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Abstract

Membranous nephropathy is a noninflammatory autoimmune disease of
the kidney glomerulus, characterized by the formation of immune deposits,
complement-mediated proteinuria, and risk of renal failure. Considerable
advances in understanding the molecular pathogenesis have occurred with
the identification of several antigens [neutral endopeptidase, phospholipase
A2 receptor (PLA,R), thrombospondin domain-containing 7A (THSD7A)]
in cases arising from the neonatal period to adulthood and the charac-
terization of antibody-binding domains (that is, epitopes). Immunization
against PLA2R occurs in 70% to 80% of adult cases. The development of
highly specific and sensitive assays of circulating antibodies has induced a
paradigm shift in diagnosis and treatment monitoring. In addition, several
interacting loci in HLA-DQ, HLA-DR, and PLA2RI, as well as classical
human leukocyte antigen (HLA)-D alleles have been identified as being
risk factors, depending on a patient’s ethnicity. Additionally, mechanisms
of antibody pathogenicity and pathways of complement activation are now
better understood. Further research is mandatory for designing new thera-
peutic strategies, including the identifying triggering events, the molecular
bases of remission and progression, and the T cell epitopes involved.
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1. INTRODUCTION

Membranous nephropathy (MN) is a rare disease affecting the kidney glomerulus, more specif-
ically the podocytes, which play a key role in controlling the kidney’s permeability to proteins.
In healthy people, albumin and higher molecular weight (MW) proteins are minimally filtered,
whereas in a condition called nephrotic syndrome, large amounts of proteins escape in the urine,
resulting in a decrease in serum albumin and the development of generalized edema. MN is the
most common cause of nephrotic syndrome in Caucasian adults, accounting for approximately
30% of cases (annual incidence, 1.7 per 100,000) (1, 2), with a significant male preponderance
(sex ratio, 2:1) and a peak incidence in individuals aged 50 to 60 years. It is rare in children.

MN is characterized by the accumulation of immune deposits on the subepithelial (outside)
aspect of the glomerular capillary wall, close to the podocytes, which causes a membrane-like
thickening, with the expansion of the extracellular matrix leading to the formation of spikes. The
immune deposits consist of immunoglobulin (Ig) G, of antigens that have long eluded identifica-
tion, and of the membrane attack complex (MAC) of complement. Podocytes are the major targets
of the immunological response, which most often involves podocyte antigens. IgG4 is usually the
prominent deposited subclass in idiopathic MN (iMN), while IgG1, IgG2, and IgG3 exceed IgG4
in cases of secondary MIN (3-6). The formation of subepithelial immune deposits and complement
activation are responsible for the functional impairment of the glomerular capillary wall, causing
proteinuria in the absence of inflammatory cells in the glomerulus.

Despite a common histopathological pattern, MN is a heterogeneous disease, occurring either
in the absence of an established cause (80% of cases) or in association with clinical conditions such
as infections (hepatitis B), lupus erythematosus, cancer, or drug intoxication. Heterogeneity is also
illustrated by the variable clinical outcome. Approximately 40% of patients with iMN will undergo
spontaneous remission (7), while another 30% will have a poor response to immunosuppressive
therapy and will progress to end-stage renal disease requiring dialysis or transplantation (8). About
40% of patients who receive a kidney graft will develop recurrence, and about 45% of those will
lose their graft (9). Treatment with costly and potentially toxic drugs remains controversial and
challenging (10, 11). The key to rationalized therapy is the identification in individual patients of
the exact etiology and pathogenesis of the disease.

"This review covers most aspects of the molecular pathogenesis of MIN. There are few diseases in
nephrology and beyond in which advances in understanding the molecular pathomechanisms have
been so huge and translation to the bedside so fast, occurring in less than a decade, during which
MN has entered a new era. Such progress was engendered by studies of experimental models of
MN, such as Heymann nephritis in the rat (12-14) and the cationic bovine serum albumin (BSA)
model in the rabbit (15, 16). Figure 1 shows the common thread of this review, from experimental
MN to human MN.

2. EXPERIMENTAL MODELS
2.1. Heymann Nephritis: Megalin (LRP2) Is the Target Podocyte Antigen

Heymann nephritis was first described in 1959 by a pediatrician from Cleveland and his team
(12). Because the antigenic preparation used in the study did not contain glomerular extracts, this
rat MN was initially thought to be caused by the deposition of circulating immune complexes
containing the immunizing antigen from the brush border of the proximal tubule (FX1A) and the
corresponding antibodies. Two seminal studies by the Couser and Hoedemaeker groups (13, 14),
using ex vivo and isolated perfused kidney systems, showed that the disease was induced by in situ
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Figure 1

Mechanisms of antibody-mediated immune podocyte injury in membranous nephropathy. (#) The in situ
formation of immune complexes is initiated by binding of circulating antibodies to antigens that are
endogenous integral membrane proteins of the podocyte or to exogenous antigens planted in the glomerular
basement membrane. (5) Complement can be activated by three different pathways, all of which converge
toward the formation of the C5b-9 complement attack complex. In addition, antipodocyte antibodies can
directly alter the function of target antigens. Together, these processes trigger cell damage in the absence of
inflammation. Abbreviations: BSA, bovine serum albumin; ER, endoplasmic reticulum; ERT, enzyme
replacement therapy; GBM, glomerular basement membrane; Ig, immunoglobulin; LRP2, low-density
lipoprotein receptor-related protein 2 (new name for megalin); MBL, mannose-binding lectin; NEP, neutral
endopeptidase; PLA;R, phospholipase A; receptor; THSD7A, thrombospondin domain-containing 7A.
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formation of subepithelial immune complexes that were initiated by the binding of circulating
antibodies to an antigenic target located on podocytes. This antigen was identified by Kerjaschki
& Farquhar (17, 18) in 1982 and 1983 as the podocyte membrane protein megalin (LRP2; low-
density lipoprotein receptor-related protein 2), a member of the low-density lipoprotein receptor
superfamily with an MW of about 600 kDa. Epitope mapping showed that full-blown disease,
that is, proteinuria, required intramolecular epitope spreading from a specific epitope located in
a small glycosylated N-terminal fragment to more distal domains (19).

LRP2 is not implicated in human MN, although it may be expressed in human podocytes (20):
It has not been detected in subepithelial immune deposits, and circulating anti-LRP2 antibodies
have not been found in patients with MN. However, anti-LRP2 antibodies were detected in a
cohort of patients with anti-brush border antibody disease, which is characterized by renal fail-
ure, proximal tubule damage, and immune deposits in the tubular basement membrane containing
LRP2 and IgG (21). Despite the difference in the antigenic targets, Heymann nephritis has sub-
stantially contributed to the understanding of human MN.

2.2. Cationic Bovine Serum Albumin as a Model of Antigen Planted
in the Glomerular Capillary Wall

In the wake of studies devoted to the mechanisms of immune complex deposition in the glomeru-
lus, Border and colleagues (15, 16) hypothesized in the early 1980s that, given the negative
charge of the glomerular capillary wall, antigen charge could be a key factor in the formation
of subepithelial deposits. They showed that rabbits repeatedly immunized with cationic BSA
developed subepithelial deposits of IgG and C3, whereas those receiving anionic or native
(neutral) BSA mainly had mesangial deposits. The same model was later developed in dogs, mice,
and rats (22-24). The concept of a planted antigen was confirmed using perfused kidneys, with
cationic BSA binding first to anionic heparin sulfate proteoglycans of the basement membrane,
followed by binding of the antibody (25).

