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Abstract
Organ deposition of autoantibodies against the noncollagenous-1 domain of the α3 chain of type
IV collagen leads to severe kidney and lung injury in anti-glomerular basement membrane disease.
The origin and regulation of these highly pathogenic autoantibodies remains unknown. Anti-
α3(IV) collagen B lymphocytes are predicted to mature in vivo ignorant of target antigen because
α3(IV) collagen expression is highly tissue restricted and pathogenic epitopes are cryptic.
However, a recent analysis of an anti-α3(IV)NC1 collagen autoantibody transgenic mouse model
revealed that developing B cells are rapidly silenced by deletion and editing in the bone marrow.
To dissect the role of collagen as central tolerogen in this model, we determined B cell fate in
autoantibody transgenic mice genetically lacking α3(IV) collagen. We found that absence of the
tissue target autoantigen has little impact on the fate of anti-α3(IV)NC1 B cells. This implies a
more complex regulatory mechanism for preventing anti-glomerular basement membrane disease
than has been previously considered, including the possibility that a second antigen present in
bone marrow engages and tolerizes anti-α3(IV)NC1 collagen B cells.
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1. Introduction
Autoantibodies directed against epitopes of various collagen isoforms are associated with
debilitating damage in kidney, joints, skin, and lung [1–6]. In anti-glomerular basement
membrane (anti-GBM) nephritis and Goodpasture’s disease, pathogenic autoantibodies
destroy kidney and lung by targeting the globular C-terminal noncollagenous-1 (NC1)
domain of the α3 chain of type IV collagen, hereafter α3(IV)NC1 (reviewed in [7]). The
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organ-specificity reflects the highly tissue-restricted expression of the α3(IV) collagen chain
[8].

Several features of anti-GBM disease underscore the role of B cell dysregulation in disease
origin and pathogenesis. Detection of circulating autoantibodies and linear Ig deposits in
tissue specimens is key to diagnosis, and serum autoantibody levels guide treatment
decisions, including duration of plasmapheresis and timing of transplantation. Direct
pathogenicity of human anti-GBM autoantibodies was demonstrated by induction in
primates of severe renal failure, proliferative glomerulonephritis, and linear GBM Ig
deposits after passive transfer of patients’ renal eluate Ig [9]. Epitopes recognized by the
pathogenic Ig are conformational and cryptic, buried within the cross-linked native NC1
hexamer [10–14]. This suggests both that renal epitopes must be exposed by environmental
or other stressors to facilitate Ig binding and that relevant epitopes are not normally
accessible to the immune system to engage and regulate developing anti-α3(IV)NC1 B
lymphocytes. However, certain disease features are difficult to reconcile with this paradigm:
Anti-GBM nephritis and Goodpasture’s disease are rare, and anti-α3(IV)NC1 Ig are not
detected in the sera of most healthy individuals using conventional assays. Moreover, renal
inflammation and injury from diverse and common causes, such as pyelonephritis, do not
induce anti-α3(IV)NC1 autoantibodies despite generating a vigorous inflammatory and
immunogenic microenvironment.

We previously explored this paradox using an autoantibody transgenic model, constructed
such that transgenic (IgMa/kappa) B cell receptors bind epitopes of α3(IV)NC1 collagen
recognized by serum pathogenic IgG from patients with anti-GBM disease but not by serum
IgG from healthy individuals [15]. Initial experiments tested the hypothesis that naïve anti-
α3(IV) collagen B lymphocytes are immunologically ignorant because they do not see
hidden antigen during development in vivo. This scenario also predicts that the cells are
available in the periphery for activation by environmental stimulants. However, analysis of
the Ig transgenic mice instead revealed B cell depletion and light chain editing, suggesting
that anti-α3(IV) collagen B cells are regulated centrally. Subsequent generation of Ig
transgenic mice incapable of Ig receptor editing due to genetic elimination of the
recombinase activating gene, Rag, revealed a default phenotype of profound central
tolerance: mature B cells were absent from spleen and bone marrow [15]. An identical
phenotype was observed in Rag-deficient Ig transgenic progeny derived from independent
founders.

