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 Modeling of Human Anti-GBM Antibody– � 3(IV)NC1 
Interactions Predicts Antigenic Cross-Linking 
through Contact of Both Heavy Chains
with Repeating Epitopes on  � 3(IV)NC1 
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toAb– � 3(IV)NC1 interactions were derived using the Ab se-
quences and molecular   models of the  � 3(IV)NC1 structure. 
 Results:  The pathogenic Ab were encoded by multiple, com-
mon V H  and V L  gene families indicating that they were not 
encoded by a unique subset of genes and that normal indi-
viduals have the capacity to produce them. However, model-
ing of the Ag–Ab interactions suggested that although the 
contact regions varied for individual Ab, the optimized en-
ergy constraints facilitate interaction of both Ab-binding re-
gions with pathogenically relevant epitopes on  � 3(IV)NC1. 
 Conclusions:  The results suggest that the repetitive nature 
and relatedness of the  � 3(IV)NC1 antigenic epitopes facili-
tate cross-linking of pathogenic Ab, in vivo, by allowing both 
IgG Fab to bind to the basement membrane. This most likely 
accounts for the high-affinity Ab binding we and others ob-
served among human anti- � 3(IV)NC1 Ab. Based on these 
observations, we postulate that this interaction provides for 
the stability of the Ab interaction, resulting in a high-affinity 
interaction that serves as an ideal scaffold for optimal FcR 
engagement and complement activation, thereby acceler-
ating inflammation and contributing to the rapidly progres-
sive nature of this disease.  Copyright © 2009 S. Karger AG, Basel 
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 Abstract 

  Background/Aims:  Patients with anti-glomerular basement 
membrane diseases produce pathogenic autoantibodies 
(autoAb) that deposit in the kidney and initiate severe in-
flammation. Restricted antigenic specificity of the autoAb 
against 2 regions (with related sequences) within  � 3(IV)NC1, 
along with shared idiotypes (i.e. structural determinants), 
among pathogenic human autoAb suggested that common 
genetic elements encode the autoAb. The aim of this study 
was to determine whether the idiotypic relatedness of the 
autoAb was due to the fact that unique and similar genes 
were used to encode them, divergent genes were used to 
produce Ab with similar Ag-binding properties and confor-
mation, or if other mechanisms were operative.  Methods:  
The encoding V gene sequences of pathogenic human
anti- � 3(IV)NC1 Ab, derived following immunization of
XenoMice �  which produce human but not murine IgG ,  with 
 � 3(IV)NC1 were determined. Predicted conformations of au-
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 Background/Aims 

 Spontaneous production of human anti-glomerular 
basement membrane (anti-GBM) Ab often results in rap-
idly progressive glomerulonephritis and renal failure  [1] . 
A unique feature of this disease is that pathogenic Ab 
bind to specific regions within the GBM (the noncollag-
enous domain (NC1) of  � 3(IV) collagen). Two major epi-
topes, termed EA (C2) and EB (C6), have been defined 
and are variably recognized by all patient sera, with pri-
mary sequence homology among them  [1] . Anti-GBM Ab 
derived from the sera of different patients share a com-
mon idiotype (termed Id-GBM)  [2]  and they are uni-
formly of high affinity  [3] . Taken together, the results 
raise the possibility that similar and/or unique genes en-
code them. Herein, the basis for these observations was 
examined. The encoding (primary) V gene sequences of 
pathogenic, human monoclonal anti- � 3(IV) Ab, derived 
following immunization of XenoMice �  (an engineered 
strain that produces human but not murine Ab), were de-
termined, with the sequences used to generate best fit 
models of Ab–Ag (antigen) interactions with  � 3(IV). We 
found that different genes were used to encode the auto-
antibodies (autoAb); however, best fit conformations of 
the interactions suggested that multiple contact regions 
of individual Ab contribute to high affinity.

