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Abstract: Membranous nephropathy (MN) is a major cause of idiopathic nephrotic syndrome in adults, often pro-
gressing to end-stage kidney disease. The disease is mediated by IgG antibodies that form subepithelial immune 
complexes upon binding to antigens expressed by podocytes or planted in the subepithelial space. Subsequent 
activation of the complement cascade, podocyte injury by the membrane attack complex and the expansion of 
the glomerular basement membrane cause proteinuria and nephrotic syndrome. The blueprint for our current un-
derstanding of the pathogenic mechanisms of MN has largely been provided by studies in rat Heymann nephritis, 
an excellent animal model that closely replicates human disease. However, further progress in this area has been 
hindered by the lack of robust mouse models of MN that can leverage the power of genetic approaches for mecha-
nistic studies. This critical barrier has recently been overcome by the development of new mouse models that 
faithfully recapitulate the clinical and morphologic hallmarks of human MN. In these mouse models, subepithelial 
ICs mediating proteinuria and nephrotic syndrome are induced by injection of cationized bovine serum albumin, 
by passive transfer of heterologous anti-podocyte antibodies, or by active immunization with the NC1 domain of 
α3(IV) collagen. These mouse models of MN will be instrumental for addressing unsolved questions about the basic 
pathomechanisms of MN and also for preclinical studies of novel therapeutics. We anticipate that the new knowl-
edge to be gained from these studies will eventually translate into much needed novel mechanism-based therapies 
for MN, more effective, more specific, and less toxic. 
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Human membranous nephropathy

Membranous nephropathy (MN) is one of the 
most common causes of nephrotic syndrome in 
adults. The clinical course in majority of 
patients appears to be indolent and slowly pro-
gressive. However, over years, approximately 
up to 40% of patients with MN develop progres-
sive renal insufficiency leading to end stage kid-
ney disease [1]. Another third of patients suffer 
from complications arising from the long term 
consequences of nephrotic syndrome. In most 
cases (75-80%), MN manifests as a primary 
(idiopathic) glomerular disease, although MN 
can also be secondary to systemic lupus ery-
thematosus, infections such as hepatitis B, 

exposure to toxins, use of certain drugs, and 
malignancy. Morphologic hallmarks of MN on 
the renal biopsy are subepithelial immune 
deposits containing antigen, IgG, and comple-
ment as well as glomerular basement mem-
brane (GBM) thickening and podocyte foot pro-
cess effacement.

The pathogenesis of MN has largely been 
established in the rat model of Heymann 
nephritis (see below), in which the target anti-
gen responsible for in situ deposition of immune 
complexes (ICs) was ultimately identified as 
megalin. As megalin is not expressed by the 
human podocyte, the search for the major 
human antigen continued for decades. The first 
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human antigen identified in a rare form of ante-
natal feto-maternal alloimmune MN was neu-
tral endopeptidase [2]. It was not until recently 
that the M-type phospholipase A2 receptor 
(PLA2R1), a 180 kDa member of the mannose 
receptor family and a transmembrane glycopro-
tein expressed by human podocytes, was iden-
tified as the major antigenic target in human 
primary MN [3]. Circulating anti-PLA2R antibod-

ies correlate very well with clinical disease 
activity [4], although they have not been formal-
ly proved to be pathogenic in animal models 
(see below). Other reports have identified anti-
bodies to several intracellular antigens, which 
may be secondarily induced by cell damage 
and expressed at the cell surface, in human 
MN. These include superoxide dismutase, 
aldose reductase, alpha-enolase, and probably 
other antigens [5, 6]. An intriguing case of a 
dietary antigen implicated in MN, cationic 
bovine serum albumin (BSA), was recently 
described in several young infants [7].