These results indicate the presence of a tolerizing cognate self-antigen in bone marrow, as
well as unsuspected complexity either in distribution and exposure of α3(IV) collagen B cell
epitopes or in the nature of self-antigen-lymphocyte interactions in anti-α3(IV)NC1 Ig-
mediated autoimmune diseases. Although α3(IV) collagen is not known to be expressed in
bone marrow [16], serum is reported to contain soluble α3(IV)NC1 monomers generated by
metalloproteinase cleavage [17]. To test the possibility that intact α3(IV) collagen or
circulating NC1 monomers mediate central tolerance, we bred our anti-α3(IV)NC1 IgMa/
kappa transgenes into mice with genetic α3(IV) collagen deficiency [18], both in the absence
and presence of the Rag gene. The results reported here indicate that tolerance persists
despite elimination of the known Ig tissue target antigen.

2. Materials and Methods
2.1 Animals

Generation of transgenic mice carrying both the H and L chain constructs of the prototypic
anti-α3(IV)NC1 monoclonal antibody and deficient in the Rag1 enzyme was previously
described [15], with a detailed description of the prototypic antibody and H and L chain
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variable region gene sequences, showing minimal mutation, found in [19] and GenBank
accession numbers DQ889716.1 and DQ889719.1. Antibody transgenic and collagen mutant
lines were genotyped by PCR using specific forward and reverse primers:

Heavy chain 5′-CTTCAGTGAAGATGTCCTGTAA – 3′

5′-AGACTGTGAGAGTGGTGCCT – 3′

Light chain 5′-CCAACAGAAACCAGGACAGC -3′

5′-CGTTTTATTTCCAGCTTGGTC – 3′

α3(IV) collagen 5′ - AAC ACC AGC TCT GAT GCC AAT G – 3′

5′-AAT GAA AGA AAA ACC TTT CCA GAG – 3′

Knockout α3(IV)collagen 5′ - ACG ACC TTT GTT AAA CTA GAA GAA GTC – 3′

5′-TGC TAA AGC GCA TGC TCC AGA CTG C -3′

The experiments described here were carried out on mice of either gender, age 9 to 24
weeks, hemizygous for the introduced Ig chain transgenes and reared under conventional
specific pathogen-free conditions. C57BL/6J (hereafter B6) breeders, BALB/c (IgMa
allotype) controls, and mice carrying a targeted mutation in Rag1 on the B6 background
(RagKO) were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice carrying a
targeted disruption of the α3 chain of type IV collagen on the B6 background [18, 20] were
graciously provided by Dr. Jeffrey Miner, Washington University, St. Louis, MO. Absence
of α3(IV) collagen protein in this model has been confirmed, as assessed by the absence of
anti-collagen α3(IV) antibody binding to kidney sections [18] and the absence of circulating
α3(IV)NC1 monomers [17]. Whereas α3(IV)-deficient mice develop a progressive renal
disease marked by abnormal GBM morphology and proteinuria similar to human Alport
syndrome, kidney disease is attenuated and later in onset in the B6 background [20]. Tg+
mice were generated on a B6SJLF1/J background and were subsequently crossed onto the
B6 background 2–3 generations for the Tg+ Col-KO studies, and an additional 2–3
generations for Tg+ Col-KO RagKO studies. The care and use of all experimental animals
was in accordance with institutional guidelines and all studies and procedures were
approved by the Animal Care and Use Committees of Duke University and the Durham
Veterans Affairs Medical Center.

2.2 Cell staining
Single-cell suspensions containing one million RBC-depleted splenocytes or bone marrow
cells were rinsed three times in 1X PBS plus 2% fetal bovine serum, incubated for 30
minutes with the appropriate fluorescently-labeled antibodies as described below, rinsed two
additional times, and fixed in 1% paraformaldehyde prior to analysis by flow cytometry.
Fluorescent stains include: anti-CD45R/B220-PE and –PerCP, anti-IgMb-FTC, and anti-
IgMa-PE (Becton Dickinson-Pharmingen, San Jose, CA, USA), and anti-IgM-FTC, anti-
IgD-FTC, anti-lambda-FTC, and anti-kappa-PE (Southern Biotech, Birmingham, Alabama,
USA). Cells were analyzed on a FACScan analyzer (Becton Dickinson), and results
analyzed using FlowJo (Treestar, Ashland, OR, USA). Lymphocytes were gated based on
FSC and SSC properties.