  Methods 

 Production of Human mAb and Evaluation of mAb Activity 
 XenoMouse �  animals (Abgenix Inc., Fremont, Calif., USA), 

hyperimmunized with either  Escherichia coli -expressed, human 
293 cell-expressed or bovine-derived  � 3(IV)NC1 collagen  [2, 3, 
7] , were sacrificed, and single cell suspensions of splenocytes were 
fused to the myeloma fusion partner Sp2 mIL6  [10] . Supernatants 
were tested (ELISA and Western blot) for Ab activity, and positive 
wells were subcloned ( 1 2 ! ) and selected. mAb were purified us-
ing Protein A/G (Pierce, Rockford, Ill., USA). To approximate the 
epitope-specificity of the mAb, a competitive ELISA was utilized 
by evaluating the capacity of soluble peptides: C2 corresponding 
to epitope EA (a.a. sequence: TAIPSCPEGTVPLYS), soluble pep-
tide C6 corresponding to EB (a.a. sequence: TDIPPCPHGWISL-
WK) or an irrelevant control peptide (a.a. sequence RRVPHFY-
HFAPVIAR) to inhibit Ab binding  [9] . Similarly, a competition 
ELISA was used to determine if human anti-GBM Ab and Xeno-
Mouse II mAb bound to similar epitopes on human  � 3(IV)NC1, 
using purified and biotinylated mAb.

  In vivo Analysis of Human Anti- � 3(IV) mAb 
 Previously described methods were utilized; briefly, affinity-

purified, pathogen-free, human mAb (1–2 mg) were administered 
intravenously to either XenoMouse II or C57Bl/6 mice. After 5 
days, 24-hour Upr, BUN and serum creatinine were determined, 

and kidneys were examined and graded by light microscopy for 
severity of nephritis and direct immunoflourescence for human 
IgG deposition  [10] .

  Sequence Analysis 
 All sequencing reactions were performed using ABI 377 and 

373A automated sequencers with Taq FS Big Dye TM  Terminator or 
Dye Primer chemistry.   The PCR heavy and light chain products 
of the mAb were ligated into the TOPO vector (Invitrogen, Carls-
bad, Calif., USA), transformed into chemically competent TOP10 
One Shot �  cells and grown on LB agar/kanamycin plates. Indi-
vidual colonies were picked, grown overnight and plasmid DNA 
was prepared. After restriction enzyme digestion, the DNA was 
sequenced, using T3 and T7 primers. The variable region se-
quences were then compared and aligned using the V-Base germ-
line databank (DNAPLOT 2.0.1 using V BASE Version 1.0).

  3D Modeling of Human Monoclonal Anti- � 3(IV) Ab– � 3(IV) 
Interactions 
 Three of the mAb anti- � 3(IV) were modeled using the eluci-

dated structure of the human  � 3(IV)NC1 antigenic epitopes C2 
and C6  [6, 8, 9]  and the UCSF Chimera program (http://www.cgl.
ucsf.edu/chimera/). The latter is a highly extensible, interactive 
 molecular graphics program, funded by the NIH National Center
for Research Resources (grant No. P41-RR01081)  [8, 11–20] . The 
contact residues were inferred from the interaction between the 
heavy and light chain complementary regions of the mAb and the 
putative epitopes  [14–16]  using the BndLst contact residue soft-
ware. Bndlst reads a PDB format file and prints a list of covalent and 
H-bonded neighboring atoms, along with several atomic proper-
ties, for each atom. It is useful in building scripts that process atom-
ic structures permitting development of homology-based models 
(http://kinemage.biochem.duke.edu/software/utilities.php).