The subepithelial immune deposits pathogno-
monic for MN may form in several ways [8]. The 
paradigm established with megalin in Heymann 
nephritis, which appears to hold true for the 
human cases of fetomateral alloimmune (anti-
NEP) as well as anti-PLA2R-associated idio-
pathic MN, involves the binding of circulating 
antibodies in situ to an intrinsic podocyte pro-
tein [9]. Once ICs form, they activate the com-
plement cascade, leading to the assembly of 
the membrane attack complex (C5b-9) within 
the podocyte cell membrane, which causes 
sub-lethal podocyte injury and proteinuria 
(Figure 1). The ICs and C5b-9 are shed, due to 
membrane turnover and other adaptive cellular 
mechanisms, into the GBM in a subepithelial 
position. The injured podocyte also increase 
the production and secretion of basement 
membrane components, which are laid down 
around and over the immune deposits, leading 
to an apparent thickening of the GBM (this is 
why the disease was first described as “mem-
branous”). In addition to in situ IC formation, 
the target antigen can also be extrinsic to the 
glomerulus. In some cases, a cationic antigen 
such as cationic BSA or the hepatitis B e anti-
gen can first become ‘planted’ in the subepithe-
lial space due to its charge, and later incite the 
formation of immune deposits. In other cases, 
entire circulating ICs, for example in lupus, may 
ultimately end up in a subepithelial position.

Current treatments for MN are non-specific, 
toxic, and too often ineffective [10, 11]. A recent 
Cochrane systematic review and meta-analysis 
concluded that, despite the 36 randomized 
controlled trials evaluated for the study, there is 
still insufficient data to strongly recommend a 
given treatment in any one particular case [12]. 
As recently highlighted at the NIDDK Workshop 
on Glomerular Disease (Bethesda, April 2012), 
the development of novel targeted therapies 

Figure 1. Pathogenesis of MN. Top: MN is initiated 
by maladaptive immune responses against 
autoantigens expressed by podocytes (e.g. human 
PLA2R, rat megalin) or antigens that can be “planted” 
in the subepithelial space, such as cationic proteins 
(cBSA, α3NC1). B cells, with assistance from cognate 
helper T(Th) cells, differentiate into plasma cells 
that produce pathogenic autoantibodies, mostly 
of IgG4 subclass. Upon binding to target antigens, 
the antibodies form ICs that deposit subepithelially 
(beneath podocytes), on the outer side of the GBM. 
Bottom: Subepithelial ICs induce complement 
activation and podocyte injury by C5b-9, leading to 
podocyte activation, effacement of foot processes, 
increased production of matrix components and 
thickening of the GBM, ultimately resulting in massive 
leakage of plasma proteins in urine (proteinuria).
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for MN remains a key priority in the field. 
Achieving this goal requires a better under-
standing of the pathogenic mechanisms. 
Because experiments in humans are not pos-
sible for obvious ethical reasons, good animal 
models faithfully recapitulating the pathogene-
sis of human MN are essential for investigating 
the disease mechanisms and for preclinical 
studies of drug candidates [13]. Although ani-
mal models of MN have been described in 
many species (including dogs, cats, rabbits and 
pigs), the experimental model of rat Heymann 
nephritisis by far the most commonly used, pro-
viding a de facto “gold standard” against which 
other models are compared [14].

Rat models of membranous nephropathy: 
Heymann nephritis

Rat Heymann nephritis has emerged as the 
best model for studying the disease mecha-

nisms because it faithfully recapitulates human 
MN in terms of histopathology and its major 
clinical aspects [15]. In active Heymann nephri-
tis, pathogenic antibodies are produced by the 
animal’s own immune system, thus recapitulat-
ing human MN. The disease is induced by 
immunization with Fx1A, an extract of rat kid-
neys containing proximal tubular brush border 
antigens, in complete Freund adjuvant [16-18]. 
Immunized rats develop anti-Fx1A antibodies 
within ~2 weeks, granular capillary loop stain-
ing for IgG and C3 and subepithelial IC’s by 3-4 
weeks, proteinuria by 6-8 weeks, and nephrotic 
syndrome after ~12 weeks. The glomerular 
antigen involved in the formation of subepithe-
lial deposits in Heymann nephritis was eventu-
ally identified as a complex of megalin and 
receptor-associated protein, which is expressed 
in the tubular brush border and on rat podo-
cytes, but not on human podocytes [19]. Some 