2.3 Antibody isotype, allotype, and binding specificity
Ig concentrations and isotype- and allotype-specific binding in serum were determined by
ELISA. 96-well Immulon II HB plates (Thermo Scientific, Waltham, MA) were coated
overnight with goat-anti-mouse IgM (Southern Biotech). Plate coat was removed, and plates
were blocked using 3% bovine serum albumin (BSA, Sigma, St. Louis, MO, USA). Diluted
sera (range 1:20-1:10000) were assessed in duplicate against a standard curve generated by a
commercial mouse IgMa/kappa antibody (BD Pharmingen, for IgM and IgMa ELISAs), or
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by a dilution series from a previously characterized murine serum (for IgMb ELISAs.)
Following three rinses, bound antibody was detected via incubation with either alkaline-
phosphatase conjugated anti-IgM (Southern Biotech, 1:1000 dilution in PBS), or with
biotinylated anti-IgMa or anti-IgMb antibodies (BD Pharmingen, 1:500 dilution in PBS).
For IgMa and IgMb detection, plates were rinsed then incubated with Streptavidin-AP
(1:500 dilution in PBS, Southern Biotech). Colorimetric detection was provided by
phosphatase substrate (Sigma), and assays were monitored at 405 nm for up to 2 hours.
Interpolation into the standard curve was performed by SoftMax software.

To assay for collagen binding activity, Immulon II plates were coated overnight at 4°C with
bovine α3(IV)NC1 collagen (Wieslab) diluted in 6M guanidine-HCl (Sigma). Plates were
blocked, rinsed, and detected as above with minimal changes. Sera were diluted at 1:20 and
1:100 for assay. Control Ig included anti-α3(IV)NC1 IgG mAb (Wieslab) and transfectant
IgM. Results were recorded as the mean sample OD after subtraction of mean OD on
diluent-coated plates. Ag binding by transgene-encoded Ig was confirmed using biotin-
labeled anti-allotype (IgMa)-specific second-step reagents (BD Biosciences) detected with
Streptavidin- alkaline phosphatase (Southern Biotechnology Associates) as above.

2.4 Immunohistochemistry
Kidneys from experimental subjects were frozen in Tissue-Tek O.C.T. (Sakura Finetek
USA, Torrance, CA, USA) and sectioned. Following acetone fixation, sections were rinsed
in PBS, blocked in a solution of 3% BSA and 3% normal goat serum (Gibco Invitrogen,
Carlsbad, CA, USA) in PBS, then incubated with a 1:300 dilution of MAB3 anti-α3(IV)
collagen antibody (Wieslab, Sweden) in 5% milk powder/PBS solution overnight at 4C in a
humid chamber. Slides were then rinsed in PBS followed by incubation with goat anti-
mouse IgG-FITC (Southern Biotech) at a 1:100 dilution in blocking buffer for 2 hours. After
a final PBS rinse, slides were mounted in Fluoromount G (Southern Biotech) containing
DAPI nuclear stain (Sigma) for analysis.

2.5 Statistical analyses
All data are shown as mean values +/− standard deviation. Comparisons between two
groups were analyzed with the Wilcoxon test. Analyses were performed with JMP software
(SAS Institute, Cary, NC). A value of p < 0.05 was considered to be significant.