  Results 

 Human Anti- � 3(IV) mAb Are Pathogenic 
 As previously reported for F1.1, F2.1 and F3.1 were 

pathogenic. After injection of soluble Ig to naïve mice, 
they produced immune deposits and nephritis ( table 1 ). 
By contrast, irrelevant human mAb neither produced 
immune deposits nor nephritis (not shown). Like human 
patient serum autoAb, the mAb bound to  � 3(IV)NC1 
and exhibited preferential binding to native Ag, with 
minimal binding to denatured  � 3(IV)NC1 ( fig. 1 ). Fur-
thermore, the XII mAb competed with patient-derived 
anti-GBM Ab for binding to  � 3(IV) ( fig. 2 ), and human 
mAb and patient serum-derived anti-GBM Ab were in-
hibited to human anti- � 3(IV)NC1 by preincubation with 
cyclic peptides corresponding to the major  � 3(IV) epit-
opes, EA (C2) and EB (C6) ( table 1 ), providing additional 
support for the relatedness of the human mAb and the 
patient serum Ab.
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  Human Anti- � 3(IV) mAb Are Encoded by Multiple 
V H  and V L  Genes 
 Given their similar Ag-binding properties, we ques-

tioned whether pathogenic Ab were encoded by similar 
genes. However, V gene sequence analysis of the human 
anti- � 3(IV)NC1 mAb ( table 2 ), demonstrated that the 
encoding VH and VL gene sequences were different (i.e. 
they were not even derived from the same V gene fami-
lies). Additionally, multiple base changes from germline 
were found in each case, suggesting that the autoAb arose 
from an Ag-driven response, leading to B cell clonal ex-
pansion, somatic mutation, etc., and contributing to ad-

ditional differences in their primary heavy and light 
chain sequences.

  Multiple Contact Regions on the Heavy and Light 
Chains React with the Major Repeating Pathogenic 
Epitopes of  � 3(IV)NC1 ( fig. 3–5 ) 
 Although different V gene sequences were used to en-

code the mAb, the possibility that their 3D structures 
were similar was suggested by a shared idiotype among 
patient serum Ab. To address whether the mAb were 
structurally related, homology-based models were em-
ployed using the sequences of the pathogenic mAb. It was 

Reduced Unreduced 

29 kDaR

  Fig. 1.  Anti- � 3(IV)NC1 mAb bind to human  � 3(IV)NC1. Human 
mAb produced from XenoMouse II �  after immunization with 
 � 3(IV)NC1 preparations bound to human  � 3(IV)NC1 by West-
ern blot. Greater binding of m anti- � 3(IV) to intact human 
 � 3(IV)NC1 with lesser binding to reduced human  � 3(IV)NC1, 
similar to that observed for human polyclonal serum-derived Ab. 
4–6  � g Ag were used in these experiments. 
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  Fig. 2.  XenoMouse II pathogenic mAb compete for binding with 
human-derived polyclonal anti-GBM Ab to  � 3(IV).   Negative 
control mAb showed less than 5% inhibition at any time and was 
equivalent to ‘none’ as shown in the figure   (+/– error bars = SD). 

Table 1. Pathogenicity and epitope specificity of human monoclonal anti-�3(IV)NC1 Ab after administration to XenoMouse II�

mAb n BUN (SD) creatinine for F1.1* Albuminuria/proteinuria* GN C2 C6

pre post pre post H&E IF

F2.1 4 NA 32 (7) 31 (23) 37 (10) 1–2+ 2+ + +++
F3.1 8 32 (8) 43 (10)* 41 (22) 47 (28) 2–3+1 3+ + ++
F1.1 8 0.007 0.424 1.6* 340 (314)* 2+ 2+ + ++
Polyclonal human 2 ND ND ND ND 2+ 2+ ND ND

In some short-tem experiments (5 days), normal mice were 
used, because of the limited availability of XenoMouse II. Grad-
ing of histopathologic findings: 0–1+ = normal or mild increase 
in cellularity; 2+ = glomerular enlargement and focal hypercellu-
larity (increased matrix may be present in some); 3+ = focal hy-
percellularity/proliferation in >50% of glomeruli with <30% dif-
fuse proliferative changes and/or crescents; 4+ = diffuse prolif-

erative changes with crescents/sclerosis in >50% of glomeruli. 
Epitope specificity was defined by competitive inhibition, using 
cyclic peptides corresponding to the C2 and C6 regions of 
�3(IV)NC1 (1 �g/well for mAb and 10 �g/well for serum-derived 
polyclonal anti-GBM Ab): + = 10–25%; ++ = 25–50%; +++ = 
>50%. * p < 0.05.