Figure 2. Recapitulation of clinical and histologic hallmarks of MN in mouse models. A. DBA/1 mice immunized with 
α3NC1 develop massive albuminuria and nephrotic syndrome. B. Light microscopy shows the absence of glomerular 
inflammation and formation of GBM “spikes” (silver stain). C. Electron microscopy shows expansion of the GBM to 
surround electron-dense subepithelial IC’s (arrows) and podocyte foot process effacement. D. Immunofluorescence 
staining shows granular capillary loop staining for mouse IgG (predominantly IgG1 with small amounts of IgG2a and 
IgG2b), mouse complement C3 and C5b-9, and exogenous antigen (hα3NC1).
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disadvantages of this active model---including 
much greater variability in outcome andanimal 
discomfort because of repeated footpad immu-
nizations---restricted its usage. Passive 
Heymann nephritis (PHN) is induced in various 
strains of rats by passive transfer of heterolo-
gous sheep or rabbit antibodies against rat 
tubular brush border or Fx1A antigens [20, 21]. 
Intravenous or intraperitoneal injection of anti-
Fx1A antibodies (as isolated IgG or antiserum) 
induces GBM thickening, podocyte abnormali-
ties, subepithelial deposits of IgG, C3 and C5b-
9, and heavy proteinuria after 3 to 7 days. In 
this heterologous phase, kidney pathology is 
exclusively mediated by ICs formed by heterolo-
gous IgG. The autologous phase is initiated at 
2-4 weeks, when rats develop an immune 
response against the foreign IgG, and is char-
acterized by glomerular deposition of rat IgG 
which exacerbates proteinuria. 

Mouse models of membranous nephropathy: 
the road less travelled by

Although Heymann nephritis has been tremen-
dously useful in defining the paradigm by which 
complement-mediated cell injury occurs in MN, 
this rat model is limited by the lack of genetical-
ly-engineered rat strains, as well as an antigen 
that is now known to be irrelevant in human dis-
ease. Murine models are highly desirable 
because of the broad availability of genetically 
engineered strains and mouse-specific 
reagents, convenient manipulation, low costs, 
and short gestation period. The development of 
a robust murine model of MN has been a work 
in progress for decades. However, achieving 
this goal has provenelusive despite many 
efforts by several groups [14]. Most mouse 
models of MN are unsatisfactory because of 
the minimal or transient or complement-inde-
pendent proteinuria. Below, we review the prog-
ress in this field, with particular emphasis on 
three recently developed mouse models of MN 
characterized by subepithelial ICs, heavy pro-
teinuria, and nephrotic syndrome. Despite sig-
nificant differences in how disease is induced, 
these three models closely recapitulate the 
clinic and morphologic hallmarks of human MN 
(Figure 2) and compare favorably with rat 
Heymann nephritis.

Early efforts to develop a murine model of MN 
predated the identification of the major anti-
gens in human MN and sought to recapitulate 

the induction of Heymann nephritis in rats, as 
described above. Subepithelial ICs in the 
absence of proliferative changes were induced 
in C57Bl10 mice by a single injection of rabbit 
IgG raised against homologous (mouse) pro-
nase-digested renal tubular antigens [22]. The 
heterologous phase was characterized by the 
fixation of rabbit IgG to the mouse capillary 
walls and brush borders of the proximal tubules 
in a linear or fine-granular pattern, with a tran-
sient increase of glomerular permeability. In 
the autologous phase, an immune response to 
heterologous IgG led to the development of 
subepithelial ICs containing rabbit IgG, mouse 
IgG1, and small amounts of mouse C3. 
Histologic changes were mild, differing very lit-
tle from control mice, and neither GBM “spikes” 
nor effacement of podocyte foot processes 
were observed. Rabbit IgG was found to fix 
directly to an antigen in the cell membrane of 
the glomerular visceral epithelium, implying 
that subepithelial IC’s formed in situ. However, 
these mice developedonly transient albumin-
uria, and not nephrotic syndrome. This has 
been attributed to the predominance in the epi-
membranous ICs deposits of mouse IgG1, an 
IgG subclass that does not activate comple-
ment. Nevertheless, the predominant subclass 
of serum and kidney-bound autoAbs in human 
idiopathic MN is human IgG4, which is function-
ally equivalent to mouse IgG1 [23, 24]. Also, 
proteinuria and glomerular C3 deposition do in 
fact occur in other mouse models of MN in 
which mouse IgG1 is prevalent in serum and in 
subepithelial IC deposits (see below).