3. NEONATAL DISEASE INDUCED BY NEUTRAL ENDOPEPTIDASE
ALLOIMMUNIZATION

A singular form of MN is observed in neonates born with nephrotic syndrome, which is sometimes
associated with acute renal failure and extrarenal manifestations (26). The disease is caused by
maternal antibodies against neutral endopeptidase (NEP) that cross the placenta and bind to fetal
glomerular podocytes. NEP first appears in the S-shaped body stage and persists in the podocytes
of the mature kidney (27). The disease is transient in the neonate because of the limited half-life
of maternal antibodies, although advanced chronic kidney disease can develop later, most likely
because of nephron loss during the antenatal period. The anti-NEP antibodies produced by the
mother cause the infant’s MN: The disease can be transferred to pregnant rabbits by maternal,
but not by paternal, IgG (26).

In the seven mothers from five families reported so far, the mothers of the affected children
were apparently healthy despite high titers of circulating anti-NEP antibodies. However, the
mothers were found to be NEP deficient because of truncating mutations in the MME gene
coding for NEP, located in exon 7 (detected in all mothers) and in exon 15 (detected only in
the first mother, who was a heterozygous compound) (28, 29). These mutations resulted in the
absence of the protein and of NEP-specific enzymatic activity. Alloimmunization occurred after
previous spontaneous miscarriages or during the course of the ongoing pregnancy, during which
the mother’s immune system was first exposed to NEP of paternal origin on syncytiotrophoblastic
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Figure 2

NEP-related alloimmune neonatal glomerulopathy. NEP serves as a pathogenic antigen in the podocyte cell
membrane. Antibodies to this protein originate in women who genetically lack NEP because of truncating
mutations in the MME gene (the gene coding for NEP). Immunization occurs during pregnancy when the
mother’s immune system is first exposed to NEP, which is strongly expressed by placental cells. From about
the eighteenth week of gestation, maternal antibodies of the IgG class are actively transported across the
placenta to the fetus, where they bind to the NEP antigen expressed on podocytes. Complement-fixing
anti-NEP IgG1, which also inhibits NEP enzymatic activity, is necessary for the disease to develop. The
micrographs show deposits of complement components Cl1q and C5b-9. The five reported families affected
by this disorder are from five different countries. Abbreviations: cDNA, complementary DNA; GBM,
glomerular basement membrane; Ig, immunoglobulin; MN, membranous nephropathy; NEP, neutral
endopeptidase. Adapted from figure 1 in Reference 153.

cells (30). Although the mothers of affected children did not show renal or extrarenal mani-
festations at the time of pregnancy, probably because of compensation by other enzymes, after
10 to 20 years they developed a peripheral neuropathy similar to Charcot-Marie-Tooth disease
(P. Ronco, manuscript in preparation).

These rare cases of neonatal MN provided important information about the mechanisms
of human MN. First, they provided the proof of concept that a human podocyte antigen could
serve as target for circulating nephritogenic antibodies. Second, they provided insight into the
mechanisms of the disease. Although gene mutations were detected in all of the mothers who
produced anti-NEP antibodies, the expression of renal disease was variable, being determined
by the mother’s antibody response. Maternal production of anti-NEP IgG1 seemed necessary
for the disease to develop; if only anti-NEP IgG4 were produced, then proteinuria did not result
(28, 29). Contrary to adult MN, IgG1 and Clq deposits were detected in the kidneys of most
affected children, which suggested activation of the classical complement pathway by IgGl.
In addition, IgG1 also inhibited NEP enzymatic activity, whereas IgG4 had a weak inhibitory
potency. Thus, lesions may result from both complement activation and the accumulation of
peptides such as endothelin, which is normally degraded by NEP. This hypothesis is supported by
the vascular and glomerular ischemic lesions seen in the more severe forms of neonatal MN (26,
28). The anti-NEP subclass may be driven by the route of exposure (for instance, sudden, massive
alloimmunization due to miscarriage versus low-level, prolonged exposure due to the presence
of NEP in sperm), a mother’s specific human leukocyte antigen (HLA) class II repertoire, or
other genetic or environmental differences (31). The basic concept of NEP-related alloimmune
neonatal glomerulopathy is summarized in Figure 2.
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Detecting families with this disease is of utmost importance because subsequent pregnancies
put the fetus at high risk (32), neonatal MN can lead to renal failure, and NEP-deficient individuals
may develop peripheral neuropathy.

4. AUTOIMMUNE DISEASE INDUCED BY PODOCYTE ANTIGENS:
PLA;R AS A MODEL ANTIGEN

4.1. PLA,R: The M-type Phospholipase A, Receptor

The search for target antigens in autoimmune iVMN was unsuccessful for many years. Beck et al.
(33) used a combination of glycoproteins purified from glomerular extracts followed by Western
blotting of the extracts in nonreducing conditions to detect antibodies that were reactive with
a 185-kD protein in about 70% of samples from patients with iMN. The lack of reactivity in
reduced conditions suggests that the epitope is conformational, requiring intact disulfide bonds.
Both the fully glycosylated and the deglycosylated forms are recognized by patients’ antibod-
ies. This protein was identified by mass spectrometry as the type-M phospholipase A, receptor
(PLA;R). PLA;R had initially been cloned in a search for receptors that bound secreted phospho-
lipase A, enzymes (34). The M designation indicates that it was the muscle-derived receptor, as
opposed to the N, or neuronal, receptor. PLA,R is detected in normal human glomeruli, specifi-
cally in podocytes. PLA, R and IgG4, the main IgG subclass carrying anti-PLA; R activity, as shown
by Western blotting, are colocalized within subepithelial deposits. Furthermore, IgG eluted from
biopsy samples reacts with recombinant PLA,R.

PLA;R is a member of the mannose receptor family, which in mammals also includes the
cation-dependent mannose-6-phosphate receptor, the C-type mannose receptor 2, Endo 180,
and the dendritic cell receptor DEC-205. Its ortholog in birds is the avian yolk sac IgGY receptor
FcRY (35, 36) (Figure 3). Members of this family are transmembrane proteins with a similar
domain structure, including an N-terminal cysteine-rich (CysR, or ricin B) domain, a single
fibronectin type II (Fnll) domain, and 8 to 10 C-type lectin-like domains (CTLDs). They have
a short cytoplasmic domain that contains motifs that enable constitutive endocytotic recycling in
clathrin-coated pits between the plasma membrane and the endosomal machinery, leading to the
internalization of extracellular ligands (37). They can present with at least two pH-dependent con-
figurations: an extended conformation, with the N-terminal CysR domain pointing outward from
the cell surface; or a bent conformation, in which the N-terminal domain folds back to interact
with the CTLDs at the middle of the structure. This conformational change is likely necessary to
allow the binding of ligand at physiological pH and the release of the cargo into the more acidic pH
of endosomes and lysosomes before return of the receptor to the cell surface (35). Great progress
has been achieved with the determination of the structure of human M-PLA,R by cryo-electron
microscopy (38). The ectodomain has high internal flexibility and forms a compact, dual-ring-
shaped conformation at acidic pH, and it adopts extended conformations at basic pH. Several
of the major epitopes have been located in the CysR, CTLD1, and CTLD7 domains (39-41),
and they may be more accessible in the extended conformation of PLA,R under physiological or
basic pH.