1 Early crescents present.
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noteworthy that their Ag-binding regions were different. 
However, modeling of the mAb and the putative struc-
ture of the  � 3(IV)NC1 region  [6]  to approximate Ag–Ab 
interactions provided intriguing results. Contact resi-
dues inferred from the interaction between the heavy 
chain and light chain complementary determining re-
gions of the mAb and the relevant  � 3(IV)NC1 epitopes 

predicted the best energy constraints. It was particularly 
noteworthy that although the predicted 3D mAb struc-
tures and Ag contact regions differed for each mAb (as 
expected from the primary sequence differences), in each 
case the heavy chain binding region was predicted to pro-
vide contact, whereas the light chains either provided sta-
bility or did not interfere with the interactions. Further-

a b

  Fig. 3.  Model of human m anti- � 3(IV)NC1 F1.1 binding to 
 � 3(IV)NC1.  a  In this model, the heavy chain CDR1 (shown in 
blue) and light chain CDR1 (shown in green) are shown interact-
ing with the C2 epitope of  � 3(IV)NC1 (shown in red).  b  In this 
model, the heavy chain CDR1 (shown in blue) and light chain 

CDR1 (shown in green) are shown interacting with the C6 epi -
tope C6 of  � 3(IV)NC1 (shown in red). Note the multiple contact 
Ab contact regions of the Ab with the repeating epitopes on 
 � 3(IV)NC1.   
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Table 2. XenoMouse�-derived human anti-�3(IV)NC1 mAb

mAb VH (gene) CDR1 CDR2 CDR3 JH

Heavy chain analysis demonstrating multiple VH genes may be used to encode pathogenic antibodies
F1.1 VH4 (DP-70) � 3 bp � 3 bp NI � 5b (6 bp)
F2.1 VH3 (DP-50) � 14 bp germline NI NI 
F3.1 VH3 (DP-47) germline germline � D3-22 (6 bp) � 6b (germline)

Light chain analysis demonstrating multiple VK genes may be used to encode pathogenic antibodies
F1.1 VK2 (DPk-12) � 2 bp germline germline � 5
F2.1 VK3 (DPk-22) germline germline � 1 bp � 2 (3 bp)
F3.1 VK3 (DPk-21) germline germline germline � 1 (2 bp)

Blast search alignment for F1.1 was closest to Macaca fasicu-
laris Ab derived from a phage display library vs. hepatitis A (not 
shown), but the others were not. � = Change from germline;

VH = variable heavy chain; CDR 1, 2 and 3 = complement deter-
mining regions 1, 2 and 3; JH = junction heavy variable to heavy 
constant region; NI = not identifiable; bp = base pairs. 



 Meyers   /Christensen   /Madaio    Am J Nephrol 2009;30:474–480478

more, the close spatial proximity of related epitopes with-
in  � 3(IV)NC1 was predicted to facilitate binding of both 
Ab heavy chains, thus providing the basis for Ab cross-
linking in each case. It was also noteworthy that the best 
energy constraints were predicted among the mAb and 
the major epitopes (i.e. C2 and C6), as indicated by epi-
tope mapping studies by Hudson et al.  [1] , using serum 
Ab .  These latter observations also support the validity of 
the models.

