization.

Assessment of antibody responses

Circulating antibody concentrations were measured in sera
of experimental animals by a solid-phase enzyme-linked
immunosorbent assay (ELISA), as described previously
[10,13]. Briefly, recombinant rat a3(IV)NC1 or each of the
synthetic peptides were coated onto ELISA plates (Life Tech-
nologies, Paisley, UK) at a concentration of 5 mg/ml by over-
night incubation at 4°C. An optimum dilution of sera from
animals immunized with recombinant rat a3(IV)NC1 or
each of the synthetic peptides was then applied for 1 h at
37°C. Bound antibody was detected by alkaline phosphatase
conjugated sheep anti-rat immunoglobulin (Ig) G (Sigma-
Aldrich Company Ltd), and developed using the substrate
p-nitrophenyl phosphate (NPP; Sigma-Aldrich Company
Ltd). The absorbencies for each well were read at 405 nm
using an Anthos Multiskan ELISA plate reader (Lab Tech
International, Uckfield, UK), and the results calculated as
mean optical density for each triplicate sample.

Assessment of T cell responses

T cell proliferative responses in the experimental animals
were measured by standard tritiated thymidine incorpora-
tion assays, as described previously [26,27]. Briefly, spleens
were dissociated into a single cell suspension, and plated out
in round-bottomed 96-well plates (Invitrogen, Paisley, Scot-
land, UK) at a concentration of 5 ¥ 105 cells/well. Cells were
then cultured with a3(IV)NC1 or each of the synthetic pep-
tides at a concentration of 10 mg/ml, in a humidified envi-
ronment with 5% CO2 at 37°C for 72 h. Tritiated thymidine
(Amersham Bioscience UK Limited, Little Chalfont, UK)
was added at a concentration of 1 mCi/well at 16 h before
harvesting, and thymidine incorporation was measured
using an automated b counter (Amersham Bioscience UK
Limited). Results were expressed as a stimulation index,
which was calculated by dividing the counts per minute
(cpm) in wells cultured with a3(IV)NC1 or peptides by the
cpm in wells cultured with phosphate-buffered saline.

Assessment of disease after immunization with
synthetic peptides

Deposition of IgG on the GBM. Deposits of IgG in the
glomeruli were detected by direct immunofluorescence, as
described previously [10,13,15]. Tissue was embedded in
OCT embedding medium (Miles Inc, Elkhart, IN, USA) on
cork disks, snap-frozen in isopentane (BDH Laboratory Sup-
plies, Poole, Dorset, UK) pre-cooled in liquid nitrogen and

stored at -70°C. Cryostat sections were cut 5 mm thick and
were incubated with fluorescein isothiocyanate-labelled
rabbit anti-rat IgG (Serotec Ltd, Oxford, UK). The degree of
immunostaining was graded from 0 to 3+ by a ‘blinded’
observer.

Albuminuria. Urinary albumin concentrations were mea-
sured at different time-points in 24-h collections by
rocket immunoelectrophoresis (Amersham Bioscience UK
Limited), as described previously [10,13,15]. Briefly, urine
samples from experimental animals were subjected to
immunoelectrophoresis at 60 v in an electrophoresis tank
containing barbitone buffer (BDH Laboratory Supplies), pH
9·5, for 6 h, using a 1% agarose gel (BDH Laboratory Sup-
plies) containing rabbit anti-sera to rat albumin raised in our
laboratory. Results were calculated using rat serum albumin
standards (which were run at the same time) and expressed
in mg per 24 h.

Glomerular abnormalities. Kidney tissue was fixed in 10%
neutral buffered formalin, processed and embedded in
paraffin wax for light microscopy by standard techniques
(Histopathology Department, South Kensington Campus,
Imperial College London, UK). Briefly, 3 mm sections were
stained with haemotoxylin and eosin and periodic acid-
Schiff. Fifty glomeruli per section were assessed and graded
by a ‘blinded’ observer as: normal, mild (small areas of
hypercellularity and/or focal necrosis), moderate (< 50% of
the glomerulus affected by segmental necrosis and/or cres-
cent formation) or severe (> 50% of the glomerulus affected
by segmental necrosis and/or crescent formation), and
expressed as a percentage of glomeruli examined [10,13,15].