In a search for antibodies against intrinsic 
podocytes antigens capable of inducing more 
severe and persistent proteinuria, a rat IgG1 
mAb against mouse aminopeptidase A, named 
ASD-4, was developed [25]. Mice injected with 
mAb ASD-4 immediately developed massive, 
dose-dependent albuminuria that lasted for at 
least 16 days. The binding of rat IgG to the glo-
merular capillary wall was initially homogenous 
but changed into a granular pattern after one 
day. Glomerular deposition of mouse C3 was 
absent. By light microscopy, no glomerular 
lesions could be observed, and no influx of poly-
morphonuclear leukocytes, mononuclear cells 
or platelets was seen. Electron microscopy 
showed fusion of the podocytes foot processes 
and widely scattered electron-dense immune 
deposits in the slit pores but no GBM thicken-
ing (unlike human MN). Neither complement 
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activation nor glomerular inflammation was 
required for the development of albuminuriain 
this model. Most likely, albuminuria is the result 
of a direct disturbance of the glomerular filtra-
tion barrier by the deposited ASD4.

Murine membranous nephropathy induced by 
a planted antigen, cationized BSA

Exogenous cationic proteins, such as cation-
ized bovine serum albumin (cBSA), bind to 
anionic sites in the glomerular filtration barrier 
and form subepithelial ICs by a “planted anti-
gen” mechanism. This leads to development of 
proteinuria and glomerular lesions recapitulat-
ing MN in rabbits and in several other species 
[26]. In 2004, the first mouse model exhibiting 
subepithelial ICs, severe proteinuria and 
nephrotic syndrome was established by immu-
nizing mice with cBSA [27]. Induction of dis-
ease was dose-dependent and strain specific. 
BALB/c and ICR strains were susceptible, but 
C57BL/6 mice were resistant. After repeated 
injections with cBSA (every other day for 6 
weeks), mice developed severe proteinuria, 
hypoalbuminemia, and hypercholesterolemia—
clinical symptoms characteristic of nephrotic 
syndrome. Overt proteinuria appeared in week 
4 and reached a plateau at week 8. Serum 
albumin concentration declined markedly after 
week 6, while serum cholesterol concentration 
increased at week 6 and was maximal at week 
8. The blood urea nitrogen and serum creati-
nine concentrations did not change. Histological 
findings revealed diffuse thickening of the GBM 
with spike formation but no hypercellularity. 
Immunofluorescence staining showed IgG and 
C3 deposition along the GBM in a granular pat-
tern with a discrete beaded appearance. 
Ultrastructural analysis identified severely 
irregular thickening of the GBM and subepithe-
lial deposits. In situ formation of subepithelial 
ICs was suggested in this model because the 
serum concentration or circulating ICs did not 
increase significantly before strong positive IF 
staining indicative of ICs deposition was 
observed. The levels of mouse IgG1 anti-cBSA 
antibodies were significantly higher than those 
of mouse IgG2a, implying a Th2 bias, because 
mouse IgG1 is associated with Th2 and mouse 
IgG2a with Th1 polarization. A subsequent 
study using T1/T2 double transgenic mice 
expressing human Thy1 under the control of 
interferon gamma and mouse Thy1.1 under the 
control of IL-4 found that both peripheral and 

renal immune reactions are strongly polarized 
toward Th2-type immune responses during the 
course of MN in this model, and Th2 cells but 
not Th1 cells were significantly correlated with 
hypercholesterolemia and proteinuria [28]. The 
pattern of injury and outcomes in glomerulone-
phritis are influenced by the Th subsets, with 
Th1 predominance implicated in proliferative 
and crescentic glomerulonephritis, and Th2 
predominance associated with membranous 
nephropathy [29]. In idiopathic MN, Th2 cyto-
kines increase and stimulate B cells to produce 
IgG4 [30, 31]. Hence, in mice and man, the 
development of MN appears to depend on host 
factors that favor a Th2 polarization. 

The importance of adaptive immune responses 
in this model has been demonstrated using 
severe combined immuno-deficient (SCID) 
mice, which are resistant to murine MN induced 
by cBSA [32]. Granular immune complex depos-
its and pathologic proteinuria were induced in 
SCID mice by passive transfer of serum from 
MN mice, but not of serum from normal control 
mice, nor by adoptive transfer of splenocytes. 
Overall, cBSA-induced murine MN may recapit-
ulate the pathogenesis of some forms of early 
childhood MN in which dietary cationic BSA has 
been implicated as an antigen [7]. However, 
this model has not gained widespread adop-
tion, perhaps because disease induction is 
cumbersome, requiring numerous injections of 
cBSA in the tail vein.