  Discussion 

 Human anti- � 3(IV) autoAb are uniformly of high af-
finity, leading to the notion that this property contributes 
to the aggressive nature of disease  [3] . Herein, we explore 
a possible molecular basis for high affinity, and, by infer-
ence, for pathogenicity. From the sequence analysis of 
multiple pathogenic autoAb, the results indicate that 
multiple heavy and light chain gene sequences may en-
code them. Nevertheless, from the modeling studies, it 
was predicted that the heavy and light chains mediate 
binding largely through one of the chains, with the other 

acting permissively. More importantly, the repetitive na-
ture and spatial relationship of  � 3(IV) epitopes provides 
an ideal scaffold for interaction of both mAb chain arms. 
We postulate that this provides the basis for Ag cross-
linking, leading to stability of the Ab–Ag interactions. 
Whether or not other possible combinations may con-
tribute to similar-type, high-affinity interactions is un-
clear, although it seems reasonable to presume they 
would. In any event, the common idiotype shared by pa-
tients likely results from polyclonal Ab (i.e. anti-Id) reac-
tive with multiple sites within the Ag-binding region of 
the anti-GBM Ab, although common genetic origins 
among some of the Ab is also feasible.

  From the results, it is predicted that juxtapositions 
and stability of multiple autoAb on the GBM provides 
an ideal platform for FcR engagement and activation of 
inflammatory cells, especially since multiple Fc–FcR in-
teractions are required for cellular recruitment and in-
filtration. Similarly, complement activation would be 
enhanced by multiplicity and proximity of the individ-
ual Fc heavy chains by providing the scaffolding neces-
sary for engagement and stabilization of complement 
components. For the mAb examined, the light chains 

  Fig. 4.  Model of human monoclonal anti- � 3(IV)NC1 F2.1 bind-
ing to  � 3(IV)NC1. F2.1 is shown interacting at multiple sites with 
both the C2 and C6 epitopes  � 3(IV)NC1 (shown in red). Note the 
multiple contact Ab contact regions of the Ab with the repeating 
epitopes on  � 3(IV)NC1. The contact regions, however, are differ-
ent from those of either F1.1. or F3.1.             

  Fig. 5.  Model of human m anti- � 3(IV)NC1 F3.1 binding to 
 � 3(IV)NC1. F3.1 is shown interacting through heavy chain CDR2 
(shown in green) and light chain CDR2 (shown in blue) sites with 
both the C2 (shown in red) and C6 (shown in brown) epitopes. 
Note the multiple contact Ab contact regions of the Ab with the 
repeating epitopes on  � 3(IV)NC1. The contact regions, however, 
are different from those of either F1.1. or F2.1.               
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reduce the anti-inflammatory properties of  � 3(IV) col-
lagen by limiting access to regions within  � 3(IV) to cir-
culating inflammatory cells  [4] , either by directly bind-
ing or through steric hindrance, thus preventing cellular 
engagement and subsequent dampening of activity. In ei-
ther scenario, disease will be exacerbated, since the nor-
mal processes that promote disease resolution will be 
limited. As importantly, it is predictable that immuno-
suppressive therapy will be relatively ineffective, with re-
duced turnover of deposited pathogenic Ab tightly bound 
to these sites.

  These high-affinity interactions may also contribute 
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lease of proteases and other enzymes, detachment of Ag-
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  Multiple V genes were used to encode the human anti-
 � 3(IV) Ab, and they were mutated from germline, consis-
tent with the conclusion that they arise from an Ag-driv-
en response. Thus, most individuals have the capacity to 
produce these autoAb; however, the immune response to 
this particular Ag is tightly regulated. In this context, ex-
posure of  � 3(IV) with repeating epitopes to the surface 
receptors of B or T cells (i.e. binding with high affinity to 
either surface Ig or TcR) during normal development (e.g. 
in the thymus or bone marrow) should be particularly ef-
fective in receptor cross-linking, leading to long-lasting 
immune tolerance. The findings that the immune re-
sponse is very restricted [i.e. to  � 3(IV) in patients with 
anti-GBM disease, and that anti- � 3(IV) Ab are unusual 
in normal individuals, but common after renal transplan-
tation of Alport’s patients] is consistent with this conclu-
sion  [21, 22] . It is also consistent with the conclusion that 
 � 3(IV) may be the driving Ag in this disease  [23] , al-
though molecular mimicry with other Ag may also be op-
erative.
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