Inhibition assay

The significance of binding of antibody from animals
immunized with immunodominant peptide pCol(24–38) to
recombinant rat a3(IV)NC1 was determined by inhibition
studies. An optimum dilution of sera from animals immu-
nized with pCol(24–38) was co-incubated in solution for 1 h
at 37°C with pCol(24–38) or pCol (38–52) at concentra-
tions of 1 mg/ml, 3 mg/ml, 10 mg/ml, 30 mg/ml, 100 mg/ml,
300 mg/ml or 1000 mg/ml. One hundred ml of each of the
solutions was then transferred to ELISA plates coated with
recombinant a3(IV)NC1 and incubated for 1 h at 37°C.
Levels of bound antibodies were detected by alkaline phos-
phatase conjugated rabbit anti-goat IgG (Sigma-Aldrich
Company Ltd), and developed and analysed as described
above.

Statistical analysis

Differences between data were determined by the Mann–
Whitney U-test. Analysis of variance was used to confirm
differences between multiple data.
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Results

Assessment of antibody responses

Sera from positive control animals immunized with
a3(IV)NC1 showed a significant antibody response directed
towards a3(IV)NC1 and pCol(24–38), but not to any of the
other peptides. Animals immunized with pCol(24–38) gen-
erated an antibody response to the peptide and a3(IV)NC1,
while those immunized with the other peptides did not make
a significant antibody response to themselves or a3(IV)NC1.
Results are shown in Fig. 1.

Assessment of T cell responses

Splenic T cells from positive control animals immunized
with a3(IV)NC1, and cultured with either a3(IV)NC1 or
pCol(24–38), showed a significant T cell proliferative
response when compared with cells cultured with the other
peptides. Splenic T cells from animals immunized with
pCol(24–38), and cultured with either the peptide or
a3(IV)NC1, also showed a significant T cell proliferative
response. Splenic T cells from animals immunized with the
other peptides did not show a significant T cell proliferative
response when cultured with themselves or a3(IV)NC1.
Results are shown in Fig. 2.

Assessment of disease after immunization with
synthetic peptides

Deposits of IgG on the GBM. All positive control animals
immmunized with a3(IV)NC1 developed strong linear
deposits of IgG on the GBM by week 6 after immunization.
All animals immunized with pCol(24–38) also developed
strong linear deposits of IgG on the GBM by week 6 after
immunization, while those immunized with the other pep-
tides showed either no deposition of IgG on the GBM or
weak, intermittent deposits of IgG. Negative control animals
given FCA alone showed no deposition of IgG. Results are
shown in Fig. 3a, and illustrated in Fig. 4.

Albuminuria. All positive control animals immmunized
with a3(IV)NC1 showed detectable levels of albuminuria by
week 3 after immunization, which increased to high levels
by week 6. All animals immunized with pCol(24–38) also
showed an increase in albuminuria by week 6 after immuni-
zation, while those immunized with the other peptides
showed no increase in albuminuria. Negative control
animals given FCA alone showed no increase in
albuminuria. Results are shown in Fig. 3b.

Glomerular abnormalities. All positive control animals
immmunized with a3(IV)NC1 developed focal prolifera-
tive glomerulonephritis affecting up to 100% of glomeruli,

with segmental necrosis/crescent formation affecting up to
85% of glomeruli, by week 6 after immunization. All
animals immunized with pCol(24–38) developed focal pro-
liferative glomerulonephritis affecting up to 65% of glom-
eruli, with segmental necrosis/crescent formation affecting
up to 45% of glomeruli. By contrast, those immunized with
the other peptides showed normal glomerular architecture,
similar to that seen in normal controls. Results are shown
in Fig. 3c, and illustrated in Fig. 5.
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Fig. 1. Circulating antibody levels from groups of Wistar Kyoto

(WKY) rats (n = 6) immunized with alpha 3 chain of type IV collagen

[a3(IV)NC1] or the five 15-mer overlapping peptides, directed

towards: (a) a3(IV)NC1 and (b) pCol(24–38). Results shown

represent the mean � standard deviation of each group at week 6

after immunization. *P < 0·01; **P < 0·005, pCol(24–38) immunized

versus Freund’s complete adjuvant (FCA) alone. Each experiment was

performed twice.