PLA,R can also be expressed as an alternatively spliced variant that is predicted to be truncated
in the middle of CTLDS8, and this may encode a secreted, soluble isoform (42). There is evidence
that this form can be detected in the circulation, a finding compatible with a role in pathogenesis.
Watanabe et al. (43) showed that human recombinant soluble PLA;R bound to collagen I prob-
ably through the Fnll domain and inhibited the interaction of collagen I with the extracellular
domain of integrin-B1 on the cell surface, thereby suppressing the collagen-I-induced—integrin-
p1l-mediated migratory response.
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(@) Schematic of phospholipase A; receptor (PLA;R). This protein is a type I transmembrane glycoprotein
and contains an N-terminal cysteine-rich (CysR) region, a fibronectin-like type II domain (FnIID), a tandem
repeat of eight C-type lectin-like domains (CTLDs), a transmembrane domain (TMD), and a short
intracellular C-terminal domain (CD). () A ball-and-stick model of the domain arrangement of PLA;R
from cryo-electron microscopy. Interactions between CysR and CTLD2, and FnIID and CTLDG, are
controlled by pH. In acidic conditions (blue arrow), the ectodomain can adopt a compact dual-ring-shaped
conformation, while at basic pH (red arrow), it can adopt an extended conformation. Panel adapted with
permission from Reference 38. (c) Epitope spreading in the PLA,R antigen and correlation with clinical
outcome.
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4.2. PLA;R Epitopes and Spreading

Putative linear epitopes have been identified with the use of a high-throughput capture immunoas-
say (44). However, these linear epitopes only partially reflect the repertoire of conformational epi-
topes. Therefore, a different approach based on the production of truncated domains of PLA;R
was taken by two research groups who each identified important B cell epitope—containing do-
mains in the N terminus of PLA;R (39, 40). Because of the approach used, the identified domain
largely exceeded the size of a B cell epitope, and so should instead be called a macroepitope. Kao
et al. (40) showed that the smallest macroepitope contained CysR-FnII-CTLD1. Fresquet et al.
(39) narrowed this macroepitope to CysR, where they identified a 31-amino acid sequence that
blocked much of the autoantibody binding, possibly localizing the B cell epitope to this region.
Seitz-Polski et al. (41) confirmed that the immunodominant epitope of PLA;R lies within CysR
and is recognized in 100% of patients with circulating anti-PLA,R.

And again, Heymann nephritis opened the way to investigate epitope spreading in human MN.
Using a series of PLA;R deletion mutants covering the extracellular domains, Seitz-Polski et al.
(41) identified reactive epitopes in the CysR, CTLD1, and CTLD7 domains. In their retrospec-
tive study of 69 patients, those patients with anti-CysR-restricted activity were younger, had less
proteinuria, and exhibited a higher rate of spontaneous remission and lower rate of progression
to renal failure. Those with antibodies to all three epitopes had the most severe disease. The au-
thors suggested that the immune response started from the immunodominant CysR and then
spread in the more severely affected patients, although this remains to be demonstrated by care-
ful longitudinal studies. Because the most relevant antibodies are deposited in the glomerulus,
the next step should be analyzing the reactivity of immunoglobulins eluted from kidney biop-
sies from patients with different profiles of circulating antibodies (45). A subsequent, prospective
study comparing the efficacy of rituximab and antiproteinuric therapy showed that although epi-
tope spreading strongly correlated with PLA,R antibody titers, epitope spreading at baseline was
associated with a decreased remission rate at month 6 and at last follow-up, independently of age,
sex, baseline PLA,R antibody level, and treatment group (46). However, the predictive value of
epitope spreading remains a matter of intense controversy.

4.3. Pathogenesis: Disease Initiation, Restriction to the Kidney, Relapse

At variance with LRP2 and NEP, PLA;R is not present in rodent glomeruli, which is a bottle-
neck for transfer experiments. The early recurrence of MN in kidney transplantation recipients
who have circulating anti-PLA,R antibodies, which echoes passive Heymann nephritis, supports
a pathogenic role for these antibodies (47-50). In one patient, recurrence was caused by transfer
to the graft of an anti-PLA,R monoclonal IgG3-« that was colocalized with PLA;R, both in the
native tissue and in the kidney graft biopsy (50). Whether immune deposits result from the bind-
ing of circulating anti-PLA,R autoantibodies to podocyte PLA,R remains controversial because
PLA,R is only weakly expressed in the normal podocyte, and there is evidence that PLA,R cir-
culates in blood. Therefore, the contribution of PLA,R-anti-PLA,R IgG4 circulating immune
complexes should be considered.

The mechanisms causing disease initiation relatively late in life and the site of initial expo-
sure of PLA,R to the immune system are unknown. Although the highest expression of PLA;R
mRNA is in the kidney, it is also expressed in lung, placenta, liver, and skeletal muscle (42). A role
for the lung should be carefully considered, given the increase in MN incidence in provinces in
China that have the highest levels of pollution with particulate matter 2.5 particles (51). It re-
mains to be established whether environmental factors act directly on the lung, which could be
the site of antigen presentation in the inflamed tissue, or through epigenetic modifications that
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could induce increased PLA;R expression, including in podocytes (52). Antigen mimicry has also
been hypothesized to occur by the Brenchley group (39) because they found a linear amino acid
sequence (LTLENCK) in the CysR domain of PLA;R that also exists in p-alanyl-p-alanine car-
boxypetidase, an enzyme in the cell wall of several bacterial strains. To explain the late onset of
disease, which cannot be accounted for by genetic risk alleles, a multi-hit mechanism has been
proposed (53). This hypothesis is supported by the detection of anti-PLA,R antibodies in some
patients before they develop clinical manifestations of MN (54).

As with many organ-specific autoimmune diseases, it is also not clear why the disease is limited
clinically to the target organ, for example, the kidney (42, 55). Restriction of the disease to the
glomerulus might be explained by the level of protein expression at the podocyte membrane in
certain circumstances, differences in glycosylation or other posttranslational modifications, or the
ability of autoantibodies to reach the antigen because of endothelial cell fenestrations.

The reasons underlying the variability in disease resolution are also largely unknown. The
outcome of iMN is unpredictable, and the occurrence of spontaneous remission (in 40% of pa-
tients) and relapses seems random, although some correlation has been established with PLA;R
antibody levels (56). The role of regulatory T cells has been suggested by the Ronco group (57),
who showed that patients with MN had a lower percentage of regulatory T cells within the CD4*
T cell population at baseline when compared with healthy controls. Patients who responded clin-
ically to rituximab demonstrated not only lower levels at baseline than nonresponders but also a
significant increase in the percentage of regulatory T cells as early as day eight after treatment.
There is no study on the role of regulatory T cells in patients who have undergone spontaneous
remission, but similar changes may occur.

4.4. Genetics

It has been known since 1979 that MN is strongly associated with HLA-DR3 in European
Caucasians (58) and since 1989, with HLA-DQALI (59). Considerable progress in understanding
has been made possible in the past 10 years by the development of genome-wide association
studies (GWASs). Two years after the identification of PLA;R, a GWAS conducted by a European
consortium revealed that two series of alleles in the HLA-DQAI immune response gene (chromo-
some 6) and in the PLA2R1 gene (chromosome 2) were strongly associated with iIMN (60). Thus,
this report showed, first, that a GWAS could be successful despite the small size of the cohorts.
Second, it confirmed by an unbiased approach the discovery of PLA;R by the Salant group (33).
Third, the odds ratios were amazing for common alleles in a multigenic disease, for which they
usually have only a small effect size. Homozygosity for the lead risk alleles in HLA-DQAI and
PLA2RI increased the odds ratios for MN by, respectively, 20-fold and 4-fold, and the odds
ratio was increased by 80-fold when they were combined, due to an interaction between the
two loci. These findings were confirmed by subsequent studies in Caucasians and South Asians
(61, 62). Because the most significant risk allele in PLA2RI is intronic, it is unlikely to change
PLA,R autoreactivity. A follow-up study by the same consortium did not reveal mutations or
rare variants in PLA2RI coding sequence and splice sites that could have accounted for changes
in PLA,R conformation and antigenicity (63). Because variants in coding regions are common
(64, 65), a current hypothesis used to explain genetic susceptibility implicates single nucleotide
polymorphisms (SNPs) in promoter or regulatory regions that could influence the level or site
of expression of PLA,;R (66), although one cannot exclude that common missense variants may
alter peptide binding to HLA class IT molecules.

