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Membranous nephropathy (MN) is an organ-restricted autoimmune disease mainly caused by circulating autoantibodies against
podocyte antigens, including the M-type phospholipase A2 receptor (PLA2R) and thrombospondin domain-containing 7A
(THSD7A). Antibodies against PLA2R are present in 70%–80% and against THSD7A in 2% of adult patients, which
provides a paradigm shift in molecular diagnosis and management monitoring. Both antigens share some similar
characteristics: they are expressed by podocytes and have wide tissue distributions; they are bound by autoantibodies only
under nonreducing conditions, and the subtype of most autoantibodies is IgG4. However, the factors triggering
autoantibody production as well as the association among air pollution, malignancy, and the pathogenesis of MN remain
unclear. In this review, we discuss the similarity between the pathological mechanisms triggered by disparate antigens and
their associated diseases. Furthermore, we demonstrated the possibility that PM2.5, malignancy, and gene expression
specifically induce exposure of these antigens through conformational changes, molecular mimicry, or increased expression
eliciting autoimmune responses. Thus, this review provides novel insights into the pathological mechanism of MN.

1. Introduction

Membranous nephropathy (MN) is a common autoimmune
glomerular lesion, accounting for approximately 20%–30%
of nephrotic syndrome cases in adults, with poor kidney
prognosis [1, 2]. MN is caused by the deposition of immune
complexes on the outer aspect of the glomerular basement
membrane (GBM), which results in the thickening of the
glomerular capillary wall, with expansion of the matrix
material leading to the formation of spikes. The discovery
of the M-type phospholipase A2 receptor (PLA2R) in 2009
[3] and thrombospondin domain-containing 7A (THSD7A)
in 2014 [4] as two major autoantigens in idiopathic MN
(iMN) has considerably advanced the understanding of the

molecular pathogenesis. These major breakthroughs have
been quickly translated to clinical diagnosis and treatment
monitoring, with anti-PLA2R [5] and anti-THSD7A anti-
bodies being detected in 70%–80%and only 2% [4] of adult
patients with iMN, respectively. Anti-PLA2R and anti-
THSD7A antibody titers are key biomarkers that reflect
disease activity [6], predict prognosis [7–10], and indicate
treatment efficacy [11–13].

In recent years, more research has focused on the role of
the lung as a potential contributor to autoimmune diseases
[14]. The interesting phenomenon that long-term exposure
to PM2.5 is closely related to the gradual increase in the mor-
bidity of MN should be considered [15]. Furthermore,
approximately 20% of patients with THSD7A-associated
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MN are diagnosed with malignancy within a median time of
3 months since the diagnosis of MN, indicating that
THSD7A-associated MN is related to an increased risk of
malignancy. However, many aspects related to the initiation
of autoantibody production and the association among air
pollution, malignancy, and the pathogenesis of MN remain
unclear. In this review, we highlight the similar characteris-
tics between the two autoantigens and their associated dis-
eases, discuss the possible mechanisms of initiation of
antibody formation, and offer a novel view of the pathobiol-
ogy of MN.

2. A Model Marker of iMN: PLA2R

2.1. The M-Type PLA2R. The landmark discovery of the
PLA2R antigen revolutionized our understanding of MN,
and research on its structural characteristics paved the way
for revealing the molecular pathogenetic mechanisms of
MN. In 2009, Beck et al. [3] identified a 185 kD protein in
glomerular extracts in approximately 70% of samples from
patients with iMN in nonreducing conditions. This protein
was identified as PLA2R, a transmembrane glycoprotein that
is largely confined to glomerular podocytes rather than other
human glomerular cell types in the human kidneys. In addi-
tion, the endogenous glomerular expression of PLA2R is not
detected in rodent or rabbit glomerular extracts. In the pres-
ence of reducing agents, reactivity is lost, suggesting that the
antigenic epitope in PLA2R is a conformation and requires
specific disulfide bonds. PLA2R is a type I transmembrane
receptor and one of the four members of the mannose recep-
tor family in mammals [16, 17]. Similar to the characteristics
of the other members of this family, the extracellular portion
of PLA2R contains an N-terminal cysteine-rich (CysR or
ricin B) domain, a single fibronectin type 2 (FnII) domain,
and eight C-type lectin-like domains (CTLDs). In addition,
the short cytoplasmic domain of PLA2R contains motifs that
allow constitutive endocytic recycling through clathrin-
coated pits [18]. PLA2R undergoes endocytic recycling,
which may provide a constant supply of accessible PLA2R
for the formation of immune complexes at the podocyte
membrane. Dong et al. [19] have made great progress in
the determination of the structure of human M-type PLA2R
by low-temperature electron microscopy. The ectodomain
has high internal flexibility and adopts a compact dual-
ring-shaped conformation at an acidic pH and an extended
conformation at a basic pH. Owing to the expansion of the
PLA2R structure at a basic pH, several major epitopes located
in the CysR, CTLD1, and CTLD7 domains may be more
accessible for the production of different antibodies [20–
22]. However, whether this pH-dependent conformation is
related to disease severity remains unknown. In a recent
study, a transgenic mouse line expressing mouse PLA2R1in
podocytes was developed, which may open new avenues to
address this problem [23].