Passive murine membranous nephropathy 
induced by anti-podocyte antibodies

Since studies of Heymann nephritis (and sub-
sequently in human MN) established the impor-
tance of antibodies against specific podocyte 
antigens in the pathogenesis of MN, it has been 
reasoned that the administration of anti-podo-
cyte antibodies could induce MN in mice. In 
2011, one of us (C.M.S. et al.) has induced 
characteristic features of MN in mice injected 
with sheep anti-podocyte antiserum [33]. 
Sheep antiserum used in this study was raised 
against a murine podocyte cell line from Endlich 
et al [34]. C57BL/6 mice injected with this anti-
serum developed nephrotic syndrome with 
severe edema, proteinuria, hypoalbuminemia, 
elevated cholesterol and triglycerides com-
mencing by day 9 and peaking day 14, with 
baseline serum creatinine and urea nitrogen 
values. The histologic changes showed swollen 
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podocytes, podocyte loss and glomerular base-
ment membrane thickening. Immune staining 
demonstrated glomerular deposition of mouse 
IgG of all subclasses in a linear and granular 
pattern along the GBM and in the subepithelial 
space. Electron microscopy revealed extensive 
podocyte foot process effacement and subepi-
thelial IC deposits. Immunoelectron microsco-
py localized sheep antibodies to podocyte foot 
processes and to the GBM. Mice exhibited an 
inflammatory response characterized by a peri-
glomerular accumulation of F4/80+ macropha-
ges and a glomerular infiltration with CD3+ 
T-cells, Ly6G+ neutrophils and MAC-2+ macro-
phages, suggesting an inflammatory mediation 
of disease. Interestingly, C3 deficient mice 
(C57BL/6) were slightly but not significantly 
protected from podocyte damage, despite lin-
ear deposition of C3 along the GBM, indicating 
a partly complement-independent mechanism. 
Twenty proteins were identified as possible 
antigens to the sheep anti-podocyte serum by 
mass spectrometry suggesting multiple anti-
gens rather than a single antigen acting to initi-
ate the disease. Injection of the heterologous 
sheep anti-podocyte serum into Balb/c mice 
resulted in an enhanced glomerular IC depositi-
on with a decreased inflammatory reaction 
compared to C57BL/6 mice, more closely 
resembling the pathologic features of human 
MN.

Notably, murine MN was not observed in similar 
studies using heterologous antibodies raised 
against a murine podocyte cell line developed 
by Mundel et al [35]. A mouse model of immu-
ne-mediated podocyte damage was induced in 
mice sensitized with rabbit IgG in complete 
Freund’s adjuvant by injection of polyclonal rab-
bit anti-mouse podocytes antibodies [36]. Mice 
developed albuminuria 10 days later. Pathologic 
changes were restricted to podocyte swelling 
and loss, linear glomerular IgG and C3 depositi-
on, loss of linear immunostaining of slit memb-
rane protein and segmental foot process 
effacement with rare subepithelial immune 
deposits at mesangial hinge areas. However, 
extensive subepithelial ICs deposits, characte-
ristic of human MN, were not found. The course 
and extent of disease were not attenuated by 
complement depletion. The inflammatory res-
ponse was characterized by slight glomerular 
infiltration with T-cells. Another group has found 
that sheep antibodies raised against the same 
mouse podocyte cell line cause little glomeru-

lar damage in wild type mice, despite in vivo IgG 
binding to glomerular capillary wall [37]. Thus, 
the presence of heterologous antibodies tar-
geting specific mouse podocyte antigens may 
be critical for the induction of murine MN by 
passive immunization. 