3. Results
3.1 In vivo absence of α3(IV) collagen does not rescue anti-α3(IV)NC1 collagen B cells

Immune phenotyping of transgenic (Tg+) collagen α3(IV)-deficient (Col-KO) mice
indicates that the absence of target antigen, including its circulating fragments, does not
rescue autoreactive B cells from central deletion. In Tg+ Rag-deficient (Tg+RagKO) mice,
IgM+ B cells are absent in both spleen and bone marrow of Col-KO as well as collagen-
sufficient (Col+) groups (Figs. 1 and 2). This phenotype is identical to that of the non-Tg
RagKO mice, which by default have no B cells [15]. Consistent with this finding, serum Tg
+ IgMa is undetectable or present only in minute quantities (range 0 – 0.359 μg/ml) in both
groups of mice. As expected, endogenous IgMb is not detected in any mouse with
homozygous Rag deficiency, whereas IgMb cell surface and serum expression is abundant
in all Rag-sufficient (Rag+) mice (Fig. 1 and data not shown). Absence of α3(IV) collagen
expression in homozygous α3(IV) collagen-deficient mice was confirmed in a subset of
mice using immunofluorescent staining of frozen kidney sections (not shown).
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3.2 Editing is prominent in Rag-sufficient Col-KO transgenic mice
Immunophenotyping also reveals no difference in B cell numbers, B cell phenotype, serum
IgM levels, and transgene expression between Tg+ Col-KO and Tg+ Col+ mice in which the
Rag enzyme is active (Tg+Rag+, Fig. 1 and Table 1). Analysis of bone marrow reveals a
similar frequency of surface IgM+ B220+ B cells in Tg+ Col-KO and Tg+ Col+ mice (Table
1). Roughly one-third of spleen B cells express the transgene IgMa allotype in both groups,
and both groups have detectable but low levels of serum transgene IgMa and transgene-
encoded anti-α3(IV)NC1 reactivity. There are no differences in circulating total IgM
concentration, and the majority of splenic B cells and predominance of serum IgM express
the endogenous IgMb allotype (Table 1), indicating more extensive rearrangement at the
endogenous Ig heavy chain alleles than was observed in early generation backcross mice
[15]. The majority of splenic B cells in both groups also coexpress endogenous surface IgD,
similar to expression levels in non-Tg Rag+ mice (not shown.) Approximately 7% of Tg+
mouse B cells express endogenous lambda light chains (Table 1), indicating editing also at
this light chain locus.

4. Discussion
These data indicate that presence of the tissue target protein, α3(IV) collagen, is not essential
for the in vivo regulation of anti-α3(IV)NC1 B cells in this Ig transgenic model. These
findings further suggest the existence of a distinct bone-marrow localized antigen that is
capable of binding to the transgenic anti-α3(IV)NC1 Ig receptors and inducing tolerance in
these B cells. The striking bone marrow phenotype in the Tg Col-KO RagKO mice, in which
virtually no Tg+ cells are detected, is consistent with the findings of other investigators in
the setting of a known potent central tolerogen concurrent with the absence of Rag enzyme
activity [21]. We conclude that in a healthy host, newly formed dual-specific anti-
α3(IV)NC1 collagen B cells engage this second antigen in the bone marrow immediately
upon expression of surface Ig. Intracellular signals emanating from interaction with this as
yet unidentified tolerogen arrest B cell development, leading to cell deletion unless a Rag-
dependent process alters the receptor, thus shielding the host from deadly anti-GBM disease.

The indistinguishable immune phenotype in Rag-sufficient Tg+ Col-KO versus Tg+ Col+
mice confirms that receptor editing is also triggered by the unknown tolerogen. Thus either
central regulatory mechanism, editing or cell deletion, may be disrupted to promote disease
in genetically susceptible individuals. Notably, if tolerance fails, the second self-antigen, or
structurally related environmental antigens, become potential potent immune activators.