J. Reynolds et al.

314 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 155: 311–319



Inhibition assay

Inhibition studies showed that binding of antibodies
from rats immunized with pCol(24–38) to recombinant
a3(IV)NC1 could be reduced by co-incubation with
pCol(24–38) from a concentration of 10 mg/ml, and inhib-
ited totally at a concentration of 300 mg/ml. Co-inhibition
with control peptide pCol(38–52) showed no inhibition of
binding at any concentration. Results are shown in Fig. 6.

Discussion

In patients with Goodpasture’s disease, the major B and
T cell epitopes have been located to the N-terminus of
a3(IV)NC1 [5–8,36]. In order to investigate whether B and
T cell responses in EAG are directed towards immunodomi-
nant peptides within the same region of rat a3(IV)NC1, we
immunized WKY rats with five 15-mer overlapping syn-
thetic peptides spanning the region of the major human
B cell epitope within the N-terminus of a3(IV)NC1.
Positive control animals immunized with recombinant
rat a3(IV)NC1 produced an antibody response directed
towards a3(IV)NC1 and the second 15-mer peptide,
pCol(24–38). Splenic T cells from these animals proliferated
in response to a3(IV)NC1 and pCol(24–38). Interestingly,
no significant antibody or T cell responses were observed to
the other peptides examined. Moreover, animals immunized
with pCol(24–38) developed circulating and deposited anti-
bodies to the GBM, albuminuria and focal necrotizing glom-
erulonephritis with crescent formation by week 6 after
immunization. Circulating antibodies from these animals
recognized a3(IV)NC1 and pCol(24–38), while their T cells
proliferated in response to a3(IV)NC1 and pCol(24–38).
Animals immunized with the other peptides developed no
significant immune response to a3(IV)NC1 and no disease.
These results demonstrate for the first time that a 15-mer
peptide, pCol(24–38), from the N-terminus of a3(IV)NC1 is
recognized by both B and T cells from rats immunized with
a3(IV)NC1, and that the same peptide is capable of induc-
ing crescentic glomerulonephritis. It is intriguing that a
single injection of synthetic peptide should be sufficient to
induce such marked autoimmune disease. This finding
emphasizes the importance of the pCol(24–38) sequence in
the autoantigen, a3(IV)NC1. The WKY rat is known to be
particularly susceptible to the induction of EAG when
immunized with the autoantigen in Freund’s complete adju-
vant [18].

In parallel studies, a similar nephritogenic T cell epitope in
EAG has been mapped by other groups. Luo et al. investi-
gated the effect of immunizing WKY rats with overlapping
peptides spanning the a3(IV)NC1 molecule, and showed
that a 24-mer synthetic peptide from the N terminus of
a3(IV)NC1, pCol(28–51), was capable of inducing a mild,
inconsistent glomerulonephritis [29]. In this study most
peptides elicited antibody responses exclusively to them-
selves, but not to native GBM, and T cells from GBM immu-
nized rats proliferated in vitro to six of the synthetic peptides.
In other studies, Wu et al. showed that a 13-mer peptide,
pCol(28–40), containing the T cell epitope from a3(IV)NC1
was capable of inducing crescentic glomerulonephritis,
without deposition of IgG on the GBM [30]. In subsequent
studies the same group reported that animals immunized
with pCol(28–40) did develop deposited antibodies by day
20 after immunization, suggesting that T cell-mediated
glomerular injury may trigger de novo internal immuniza-
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tion with autoantigens released from damaged GBM, which
could lead to activation of a group of GBM-specific B cells in
the renal draining lymph node [31]. In our study, we looked
for deposited antibodies only at a later time-point (day 42),
therefore this explanation could be equally applicable.