Active murine membranous nephropathy 
induced by immunization with α3NC1

While studying the role of activating Fcγ recep-
tors in murine anti-GBM antibody-mediated glo-
merulonephritis, several of us (J.J.Z., W.L., 
D.B.B. et al) unexpectedly found that DBA/1 
mice immunized with human NC1 monomers of 
α3(IV) collagen (α3NC1) in complete Freund‘s 
adjuvant and boosted once with the same anti-
gen in incomplete Freund‘s adjuvant develop 
severe albuminuria (Figure 2A), followed by 
hypoalbuminemia, hyperlipidemia, and often 
edema—features typical of the nephrotic syn-
drome [38]. Pathologic changes in the kid-
neysrecapitulated hallmark features of human 
MN, rather than anti-GBM disease, as had initi-
ally been anticipated. Similar to human MN, 
light microscopy showed minimal glomerular 
inflammation, very few crescents (<5%) and 
characteristic GBM “spikes” by silver stain 
(Figure 2B). Electron microscopy showed sube-
pithelial IC’s deposits, GBM thickening and 
podocyte foot process effacement (Figure 2C). 
Immunofluorescence microscopy showed line-
ar-granular capillary loop staining for of mouse 
IgG, C3c, C5b-9, and exogenous human α3NC1 
antigen (Figure 2D). Serum and kidney-bound 
antibodies were mostly non-complement fixing 
mouse IgG1, with small amounts of mouse 
IgG2a and IgG2b, thus recapitulating the predo-
minance of human IgG4 in human MN. 
Proteinuric mice excreted C5b-9 in urine, as 
reported in human MN [39].

Other groups have also noted the development 
of subepithelial ICs in DBA/1 mice repeatedly 
immunized with human α3NC1, but clinical fea-
tures of MN were not assessed [40]. When 
DBA/1 mice are subjected to a more aggres-
sive immunization protocol (four α3NC1 immu-
ni-zations instead of two), the kidney disease 
initially presents as MN until 8 weeks post-
immunization, but later crescentic glomerulo-
nephritis and tubulointerstitial inflammational-
so develop [41]. In this model, C57Bl/6 mice 
develop milder glomerular injury than DBA/1 
mice, while AKR and NOD mice are relatively 
resistant, despite mIgG deposition in the kid-
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neys [40]. Immunization with rat α3NC1 mono-
mers (highly homologous to autologous murine 
α3NC1) also induced subepithelial ICs in 
C57Bl/6 mice, whereas B6. FcγRIIB-/- mice 
developed both subepithelial and subendothe-
lial ICs, the latter possibly due to spontaneous-
ly produced lupus-like autoantibodies [42]. 

An important question is how subepithelial ICs 
form in α3NC1-induced murine MN. 
Co-localization of exogenous α3NC1 antigen 
with mouse IgG and C3 in the GBM (but not in 
kidney tubular basement membranes) is con-
sistent with a planted antigen mechanism or 
deposition of small circulating IC’s. Glomerular 
deposition of extrinsic antigens from the circu-
lation occurs in other active models of MN, 
such as rats immunized with human brush bor-
der antigens and rabbits immunized with rat 
tubular antigens [43, 44]. Human α3NC1 has a 
high isoelectric point (pI ~ 9), comparable to 
cBSA or other cationic antigens that form sub-
epithelial ICs by a planted antigen mechanism. 
In addition, α3NC1 has been shown to bind to 
several receptors expressed on the podocyte 
cell surface, including α3β1 and αvβ3 integrins 
[45, 46]. Both human α3NC1 and ICs com-
posed of human α3NC1 and a mouse IgG1 
anti-α3NC1 mAb bind to mouse podocytes 
(Corina Borza, personal communication).

Development of kidney pathology and the MN 
phenotype in α3NC1-immunized mice is strictly 
dependent on the formation of subepithelial 
IC’s. Even though anti-α3NC1 autoAbs that 
bind to mouse GBM in vivo are also produced, 
the absence of typical features of anti-GBM 
antibody disease (such as the influx of inflam-
matory cells in glomeruli and formation of cres-
cents) implies that anti-GBM antibodies formed 
in this model are non-pathogenic. Other NC1 
antigens that elicit murine anti-GBM autoanti-
bodies but not form subepithelial ICs (e.g. NC1 
hexamers from bovine GBM) induce neither 
proteinuria nor any glomerular pathology in wild 
type DBA/1 or C57Bl/6 mice (W.L., D.B.B. and 
others, manuscript in preparation). The inability 
of murine anti-GBM autoAbs to mediate severe 
glomerulonephritis (in contrast to Goodpasture 
autoAbs in human anti-GBM disease) may be 
due to prevalence of mouse IgG1 autoAbs, 
which do not activate complement and have 
lower affinity for activating Fcγ receptors than 
murine IgG2a and IgG2b, hence a reduced abil-
ity to elicit inflammation. 