The existence of a tolerizing antigen distinct from α3(IV)NC1 collagen provides a step
toward resolving the underlying paradox wherein the relative rarity of anti-GBM disease and
of anti-α3(IV)NC1 serological reactivity suggest a high degree of B cell regulation that is
discordant with the cryptic and tissue-restricted nature of the pathogenic Ig epitopes. Our
findings suggest a more complex paradigm for B cell regulation that is dependent on anti-
α3(IV)NC1 Ig binding to multiple self-antigens, including one that regulates B cell fate and
a distinct antigen targeted by soluble pathogenic Ig. A regulatory network based on such self
dual specificity is fully plausible. The literature is replete with examples of presumably
selective enzymes, receptors, and antibodies that bind structurally dissimilar substrates,
ligands, or antigens, respectively, with equal or greater affinity than the natural or originally
identified substrate [22–24]. A molecular basis for antibody dual self-specificity was
recently elegantly revealed in a therapeutic monoclonal IgG capable of targeting the
structurally distinct antigens human epidermal growth factor receptor-2 and vascular
endothelial growth factor [25].
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The identity of the second antigen that acts as central tolerogen in our Ig transgenic model is
as yet unknown, and its identity is difficult to predict a priori. Unlike T cell epitopes that
may be predicted from primary structure and protein sequence databases [26], Goodpasture
antibodies, like many Ig and B cell receptors, recognize conformational epitopes. It is also
possible that the second antigen is structurally unique compared to the α3(IV)NC1 epitope,
such that binding requires plasticity in the antibody binding site, analogous to that described
by Bostrom and colleagues [25]. The pool of endogenous molecules with access to the bone
marrow is large and structurally diverse. Candidate central tolerogens include epitopes on
circulating cells, resident bone marrow cells, bone marrow matrix, and serum analytes, of
which there are an estimated one thousand. Candidate cell surface tolerogens also include
glycoproteins and glycolipids, though it is notable that the murine anti-α3(IV)NC1
antibodies identified no targets on a mammalian glycan array (data not shown). Screening
strategies using a broad range of unselected native structures or ligand prediction modeling
may be required to delineate the responsible ligand.

Complex central regulation of anti-GBM B cells may also explain the rarity of anti-GBM
nephritis despite the presence of T cell help. Although α3(IV) collagen is expressed in
thymus [27], antigen-reactive CD4+ and CD8+ T cells have been isolated from healthy
individuals as well as patients [28–30]. Anti-α3(IV)NC1 T cells are likely crucial for
induction of pathogenic anti-GBM IgG responses and contribute directly to disease
pathogenesis, as shown in some animal models [31–33]. Independent regulation of the
highly autoreactive B cells as demonstrated here would thus prevent inadvertent activation
of ignorant B cells by bystander pathways, during immune responses to environmental
pathogens [33], or by intramolecular spread after immunization with nephritogenic T cell
epitopes [32].

We propose a working model as follows: Under healthy conditions, developing and
potentially deadly anti-α3(IV)NC1 B cells engage a second self-antigen in bone marrow, by
which they are tolerized by deletion or editing. Anti-α3(IV)NC1 B cells may also
periodically arise de novo in the periphery by somatic mutation or loss of editor chains;
these cells are presumably also regulated, either by the same ubiquitous self-antigen or by
other mechanisms such as Treg, lack of T cell help, or follicular exclusion. Peripheral
tolerance may also be crucial to control B cells that incidentally escape the bone marrow due
to subthreshold interaction with the central tolerogen. If occasional anti-α3(IV)NC1 B cells
become activated, disease is averted because tissue target epitopes are hidden and local
inflammation is absent. To develop disease, “multiple hit” susceptibility would be
necessary: a combination of genetic susceptibility and superimposed environmental factors
(e.g., infection, or chemical or toxin exposure, as suspected of triggering Goodpasture’s
disease in some patients) [34], disrupts regulatory pathways, promotes anti-α3(IV)NC1 B
and T cell activation, and facilitates epitope exposure and local inflammation.

The proposed scenario should provide effective regulation of the anti-GBM humoral
response if it encompasses major pathogenic epitopes. It is notable that several α(IV)NC1
collagen epitopes are targeted by Goodpasture sera IgG [35–37], and it is unclear if the
phenomenon revealed by our transgenic B cell receptor is generalizable to multiple GBM
epitopes. Nonetheless, the majority of antibodies from most patients react with one or two
epitopes on the α3(IV)NC1 domain [11,12,36]. Moreover, the findings of Chen and
colleagues indicate that the amino terminal third of α3(IV)NC1 that contains an
immunodominant epitope as defined by Ig binding [11,12,36] can also induce autoantibodies
and disease, indicating this epitope’s involvement in proximal regulation as well as in tissue
deposition [38]. Disease relevance of our transgenic BCR is suggested by the finding that
multiple different Goodpasture patients’ sera inhibit α3(IV)NC1 binding by the transgene
prototype antibody and by transgenic serum Ig [15]. Identification of the endogenous
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tolerogen and elucidation of its structural relationship to α3(IV)NC1 and the structural
plasticity of the transgenic BCR should provide additional insight into in vivo regulatory
networks.