In further characterization of the T cell epitope by Rob-
ertson et al., it was shown that only three residues in the T
cell epitope were critical for disease induction [32]. Position

31 (threonine) was an anchor residue to the class II mol-
ecule, and positions 33 (asparagine) and 34 (proline) con-
tributed to the specificity of the T cell epitope. Substitutions
at those positions completely abrogated nephritogenicity of
the peptide. In separate studies, Bolton et al. also demon-
strated that asparagine at position 33 was critical for EAG
induction. Interestingly, the aa sequence for human and rat
a3(IV)NC1 is different at this position. Peptides that con-
tained the human sequence for a3(IV)NC1, with isoleucine
rather than asparagine at position 33, did not induce cres-
centic nephritis [33].

In the present study, both the second, pCol(24–38), and
third, pCol(31–45), peptides contain the reported critical aa,
threonine, asparagine and proline. However, only animals
immunized with pCol(24–38) produced a significant
immune response to a3(IV)NC1 and developed severe
crescentic glomerulonephritis. Animals immunized with
pCol(31–45) showed no evidence of disease and no signifi-
cant immune response to a3(IV)NC1. Our results suggest
that the position of these critical aa within the peptide, and
the length of the peptide, may be important in the induction
of EAG.

It has been reported that peptides containing the T cell
epitope, pCol(28–40), not only induce severe glomerulone-
phritis, but also trigger an anti-GBM antibody response
through B cell epitope spreading, suggesting that a diverse
autoantibody response to GBM antigens can be induced by
a single nephritogenic T cell epitope [34,35]. In our study,
there is evidence that peptide pCol(24–38) itself contains a
major B cell epitope, in that antibodies from animals
immunized with a3(IV)NC1 bound to pCol(24–38), but
showed no significant binding to the other peptides studied.
Furthermore, circulating antibodies from animals immu-
nized with pCol(24–38) bound to recombinant rat
a3(IV)NC1, while animals immunized with the other
peptides developed no humoral immune response to
a3(IV)NC1. Animals immunized with pCol(24–38) also
showed deposited IgG in a linear pattern on the GBM,
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immunization. *P < 0·01; **P < 0·001, pCol(24–38) immunized versus

FCA alone.
�
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confirming that the peptide induces antibodies specific for
native a3(IV)NC1 in vivo. In addition, inhibition studies
showed that binding of antibodies from rats immunized
with pCol(24–38) to recombinant a3(IV)NC1 could be

inhibited by co-incubation with pCol(24–38) but not
pCol(38–52), demonstrating that sera from pCol(24–38)
immunized animals do not contain anti-GBM antibodies
that arose secondarily as a consequence of epitope
spreading.

(a)

(b)

(c)

Fig. 4. Direct immunofluorescence of kidney tissue at week 6

showing a representative example of: (a) strong linear deposits of

immunoglobulin G (IgG) on the glomerular basement membrane

(GBM) in a positive control Wistar Kyoto (WKY) rat immunized with

alpha 3 chain of type IV collagen [a3(IV)NC1]; (b) no deposits of

IgG on the GBM in a negative control WKY rat given Freund’s

complete adjuvant (FCA) alone; and (c) strong linear deposits of IgG

on the GBM in a WKY rat immunized with peptide pCol(24–38).

Magnification ¥300.

(a)

(b)

(c)

Fig. 5. Light microscopy of kidney tissue at week 6 showing a

representative example of: (a) marked segmental necrosis of the

glomerular tuft with crescent formation in a positive control Wistar

Kyoto (WKY) rat immunized with alpha 3 chain of type IV collagen

[a3(IV)NC1]; (b) normal glomerular architecture in a negative

control WKY rat given Freund’s complete adjuvant (FCA) alone; and

(c) severe crescentic glomerulonephritis in a WKY rat immunized

with peptide pCol(24–38). Magnification ¥300.
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Further work to characterize the specific B and T cell
responses to pCol(24–38) and to identify other potential B
and T cell epitopes within a3(IV)NC1 are under way in
our laboratory. Preliminary studies demonstrate that nasal
administration of pCol(24–38) is effective in both the pre-
vention and treatment of EAG (Reynolds et al., unpublished
observation). This work should ultimately be of value in
designing new therapeutic strategies in patients with
glomerulonephritis.
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