Several groups have confirmed the presence of risk alleles in or near HLA-DQAI (61, 62, 67—
69) and established correlation between the specific HLA-DQAI1*0501 allele and the presence
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of circulating anti-PLA,R antibodies (62, 67, 70). However, the situation is more complex be-
cause of the high degree of linkage disequilibrium that leads to commonly inherited HLA-D
haplotypes (71). Two studies from China (72, 73), two from Japan (66, 74), and one from Europe
(61) shed new light on this important issue. Studies of Han Chinese from Beijing (72) identi-
fied DRBI*1501 and DRBI1*0301 as independent risk alleles for MN, while a study from Nanjing
(73) confirmed the strong association with DRBI*1501 and revealed another independent, strong
association with DRB3*0202, which probably accounts for the DRBI*0301 signal since they are
on the same haplotype. Participants with either risk allele DRBI*1501 or DRB3*0202 had a 99-
fold increased risk of developing PLA;R-related MN compared with those without a risk allele,
but it must be noted that 44% of healthy controls also inherited one of the two haplotypes. In
the first study, from Beijing, the identified alleles were associated with circulating anti-PLA,R
antibodies. In the second study, from Nanjing, DRBI*1501 was associated with an earlier age at
onset. In the Japanese population (66, 74), DRB1*1501 and DQBI1*0602 (same haplotype) were
associated with iMN, whereas in the European population (61), iMN was associated with the
DRBI*0301-DQAI1*0501-DQBI*0201 haplotype common to Han Chinese participants, but not
with the Asian-specific haplotype DRB1*1501-DQAI*0102-DQBI1*0602.

The strong gene—gene interaction between the lead SNP in the PLA2RI locus (rs4664308)
and HLA-DRBI*1501 and DRB1*0301 in the Beijing study (72) suggests a physical interaction be-
tween DRBI molecules and PLA;R epitope(s) during antigen presentation. Amino acid positions
13 and 71 in the major histocompatibility complex (MHC) DRB1 chain independently associate
with MN. Structural models showed that arginine 13 and alanine 71, encoded by DRB1*1501, and
lysine 71, encoded by DRBI*0301, facilitate interactions with T cell epitopes of PLA2R. Using
predictive algorithms to identify which fragments of PLA,R would best fit within these variants,
the authors identified sequences within CTLD1 and CTLD?7, potentially linking the T cell and
B cell epitopes of PLA,R (Figure 4). These results need to be confirmed by functional studies.

In further studies, Wang et al. (75) from the Beijing group identified DRB1*1502, which differs
from DRBI*1501 by a single amino acid, as a potential modifier with a strong predictive value
when associated with HLA risk alleles. Although DRBI*1502 is not a risk allele, it was associated
with a lower estimated glomerular filtration rate at baseline and last follow-up and with a worse
renal outcome, with a higher risk of end-stage renal disease.

In summary, recent advances in MN genetics have clearly demonstrated interactions between
the HLA-D and PLA2RI loci in patients with PLA;R-related MN. A better understanding of
these interactions and of the role of noncoding SNPs will be necessary to unravel the initial steps
of the disease through the use of expression quantitative trait loci studies (76) and a combination
of GWASs and epigenomic and chromatin conformation data.

5. THSD7A, EXOSTOSIN, AND OTHER PODOCYTE ANTIGENS
5.1. THSD7A

In 2010, Beck and colleagues (77) detected IgG4 antibodies against an unknown high MW
glomerular antigen in a patient with MN and prostate cancer. It took 4 more years for a con-
sortium composed of Beck, Salant, Lambeau, and Stahl to identify this antigen as being the
glomerular glycoprotein THSD7A. One reason for this delay is that, at variance with PLA,R,
which is associated with about 70% of cases of iMN, THSD7A-associated MN is rare, being
observed in less than 5% of patients with iMIN (78-80). THSD7A shares some characteristics
with PLA,R: It s a large, transmembrane, 250-kDa glycoprotein expressed by podocytes and has
a wide tissue distribution; it is composed of 21 thrombospondin domains; the antigen is destroyed
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Flow of the immune response to PLA;R antigen in individuals with HLA class II risk alleles. MN risk alleles
at the HLA-D locus expressed on APCs can present linear peptides of PLA;R (blue circles) to the T cell
receptor on immature CD4 T cells. Then, developed mature helper CD4 T cells drive the differentiation of
activated B cells into plasma cells, which produce antibodies to the distinct epitopes of the PLA;R antigen.
Abbreviations: APC, antigen-presenting cell; HLA, human leukocyte antigen; MN, membranous
nephropathy; PLA;R, phospholipase A, receptor; TCR, T cell receptor.

by reduction of the disulfide bonds; and the immune response is mostly carried by IgG4 (78).
Both PLA;R and THSD7A have potentially soluble forms, resulting from alternative splicing
(PLA,R) or proteolytic cleavage (THSD7A and possibly PLA,R as well).

However, there are also substantial differences. In contrast to PLA,R, which is expressed in
humans and primates, but not in rodents, THSD7A was detected in most species studied. It was
first identified as a novel endothelial protein (81) involved in endothelial cell migration and tube
formation (81, 82). In zebrafish, it was described as a neural protein required for angiogenic pat-
terning during development (83). The Stahl group (84) took advantage of THSD7A expression
in rodent podocytes to demonstrate that patient-derived anti-THSD7A antibodies induce MN in
mice. They also developed a heterologous model of THSD7A-related MN in mice injected with
rabbit antibodies and coimmunized with human and mouse THSD7A complementary DNAs (85).

Compared with PLA,R, specific THSD7A epitope domains are less well defined. Stoddard
etal. (86) built a homology structural model of the extracellular portion of THSD7A and predicted
that 18 domains (domains 1-17 and 19) would contain epitope sites, which corresponded well
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to the regions identified by Seifert et al. (87), except for domains 4 and 5. Although patients’
autoantibodies preferentially bind to the most N-terminal region of THSD7A (domains 1 and 2),
additional reactivity is scattered along the antigen, suggesting a multivalent immune response (87;
G. Lambeau, unpublished data).

As for PLA;R, the questions regarding the source of the antigen, triggering events, and induc-
tion of relapses remain largely unresolved, except for in the few cases with a clear relation to cancer,
in which THSD7A was found in the tumor and metastatic lymph node cells, dendritic cells of the
lymph node, and subepithelial immune deposits (79, 88). THSD7A was also found in the skin and
tumor of patients with, respectively, neurofibromatosis type 1 (89) and benign schwannoma (90).
The relationship of THSD7A immunization to cancer (and female sex), which was suspected in
the first report (78), was not confirmed in three studies of patients with different ethnic and geo-
graphical origins (80, 91, 92). However, a Dutch study performed before THSD7A was described
and that did not include detection of PLA,R in biopsies showed that the absence of anti-PLA;R
was associated with a 37% chance of developing a malignancy, often early after the diagnosis of
MN, whereas only 9% of anti-PLA,R-positive patients developed a cancer, often long after the
diagnosis of MN (93), a finding that calls for long-term patient monitoring.