5. Conclusion
These data support a novel model for regulation of anti-α3(IV)NC1 collagen B cells that
cause anti-GBM disease. We propose that anti-α3(IV)NC1 collagen B cells are regulated by
a bone marrow tolerogen distinct from α3(IV) collagen. This model reconciles the clinical
observation of rare serological reactivity despite a hidden antigen. Identification of the
tolerizing second antigen will provide key insight into disease origins, regulation, and
pathogenesis and potential new therapeutic targets.
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Research Highlights

• Pathogenic anti-α3(IV)NC1 collagen B cells are centrally regulated.

• Regulation of anti-α3(IV)NC1 collagen B cells is independent of α3(IV)
collagen.

• These findings implicate a second, cross-reactive antigen present in bone
marrow.
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Figure 1.
Representative dot plots for lymphocytes in spleen (A) and bone marrow (B) of mice
bearing the anti-α3(IV)NC1 collagen IgMa,kappa antibody transgenes (Tg+). Log
fluorescence data for stained unstimulated cells gated on lymphocytes on the basis of
forward and side scatter (all plots), with further gating on B220+ populations where
indicated. B220 is a B cell marker. IgM-a allotype identifies the transgene heavy chain,
IgM-b allotype identifies endogenous heavy chains.
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Figure 2.
Mean ± standard deviation for spleen B cell count (A) and % IgM+ Bone Marrow B cells
(B). N=4–5 for all groups using data from 4 experimental replications. Significant
differences were determined by pairwise comparison using the Wilcoxon test and are
indicated by asterisks; *, p<0.05; NS, p>0.05.
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Table 1

B cell and serum antibody profiles in Tg+ Rag-sufficient mice in presence (Col+) and absence (Col-KO) of
α3(IV) collagen. B cell data are from spleen except for BM (bone marrow). IgMa identifies the Tg+ heavy
chain; host endogenous Ig is IgMb. The percent IgMa+, IgMb+, and other calculations are based on total B
cells as determined by B220+ staining. Because a subset of B cells express both transgene IgMa and
endogenous IgMb, the total percent IgMa+ plus IgMb+ staining is greater than 100%. Serum anti-collagen
IgMa is OD405 for binding of 1:20 serum dilution to α3(IV)NC1 minus diluent binding, with positive control
MAB3 mean OD405 2.0 ± 1.4 and non-Tg mice mean OD405 0.002 ± 0.004. Anti-collagen binding was not
detected at 1:100 serum dilution in either group. There were no significant differences between Tg+ Col+ and
Tg+ Col-KO as determined by the Wilcoxon test. All data are mean ± standard deviation. N=7–12 mice per
group, mean age 3.4 months, for B cell phenotype data and 4–6 mice per group for serum studies.

Tg+ Col+ Tg+ Col-KO

B cell count millions 25.9 ± 7.1 25.8 ± 10.8

%IgMa+ of B cells 32.1 ± 3.6 32.5 ± 6.7

%IgMb+ of B cells 91.2 ± 4.1 91.5 ± 5.6

%lambda+ of B cells 7.4 ± 1.3 6.6 ± 1.3

BM %IgM+ of B220+ 51.7 ± 5.0 53.5 ± 8.8

Serum IgM μg/mL 122.8 ± 18.4 124.0 ± 36.6

Serum Tg IgMa μg/mL 5.6 ± 3.4 4.5 ± 4.0

Serum Tg anti-collagen (OD405) 0.116 ± 0.061 0.105 ± 0.42
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