All currently available evidence points to a key 
role of complement activation in the develop-
ment of proteinuria and pathogenesis of MN in 
α3NC1-immunized mice. Proteinuric mice have 
glomerular deposition of murine C3 and C5b-9 
and urinary excretion of C5b-9. Ablation of acti-
vating IgG Fc receptors in congenic D1. FcRγ-/- 
does not influence the severity of α3NC1-
induced murine MN, implying that subepithelial 
IC’s mediate pathology via other effector path-
ways. AKR and NOD mice, which are naturally 
deficient in complement C5 [47] are resistant 
to α3NC1-induced glomerular pathology [40]. 
In preliminary studies presented in abstract 
form at the Renal Week 2012 meeting, several 
of us (W.L., D.B.B. and others) found that the 
genetic ablation or pharmacologic inhibition of 
factor B, a key component of the alternative 
complement pathway, prevents glomerular C3 
deposition and proteinuria in α3NC1-immunized 
mice [48]. 

A possible role of α3(IV) collagen in the patho-
genesis of some forms of human MN is sug-
gested by the association between anti-GBM/
Goodpasture disease and MN. At least 25 
cases have been reported, reviewed in [49]. 
Anti-GBM/Goodpasture disease can either pre-
cede or is followed by MN, though simultane-
ous presentation is more common. In these 
patients, the linear GBM IgG staining found on 
the renal biopsy is likely due to Goodpasture 
autoantibodies binding to the NC1 domains of 
α345(IV) collagen in the GBM. Subepithelial 
IC’s may form due to Goodpasture autoantibod-
ies binding to podocyte-associated or nascent 
α3(IV) collagen secreted by podocytes but not 
yet incorporated in the GBM, or to α3(IV) colla-
gen fragments released from the GBM by 
proteases.

Notably, other GBM antigens have also been 
implicated in various animal models of MN. 
Pre-sensitized rats injected with heterologous 
antibodies to rat GBM heparan sulfate proteo-
glycans develop subepithelial IC deposits with 
clinical and histologic features of MN [50]. Anti-
laminin antibodies play a central role in the for-
mation of subepithelial IC deposits and heavy 
proteinuria in HgCl2-induced nephropathy in 
Brown-Norway rats [51]. Thickening of the GBM 
due to periodic expansions of lamina rara exter-
na forming a beaded pattern has been observed 
in Swiss-Webster mice immunized with a crude 
preparation of human GBM. Linear GBM stain-
ing was observed for mouse IgG1, but capillary 
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loop staining for mouse IgG2a, IgG2b and IgG3 
changed from a linear GBM to a granular pat-
tern. Electron dense subepithelial IC deposits 
were not observed and proteinuria was mod-
est, perhaps due to the absence of C3 deposi-
tion in the GBM [52]. The antigen(s) implicated 
in this model have not been identified. How 
GBM antigens are implicated the development 
of MN is not currently understood.

Murine membranous lupus nephritisin MRL/
lpr mice deficient for IL-27 receptor (WSX-1)

MN can be secondary to other causes, includ-
ing autoimmune diseases such as systemic 
lupus erythematosus (SLE). SLE is an autoim-
mune disease characterized by the production 
of autoantibodies to DNA and other nuclear 
antigens and multi-organ inflammation. Lupus 
nephritis (LN) is a major complication in SLE, 
caused by the formation and deposition in the 
glomerular capillary wall of IC’s that induce glo-
merular inflammation and injury. Based on the 
morphology on the renal biopsy, about 10-20% 
of cases feature continuous granular subepi-
thelial immune deposits, often with concomi-
tant mesangial immune deposits and variable 
mesangial cell proliferation, and are classified 
as class V lupus nephritis, also known as mem-
branous lupus nephritis [53]. Membranous 
lupus nephritis is the most common form of 
secondary MN in the United States. MRL/lpr 
mice, a model for SLE, develop spontaneous 
glomerulonephritis recapitulating diffuse prolif-
erative glomerulonephritis in human lupus 
nephritis class IV, an autoimmune response 
driven by Th1 cells producing IFN-γ. Ablation of 
the WSX-1 gene, which encodes a subunit of 
the IL-27 receptor, impairs proper Th1 differen-
tiationin mice, skewing immune responses to 
Th2 [54]. Ablation of WSX-1 gene in MRL/lpr 
micedramatically altersthe kidney pathology 
from diffuse proliferative glomerulonephritis to 
membranous lupus, with a predominance of 
mouse IgG1 in glomerular IC deposits, reduced 
IFN-γ production, and elevated IL-4 expression 
[55]. This indicates that the Th1/Th2 balance 
has a major influence on the phenotype of glo-
merulonephritis, and the Th2 predominance 
promotes the development of membranous 
lupus nephritis. 