Few patients present with dual positivity for PLA;R and THSD7A (91, 92). Zaghrini et al. (80)
identified eight double-positive patients in a large series of 49 patients with THSD7A-related MN.
No major clinical differences were observed between the single- and double-positive patients.
These studies could not determine whether the rare occurrence of both anti-PLA,R1 and anti-
THSD7A autoantibodies is coincidental or linked through intermolecular epitope spreading or
whether one autoantibody precedes the other.

5.2. Exostosins 1 and 2: Antigens or Biomarkers?

The target antigens in so-called double-negative MN, that is, MN without immunization against
PLA,R and THSD7A, remain elusive. It is likely that given the low prevalence of THSD7A im-
munization, several additional antigens are involved. Sethi et al. (94) used an original combination
of laser microdissection, tandem mass spectrometry (MS/MS), and immunohistochemistry (IHC)
techniques to identify two novel proteins, exostosin (EXT) 1 and EXT2, that accumulate in the
subepithelial immune deposits in a subset of PLA,R-negative patients with MN. They studied
224 cases with biopsy-proven PLA,R-negative MIN and 102 control cases, including 47 cases
with PLA;R-associated MN, in a discovery cohort and 48 cases with PLA;R-negative primary
and lupus MN in a validation cohort. They identified 21 cases with PLA;R-negative MN who
showed high total spectral counts for both EXT1 and EXT2, which were absent in all cases with
PLA,R-associated MN and in control cases. EXT1 and EXT2 were localized by IHC to granular
deposits along the glomerular basement membrane (GBM). Clinical and biopsy findings revealed
features of autoimmune disease. Altogether, 80% of the patients were women, and the average age
was 36 years. And 70% of patients had one or several antibodies against nuclear antigens, double-
stranded DNA, Smith proteins, Sjégren syndrome-related antigen A or B, or ribonucleoprotein.
Altogether, 35% of the patients had a clinical diagnosis of lupus, and 12% had mixed connective
tissue disease. In 85% of patients, kidney biopsy revealed features suggestive of secondary MN
related to autoimmune disease, including immunofluorescence (IF) staining for C1q or IgA or
IgM, or a combination of these; subendothelial and mesangial deposits; and tubuloreticular inclu-
sions in endothelial cells on electron microscopy. Furthermore, IgG1 was the dominant IgG, with
spectral counts significantly higher than those of IgG4 and than the spectral counts of IgG1 in
cases with PLLA; R-associated MIN. Validation studies in a French cohort established that EXT'1or
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EXT?2 staining was detected in about half of cases with pure class V lupus nephropathy and in
primary MN associated with signs of autoimmunity (antinuclear antibodies without anti-DNA),
whereas cases of mixed class V and III/IV lupus nephritis were rarely positive for EXT1 or EXT?2.
In total, 39 cases of EXT'1- or EXT2-associated MN have been identified.

Exostosins are glycosyltransferases responsible for the synthesis of the heparin sulfate back-
bone. They add glycosaminoglycan residues to the core protein, resulting in the generation of
complex polysaccharides (95, 96). Among the products of the five genes that encode the EXT
proteins, only EXT1 and EXT2 were detected by MS/MS. EXT1 and EXT?2 can exist as het-
erodimers, thus increasing their activity and stability (97, 98), which probably explains why the two
proteins are found together by MS/MS and IHC. EXT proteins have wide tissue and cell distri-
bution, including in podocytes. They are endoplasmic reticulum transmembrane proteins, which
raises the question of whether the EXT1 or EXT2 detected in the immune deposits are full-length
proteins, shed partial or truncated proteins, or proteins with posttranslational modifications. Mu-
tations in EXT1 and EXT?2 are associated with autosomal dominant, hereditary multiple exostoses,
which are among the most common inherited skeletal disorders (96, 99).

One intriguing question is why in a small number of samples there is an absence of circulating
antibodies identified by Western blotting under nonreducing conditions or by enzyme-linked
immunosorbent assay (ELISA) and slot blot under native conditions. However, this finding does
not exclude a role for anti-EXT1 or anti-EXT?2 antibodies: There may be low circulating amounts
of antibodies that are cleared rapidly from the blood by the deposited antigen (the so-called sink
effect), or they may be highly conformation-sensitive epitopes or neoepitopes not expressed by the
recombinant proteins. Alternatively, the absence of detectable antibodies raises the possibility that
EXT1 and EXT?2 proteins may represent biomarker proteins for MN associated with autoimmune
disease rather than target antigens. Further studies are required to address these issues.

5.3. Lecithin—Cholesterol Acyltransferase

Seven cases of acquired lecithin—cholesterol acyltransferase (LCAT) deficiencies caused by anti-
LCAT antibody have been reported so far, all but one in the Japanese population (100). Among
them, two patients developed MN (100, 101). LCAT was detected along segments of the glomeru-
lar capillary wall, which suggested that LCAT could be the target antigen. Treatment with
corticosteroids resulted in complete remission of the nephrotic syndrome, normalization of
serum LCAT activity and HDL level, and disappearance of foam cell accumulation in renal tissue.

5.4. Cytoplasmic Antigens

Using a proteomic approach to identify antigens recognized by serum and glomerular eluates
from patients with MN, the Ghiggeri group (102, 103) identified antibodies against cytoplasmic
antigens, such as superoxide dismutase 2, aldose reductase, and a-enolase, which are not or are
only weakly expressed in the normal glomerulus but can be induced and routed to the podocyte
membrane under stress conditions. When exposed upon initial insult to podocytes, for instance by
anti-PLA, R antibodies, these antigens might then be the trigger for and the target of a second wave
of antibodies. This hypothesis is supported by Kimura et al. (104), who showed the presence of
anti-a-enolase antibodies in 70% of cases of both primary (mostly IgG1 and IgG4) and secondary
(mostly IgG1 and IgG3) MN. There is controversy regarding the presence (103) or absence (104)
of a-enolase in subepithelial immune deposits and its role in the formation of those deposits. How-
ever, the absence of a-enolase from the deposits would not exclude that anti-a-enolase antibodies
could bind to endothelial or podocyte cell surfaces and, subsequently, alter cell functions.
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6. EXOGENOUS ANTIGENS: CATIONIC BOVINE SERUM ALBUMIN,
ENZYME REPLACEMENT THERAPY, AND HEPATITIS B

6.1. Cationic Bovine Serum Albumin as a Cause of Early Childhood MN

The description of cationic BSA-related MN in children aged <5 years (105) was regarded as a
breakthrough in the field of kidney diseases because this was the first report of a food antigen being
responsible for an immune-mediated glomerulonephritis. Again, this description was inspired by
the experimental model described by Adler et al. and Border et al. (15, 16) about 30 years earlier.
Some young children with what was considered to be idiopathic MN were found to have high
serum titers of anti-BSA antibodies (both IgG1 and IgG4) that reacted primarily with one peptide
region in BSA but not with the homologous peptide in human serum albumin. The key finding was
the identification in children’s serum of cationic BSA migrating in the basic range of pH, while
in adult patients with MN and circulating BSA, immune-purified BSA migrated in the neutral
region as native BSA. Furthermore, BSA could specifically be detected in subepithelial immune
deposits, while the staining for PLA, R was negative, and the Ig eluted from the patients’ glomeruli
reacted with BSA (carried by IgG1 and IgG4), not with human serum albumin. These cases are
the translation of the so-called planted antigen concept (15, 16) to human pathology, involving
the binding of cationic BSA to the negatively charged glomerular capillary wall, followed by the
formation of in situ immune complexes. The exact source of the cationic antigen is unknown.
Cow’s milk and beef are the major sources of BSA in young children. It is hypothesized that the
change in electric charge might be caused by the industrial processing of milk or modifications by
the intestinal microbiota or by the gut epithelium during intestinal absorption of the entire BSA
molecule (106, 107). As yet, cationic BSA-related MN has been reported only in children who
have increased permeability of the intestinal barrier and frequent gastroenteritis episodes. These
findings open the way for discoveries regarding other food or nondietary antigens.