Transgenic mouse models of membranous 
nephropathy in development

Given the recent identification of PLA2R as the 
major autoantigen in human MN, it is impera-

tive to generate a model in which the pathogen-
esis of anti-PLA2R antibodies can be tested. 
Initial collaborative attempts to generate a 
transgenic mouse model by expressing human 
PLA2R1 in the CD1 (ICR) strain were unsuc-
cessful (L. Beck, D. Salant, G. Lambeau, S. 
Quaggin, V. Eremina; unpublished observa-
tions). Despite generating three founder lines 
that expressed human PLA2R under the murine 
nephrin promoter, and despite detection of 
human PLA2R expression by glomeruli via PCR, 
there was no detectable expression of the 
human protein in the kidneys or glomeruli of 
any of the founder lines. Injection of normal or 
anti-PLA2R-positive human IgG did not lead to 
proteinuria in either control or the transgenic 
mice. A recent abstract by Zahner et al. pre-
sented at the Renal Week 2012 annual meet-
ing describes the generation of a tetracycline-
inducible human PLA2R1 transgenic mouse 
line with podocyte expression of the tetracy-
cline transactivator directed by the podocin 
promoter [56]. While these investigators were 
able to show glomerular expression of human 
PLA2R, there was not yet any data as to wheth-
er or not the animals became proteinuric upon 
injection of anti-PLA2R. Of note, it has been dif-
ficult to generate large quantities of recombi-
nant PLA2R protein in culture, possibly related 
to the finding that PLA2R is able to induce cel-
lular senescence [57] and therefore similar 
issues may be hampering the establishment of 
a murine model with this particular antigen. 
Cultured cells and potentially murine podocytes 
in vivo may lack the appropriate machinery 
(chaperonins or other binding proteins) need for 
optimal export from the endoplasmic reticulum. 
We are hopeful that as investigators discover 
more about the PLA2R molecule and other 
human podocyte antigens, increasingly more 
sophisticated murine models of human MN can 
be generated.

Future directions and concluding remarks

The recent development of mouse models that 
recapitulate the hallmarks of human MN as 
faithfully as rat Heymann nephritis models has 
overcome a critical barrier that has long hin-
dered progress in the field. The murine models 
described herein, as well as other models that 
may be developed in the future, will be essen-
tial for answering unresolved questions about 
the patho-mechanisms of MN that could not be 
effectively addressed using rat models. 
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Whereas studies in Heymann nephritis models 
demonstrated that the activation of the termi-
nal complement cascade and subsequent 
assembly of C5b-9 on podocytes arecritical 
mediators of podocyte injury and proteinuria, 
our understanding of the mechanisms of com-
plement activation by subepithelial ICs remains 
rudimentary. The specific roles of the classic, 
lectin and alternative pathways of complement 
activation and the importance of various com-
plement regulatory proteins in the pathogene-
sis of MN remain to be elucidated. Addressing 
these basic questions requires mouse models 
in which subepithelial ICs and proteinuria can 
be induced reliably and reproducibly, and pro-
teinuria is complement dependent—regardless 
of the specific antigens implicated. Models 
exhibiting these features, as has been shown 
so far for α3NC1-induced murine MN, will not 
only help define the basic mechanisms of com-
plement activation by subepithelial ICs, but 
also are ideally suited for preclinical studies of 
new therapeutics aiming toarrest pathogenic 
complement activation and podocyte damage. 
We anticipate that the new knowledge gained 
from these studies will translate into much 
needed novel mechanism-based therapies for 
MN: more effective, more specific and less 
toxic. To paraphrase the immortal words of 
Robert Frost, taking the road less travelled can 
make all the difference. CMS is supported by 
the Deutsche Forschungsgesellschaft (KFO228 
“Immunoathogenesis and Therapy of Glomer- 
ulonephritis”).
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