6.2. Enzyme Replacement Therapy as a Cause of Alloimmune MIN

A similar scenario involving a planted antigen may be at play in patients receiving enzyme re-
placement therapy (ERT) for a lysosomal storage disease. Cases of MN were described in patients
with Pompe disease and mucopolysaccharidosis type VI who received, respectively, recombinant
human a-glucosidase (108) or arylsulfatase B (rhASB) (109). Because of the absence or only low
levels of enzyme in many patients, therapeutic proteins may be recognized as alloantigens. Alloan-
tibodies may be without clinical significance or may lead to hypersensitivity reactions, decreased
bioavailability, and reduced efficacy of the therapeutic proteins. More rarely, patients develop MN,
a diagnosis that should not be missed because of the therapeutic implications. In a patient with
MN caused by rhASB therapy (109), IF staining showed that subepithelial immune deposits con-
tained rhASB colocalized with IgG, and IgG eluted from the biopsy specimen reacted specifi-
cally with rhASB. Because of deterioration in the patient’s clinical condition on discontinuation
of ERT (while proteinuria decreased), induction of tolerance to rhASB was initiated by high-dose
immunosuppressive therapy. ERT was resumed 8 weeks after initiation of immunosuppressive
therapy without inducing a rebound of anti-rhASB antibody titers or an increase in proteinuria.

6.3. Other Nonpodocyte Antigens

In patients with secondary MN, hepatitis B, hepatitis C, and Helicobacter pylori antigens; tumor
antigens; thyroglobulin; and DNA-containing material were detected in subepithelial deposits
(110, 111). Although the presence of these antigens was initially attributed to their being trapped
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in the glomerular capillary wall, several of these cases have recently been revisited. Most cases of
hepatitis B-related MN are actually associated with immunization against PLA,R (112, 113).

7. EFFECTOR MECHANISMS: ONE OR SEVERAL PATHWAYS?

It is generally considered that formation of the MAC of complement is the end product of the
immune conflict occurring in the glomerulus in MN, inducing massive proteinuria and nephrotic
syndrome. However, studies of Heymann nephritis had already shown that anti-LRP2 (antime-
galin) antibody could be harmful by inhibiting the receptor function of LRP2 (114). Actually, all
target antigens identified have biological functions that may be altered by the relevant antibody,
but the importance of complement activation and blockade of biological function is often difficult
to establish. Another conundrum is the predominance of the IgG4 subclass in the deposits, al-
though this subclass has a low potential for antigen clustering and complement activation (if any).

7.1. Biology of Target Antigens and Direct Effector Role of Antibodies

The four major antigens in MN (LRP2, NEP, PLA;R, and THSD7A) are transmembrane pro-
teins. The formation of immune deposits implies that antigen—antibody complexes are clustered at
the podocyte cell surface, then released into the extracellular space, where they most likely adhere
to GBM components. Such a scenario was nicely demonstrated by Kerjaschki et al. (115), who
studied the early events in the formation of immune deposits in passive Heymann nephritis. They
showed that immune complexes form at the clathrin-coated pits located at the bases of the foot
processes where LRP2 is expressed. Immune deposits become firmly fixed to the GBM 15 min
after IgG injection, and they remain associated with the coated pits for up to 8 days after IgG
injection. Notably, both the antigen and the antibody are present throughout the deposits at all
time points. Later, it was shown in the proximal tubule that LRP2 could undergo proteolytic cleav-
age, leading both to the shedding of the ectodomain and the release of an intracellular fragment
translocated to the nucleus, a finding compatible with regulated intramembrane proteolysis (RIP)
(116, 117). RIP is an evolutionarily conserved process that links transmembrane proteins to cell
signaling and gene transcription (118). Whether this process occurs in the podocyte, participates
in the formation of immune deposits through the release of the ectodomain, and alters podocyte
biology remains to be established. The case of PLA;R seems more complex because there are
both an alternative spliced, soluble form that contains epitopes of the parent molecule (42) and a
protease cleavage form, at least in the mouse, potentially associated with RIP (119). Theoretically,
both forms can contribute to the deposits. THSD7A may also be cleaved at a juxtamembrane site
(82). The release of soluble THSD7A during antibody-mediated injury may influence podocyte
adhesion, and thereby contribute to foot process effacement. The nature of the enzymes (shed-
dases) that cleave PLA;R and THSD7A is still elusive. Further studies are needed to map the
binding sites of the enzymes to specific epitopes and to establish whether antibody binding per-
turbs this process. It remains to be established whether the released soluble forms of LRP2, NEP,
PLA,R, and THSD7A antigens can play a role in triggering the immunization process.

In addition to forming immune complexes that result in complement activation, antipodocyte
antibodies can directly alter podocyte biology. Both LRP2 and PLA,R are cell surface receptors,
and NEP cleaves biologically active peptides at the cell surface. In the proximal tubule, LRP2 is
critical for the reuptake of numerous ligands, including albumin and low-MW proteins, lipopro-
teins, sterols, vitamin-binding proteins, and hormones, although its role in the rat podocyte is
unknown (120). The Kerjaschki group (114) showed that anti-LRP2 antibodies inhibited the
uptake of lipoproteins, the accumulation of which within immune deposits, together with the pro-
duction of reactive oxygen species, resulted in the formation of toxic lipid peroxidation products.
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NEP is involved in the catabolism of a number of regulatory peptides with vasoactive proper-
ties, and thus it plays an important role in turning off peptide signaling events at the cell surface
(121). The Ronco group (29) showed that in children with alloimmune MN, NEP-specific activ-
ity was inhibited in a dose-dependent manner by anti-NEP IgG1, whereas IgG4 had no effect.
Thus, some of the deleterious effects of anti-NEP antibody might be mediated by the blockade of
enzymatic activity, resulting in alterations of glomerular hemodynamics, endothelial permeability,
and tubular function. These alterations might be the cause of the unusual, severe ischemic lesions
observed in some children’s biopsies (26, 29). Because the affected children also showed signs of
classical pathway complement activation caused by IgG1 (Clq deposits in biopsy samples), it is
difficult to determine whether enzymatic blockade or complement activation contributed more
to disease pathogenesis. It is remarkable that despite a common genetic cause, differences in the
anti-NEP IgG subclass driven by T helper type 1 cells (IgG1) or T helper type 2 cells (IgG4)
modulate disease severity through complement activation and enzyme inhibition (31).

PLA;R is known as the multifunctional M-type 180-kDa receptor of secretory PLA,; (sPLA,),
a potent proinflammatory enzyme. The putative sSPLA, binding site is CTLDS5. Actually, the ex-
act function of PLA;R remains unknown. In theory, PLA;R can function as an sPLA, clearance
receptor or as a positive regulator of sPLA; by inducing a variety of biological responses, such as
initiating mitogen-activated protein kinase activation, producing lipid mediators, producing re-
active oxygen species, and activating DNA damage pathways (leading to senescence) (122, 123).
Because markers of senescence are overexpressed in podocytes from patients with MN, a poten-
tial role for agonistic activity of anti-PLA,R should be considered (124). It has also been shown
that PLA, R Fnll and CTLDs could modulate binding and migratory responses to collagen (125),
although this is controversial (126), and that anti-PLA; R antibodies could interfere with this func-
tion (127). Antibodies can alter PLA2R functions in many ways, and studies are needed to establish
which one may be of pathogenic significance.

The role of THSD7A seems more well established. There is accumulating evidence favoring a
role for THSD7A in cell (podocyte) adhesion, most likely through the thrombospodin type 1 do-
mains. THSD7A is restricted to the basal aspect of foot processes, closely following the meanders
of the slit diaphragm in humans and mice. In primary cultured murine glomerular epithelial cells,
anti-THSD7A, but not control IgG, induces marked cytoskeletal rearrangement (84). In cultured
human podocytes, THSD7A increases cell size, enhances adhesion, and reduces detachment from
collagen type IV-coated plates, and it also decreases the ability to migrate (128). Based on their
localization to the slit diaphragm in vivo, autoantibodies to THSD7A might structurally and func-
tionally alter the permeability of the slit diaphragm to protein. This finding is compatible with
the absence of C3 and C5b-9 deposits in the early proteinuric phase of mouse disease induced
by injection of human anti-THSD7A antibodies (84). Interestingly, THSD7A expression begins
upon vascularization, during slit diaphragm formation in glomerular development, and it is colo-
calized with focal adhesion proteins in endothelial cells, where it mediates cell migration and tube
formation (81-83).

7.2. Pathogenicity of Immunoglobulin G4

Although IgG4 is the most prevalent subclass in most cases of PLA;R- and THSD7A-related
MN, both in the circulation and in immune deposits, its pathogenic role remains elusive because
of its unusual properties. First, IgG4 is a subclass that does not fix complement Clq. Second, IgG4
antibodies can behave like monovalent antibodies because they may undergo Fab-arm exchange,
with each arm recognizing a different antigen. Consequently, their ability to cross-link the antigen
and induce its clustering is much less than it is for other IgG subclasses (129). Actually, IgG4 is most
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often associated with smaller amounts of other subclasses (particularly IgG1), as shown by IF and
mass spectrometry analyses of immune deposits (94); to demonstrate that IgG4s are pathogenic,
it will be necessary to purify patients’ IgG4 so that it is free from other Ig subclasses and infuse
this into animals that present PLA;R or THSD7A at the podocyte surface.

Yet IgG4 autoantibodies are pathogenic in other IgG4-associated autoimmune diseases in
which the effect of monovalent IgG4 might be to disrupt receptor-ligand or enzyme—substrate
interactions (129). However, one cannot exclude a protective effect due to IgG#4 atypical rheuma-
toid factor activity and binding to the IgG1 Fc region through Fc-Fc interactions (130, 131).
Such interactions may interfere with IgG1 lattice formation and C1q binding, thus downregulat-
ing complement activation in the deposits.

7.3. Complement Activation and Complement Regulatory Proteins:
Which Pathway is Trodden?

There is strong evidence from studies on passive Heymann nephritis that complement activa-
tion leading to MAC formation is a major mediator of proteinuria (132, 133). The Kerjaschki
group (134) showed that C5b-9 was inserted into the immune deposits, then endocytosed in mul-
tivesicular bodies before being exocytosed in the urinary space. Sublytic C5b-9 activates a variety
of downstream pathways, including those of protein kinases, lipid metabolism, reactive oxygen
species, growth factors and gene transcription, matrix metalloproteinases, endoplasmic reticulum
stress, and the ubiquitin—proteasome system, and C5b-9 impacts the integrity of the cytoskele-
ton and slit diaphragm proteins (135). In active Heymann nephritis, proteinuria develops only if
complement regulatory proteins (CRPs) are neutralized by anti-Crry (complement receptor 1-
related protein/gene y) antibodies (136). However, the role of complement has been questioned
by the development of nephrotic syndrome in C6-deficient rats with active (137) and passive (138)
Heymann nephritis.

In human primary MN, the role of complement is more debated. On the one hand, C4, C3,
and C5b-9 are detected in the immune deposits, and C5b-9 is excreted in the urine and has been
considered to be a biomarker of disease activity (139); on the other hand, after passive transfer
of patients’ anti-THSD7A antibodies to mice, IgG4 does not activate Clq, and the development
of proteinuria precedes the deposition of C3 (84). Additionally, complement deposits were
not observed in a heterologous model of THSD7A-associated MN induced by the injection
of rabbit anti-THSD7A, but one likely explanation is that these antibodies fail to activate
complement, at least in vitro (85).

Actually, the three complement pathways can be activated in patients with MN, depending on
the nature of the antigen, the subclass of IgG antibody, and other antibody specificities directed
to CRPs. In neonatal alloimmune MN, the classical pathway is activated by maternal IgG1, which
is found in samples from kidney biopsies from the most severely affected children together with
Clq, C3, and C5b-9 in the absence of IgG4 (29).

Activation of the classical pathway can also occur in cases of adult MIN. The Ronco group (50)
reported a patient who produced a monoclonal anti-PLA; R IgG3 -k antibody, inducing recurrence
in an allograft. Kidney biopsy showed exclusive IgG3-k deposits associated with components of
the classical pathway (Clq, C3, C5b-9) in the absence of mannose-binding lectin (MBL). Sethi
et al. (94) described a subset of patients with seemingly primary MN but signs of autoimmunity
and EXT1 or EXT?2 subepithelial deposits in biopsy samples, which also showed signs of classical
pathway activation (C1q deposits). These patients may later develop full-blown systemic lupus
erythematosus.

However, in most adult cases of primary MN, the absence of Clq in the deposits practically
rules out the classical pathway. In this context, the frequent presence of C4d favors activation of
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the MBL pathway. In contrast, the presence of factor B and properdin points to activation of the
alternative pathway (AP). Thus, it is generally considered that both MBL and AP are implicated
in most patients, although there may be exceptions. Cases of MN with MBL deficiency (140) and
with ficolin 3 deficiency (141) have been reported, suggesting that formation of the MAC complex
resulted mostly from hyperactivation of AP.

Triggers of activation of MBL and AP in primary MN are beginning to be understood. There
is some indication that abnormally glycosylated IgG4 might activate the MBL pathway. MBL
and the ficolins bind to acetyl glycans, typically limited to microbial carbohydrates and apoptotic
host cells, and form complexes with MBL-associated serine proteases to cleave and activate C4
(142). It was shown that in rheumatoid arthritis, glycosylation of IgG is altered, which can create
a new mode of interaction with MBL (143). More specifically, when the Fc region of IgG lacks
galactose and terminates with an N-acetylglucosamine residue, MBL can bind to IgG and activate
the lectin pathway, as shown by nuclear magnetic resonance and X-ray analyses (143). Similar
alterations have been reported in patients with other autoimmune diseases (144, 145). There is in
vitro evidence that anti-PLA2R IgG4 is able to bind MBL and activate C4 and, at least in some
cases, is hypogalactosylated (146, 147).

"To address the pathogenic relevance of AP, the Borza group (148) used a model of MIN induced
by immunization with the noncollagenous domain of the -3 chain of collagen in complement
factor B—deficient mice, which lack a functional AP. Unlike wild-type mice, those lacking factor B
did not develop albuminuria or exhibit glomerular deposition of C5b-9, despite similar amounts
of deposited IgG. Thus, this model provides direct evidence that AP is necessary for complement
activation by subepithelial immune complexes.

In healthy individuals, AP activation is controlled by CRPs. Accumulating evidence shows that
genetic defects or autoimmunity against CRPs play an important role in disease conditions by
causing AP hyperactivation. The Ronco group (149) reported the case of a patient with PLA;R-
related primary MN in whom anti-complement factor H (CFH) autoantibodies developed and
who subsequently had impaired renal function despite the disappearance of anti-PLA2R antibod-
ies. The IgG3 isotype antibody recognized the C-terminal domain, which suggested that CFH
binding to the cell surface could be affected. Interestingly, whereas in the first biopsy intense stain-
ing of CFH contrasted with weak staining of properdin, the reverse was observed in the second
biopsy, a finding suggestive of slowly evolving hyperactivation of AP. An analysis of 92 serum sam-
ples from a retrospective cohort of patients revealed that two additional patients had anti-CFH
antibodies. Inhibition of CFH activity by autoantibodies at the podocyte cell surface might con-
tribute to hyperactivation of AP and accelerated disease progression in the absence of thrombotic
microangiopathy.

8. TRANSLATION TO THE BEDSIDE

Less than 2 years after the discovery of PLA,R in 2009, an IF assay followed by an ELISA
was developed to detect and measure PLA;R antibodies. These assays have a specificity of
close to 100% and a sensitivity close to 70% (56). They have induced a paradigm shift in the
standard of care, both for diagnosis, thus challenging the utility of kidney biopsy (150), and for
treatment monitoring. Proteinuria, which for a long time was the only marker of disease activity,
has been outperformed by antibody titers in monitoring the early stages of treatment because
immunological remission (defined by the disappearance of antibodies) precedes clinical remission,
while later on, the reappearance of or an increase in antibodies usually precedes relapses. Recently,
an IF assay (79) and an ELISA (80) were also developed to assess anti-THSD7A antibodies.

The discovery of MN antigens has provided the molecular bases for a new pathophysiological
classification of MN based on serology and the identification of antigens in immune deposits;
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accordingly, MN can be defined as PLA,R-, THSD7A-, EXT1-, or EXT2-related or as triple-
negative. This new classification should substitute for the classical distinction between primary
and secondary MN, which can occur with any of these antibody specificities. Thus, immunization
against PLA;R can be induced by different triggers, such as hepatitis B and sarcoidosis, while
THSD7A may in exceptional cases be associated with cancer. Antigen- and biomarker-based
classification has important diagnostic and therapeutic implications (56).

9. UNMET CHALLENGES AND PERSPECTIVES

Despite considerable advances in understanding the pathophysiology of M, a lot remains to be
done, particularly in the field of new therapies. The main challenges are summarized in the Fu-
ture Issues section (below). Addressing these challenges is of the utmost importance for ensuring
therapeutic advances.

There are two major issues that need to be resolved. The first relates to the still-controversial
role of complement activation in human MN. Complement inhibitors are now in the pipeline at
a number of companies, but do we have any arguments for launching costly clinical trials? Un-
published results from a trial using anti-C5 were disappointing, most likely because of loss of the
antibody in the urine; a post hoc analysis in patients who showed signs of C5 neutralization sug-
gested that anti-C5 was efficacious. More work needs to be done to further dissect the pathways
of complement activation and select the most appropriate inhibitors, such as small-molecule in-
hibitors of C5b-9 assembly. Should this be achieved, there are two windows of opportunity for
complement inhibitors: The first is during the interval occurring after the start of immunosup-
pressive therapy and before full treatment efficacy is reached (at 3 to 6 months, based on the effect
of treatment on anti-PLA;R antibody titers); the second is in the 30% or more of patients who
do not respond, or respond only partially, to immunosuppression.

The second important issue is the use of targeted immunosuppression, which aims for more ef-
ficacy and less toxicity. Until now, treatment has relied on using nonspecific immunosuppressants
against B cells instead of targeting only those cells that are responsible for producing anti-PLA,R
and antd-THSD7A antibodies. First, recent attempts to restore self-tolerance to the target anti-
gen, ideally by enhancing the generation of specific T regulatory cells (Tregs) have been successful.
Work by the Ronco group (57) has suggested that Tregs may play an important role, including as
predictors of a patient’s response to rituximab. Studies of several autoimmune diseases have shown
that antigen-specific protective immunity can be induced by antigen-derived peptides coupled to
the relevant MHC class IT molecules through the generation of Tregs and induction of B regu-
latory cells (151). Another approach is to target antigen-specific B cells. Building on the success
of chimeric antigen receptor T cells (CAR-T) used to treat B cell lymphomas and leukemias,
chimeric autoantigen receptor expressing T cells (CAAR-T cells) have been advocated for use in
autoimmune diseases, with the aim of specifically eliminating the B cells that express the B cell
receptor for PLA;R or THSD7A (152). In MN, significant advances have been achieved in iden-
tifying B cell epitopes and HLA-D class II alleles. However, we need to expand our knowledge of
B cell microepitopes and epitope spreading and, even more importantly, of T cell epitopes, all of
which are mandatory steps for the development of epitope-targeted therapy.

10. CONCLUSIONS

During the past two decades, research on MN has been a success story, both for investigators and
for patients. It has created great opportunities for the development of more specific therapies that
could benefit patients with MN as well as those with other organ-specific autoimmune diseases.
Looking back at the pathophysiological advances that have been achieved, MN can be considered
as a paradigm of translational research and precision medicine.
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1. What are the physiological functions of PLA;R and THSD7A, and what is the
pathogenic role of antibodies?

2. Can additional loci be identified by genome-wide association studies in patients with
PLA;R-related MN? Is it possible to establish a genetic risk score in patients with
PLA;R-related and -unrelated MN?

3. Whatis the role of EXT1 and EXT?2: Are they biomarkers or antigens? Is it possible to
identify other antigens in triple-negative patients?

4. What are the real microepitopes in PLA;R and THSD7A? Is it possible to identify
PLA,R- and THSD7A-specific T cell epitopes? Should epitope spreading be consid-
ered when treating patients rather than antibody titers?

5. How, and in which organ, is self-tolerance lost? How does environmental pollution work
in MNP Is there a role for antigen mimicry?

6. Is IgG4 pathogenic? Is it protective? Can anti-PLA, R IgG4 activate the lectin pathway?

7. What is the role of complement? How is complement activated in primary MN? What
are the prevalence of and the role of antibodies against complement regulatory proteins
(CRPs)? Is there a role for functional polymorphism in CRP genes?

8. What is the podocyte response to injury? What are the mechanisms of glomerular base-
ment membrane disorganization and repair?

NOTE ADDED IN PROOF

PLA;R and THSD7A are target antigens in about, respectively, 70% and 1-5% of primary cases of
MN. In the remaining cases, the target antigen is unknown. In a recent paper, the Sethi and Ronco
groups (154) identified a neural tissue-encoding protein with epidermal growth factor (EGF)-like
repeats, NELL-1, using laser microdissection of glomeruli followed by mass spectrometry. In a
discovery cohort of 126 PLA,R-negative cases recruited at the Mayo Clinic (Rochester, Min-
nesota), 29 were positive for NELL-1 by mass spectrometry and tissue IHC. Five additional
NELL-1-positive cases were identified out of 84 PLA;R- and THSD7A-negative cases. Samples
from patients with PLA,R-associated MN and controls stained negative for NELL-1. By confo-
cal microscopy, both IgG and NELL-1 colocalized to the GBM. Western blot analysis showed
reactivity to NELL-1 in five serum samples, but no reactivity in control serum samples. Clinical
and biopsy findings of patients with NELL-1-positive MIN showed features of primary membra-
nous nephropathy, although four of the five European cases were associated with a cancer. Hence,
NELL-1 defines a distinct type of primary MN.
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