2.2. PLA2R Epitopes and Spreading. Over the last decade, the
measurement of the levels of circulating PLA2R antibodies
has been broadly implemented in clinical practice worldwide
for the diagnosis and monitoring of patients with iMN. In

addition to the total levels of circulating autoantibodies, a
clear picture of major PLA2R epitopes is a prerequisite
for understanding the pathogenic mechanism of anti-
PLA2R autoantibody binding-induced iMN. Interestingly,
two research groups identified B cell epitope-containing
domains in the N-terminus of PLA2R with different con-
clusions because of the stability or folding of the truncated
domains of PLA2R in their experimental protocols. Kao
et al. [22] showed that the smallest immunodominant epi-
tope in PLA2R containing CysR–FnII–CTLD1. Fresquet
et al. [21] narrowed the region to CysR, where the 31mer
peptide blocked most of the autoantibody binding, possibly
localizing the humoral epitope to this region. A subsequent
study indicated that in addition to CysR, reactive epitopes
were present in the CTLD1 and CTLD7 domains. CysR
appeared as an immunodominant epitope and was recog-
nized in all patients with circulating anti-PLA2R antibodies
(Figure 1) [20].

With further research on autoimmune diseases, PLA2R
epitope spreading has been recently identified as a prognostic
biomarker to predict outcomes in MN. Epitope spreading, a
phenomenon of diversity of epitopes recognized by T and B
cells, begins with the outermost epitope of the target antigen
(CysR for PLA2R), and then, other dominant immune epi-
topes (CTLD1 and/or CTLD7 for PLA2R) within the mole-
cule or on neighboring molecules are exposed as the disease
progresses, contributing to the expansion of the immune
response [24]. As a result, the diversity of antibody repertoire
is increased and the overall immune response is enhanced.
Experimental evidence indicating that intramolecular epi-
tope spreading might affect the severity of MN in humans
has been previously established in Heymann nephritis [25].
Few weeks after the primary immune response, the serum
of rats showed reactivity with ligand-binding domain frag-
ments, indicating B cell epitope spreading; furthermore, pro-
teinuria occurred as the epitope spread to further regions in
the molecule. In a study, 69 patients with MN whose autoan-
tibody repertoire was confined only to anti-CysR were youn-
ger and generally had mild disease activity [20], whereas
those with antibodies against all three epitopes tended to be
resistant to therapy and had poor renal prognosis. These
observations showed that the immune response to PLA2R
is an ordered process with prognostic relevance. Of note,
the author hypothesized that a second immune hit induces
intramolecular epitope spreading. In general, epitope spread-
ing produces a more robust immune response and is more
resistant to immunosuppressive treatment [26]. In a prospec-
tive cohort of 55 patients treated with rituximab [27], it was
necessary to administer higher doses of rituximab to patients
with epitope spreading to eliminate the autoantibodies and
induce remission. Interestingly, spreaders tended to have
higher anti-PLA2R autoantibody titers [28]. Therefore, until
clinical testing of anti-PLA2R epitope spreading is routinely
available, it seems appropriate that the total titer of anti-
PLA2R autoantibodies serves as a surrogate for epitope
spreading [29]. Identification of the epitopes will give rise
to the development of novel and individualized therapies.
Therefore, it is worth exploring the factors initiating epitope
spreading.
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3. The Secondary Marker of iMN: THSD7A

3.1. Characteristics of THSD7A and Its Epitopes. The struc-
tural characteristics and epitopes of THSD7A have been
gradually revealed. In 2014, after PLA2R, Tomas et al. [4]
used a combination of glycoproteins purified from glomeru-
lar extracts, followed by Western blotting of the extracts
under nonreducing conditions to detect antibodies that were
reactive with a 250- kD protein in 2.5%–5% of samples from
patients with iMN. This protein was identified by mass spec-
trometry as THSD7A, which is a type 1 transmembrane pro-
tein with a large extracellular N-terminal region comprising

21 thrombospondin type 1 (TSP-1) domains, a coiled coil
domain, a single-pass transmembrane domain, and a short
intracellular C-terminal tail (Figure 1). Seifert et al. [30]
and Stoddard et al. [31] showed that these TSP-1 domains
are included by alternating TSP-1-like and F-spondin-like
domains, both of which consist of three antiparallel peptide
strands tightly connected by three disulfide bridges between
cysteine residues. Similar to PLA2R, THSD7A is expressed
on the basal aspect of foot processes, and the subtype of most
anti-THSD7A autoantibodies is IgG4. In addition, the nonre-
duced form of THSD7A can be exclusively recognized by
autoantibodies, suggesting that disulfide bonds determine
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Figure 1: Schematic and epitope spreading of phospholipase A2 receptor (PLA2R) and of thrombospondin type 1 domain-containing 7A
(THSD7A). The extracellular part of PLA2R contains an N-terminal cysteine-rich (CysR, or ricin B) domain, a single fibronectin type 2
(FnII) domain, and eight C-type lectin-like domains (CTLDs). The major epitopes are located in the CysR, CTLD1, and CTLD7 domains.
THSD7A is a type 1 transmembrane protein with a large extracellular N-terminal region comprising 21 thrombospondin type 1 domains
(TSDs) and a coiled coil domain in the extracellular. The predominant target of autoimmunity in two antigens existed in the N-terminal
region. Epitope spreading begins with the outermost epitope of the target antigen, and then, other dominant immune epitopes within the
molecule or on neighboring molecules are exposed as the disease progresses, which are accompanied by the increase of proteinuria and
the decrease of remission.
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the antigenic epitope conformation. Compared with PLA2R,
the identification of antigenic epitopes in THSD7A is less
well defined. THSD7A is predicted to contain multiple epi-
topes in 18 domains (domains 1–17 and 19) by homology
modeling [31], which corresponded well to the domains
identified by Seifert et al. [30], except for domains 4 and 5.
Additional epitope mapping revealed that the dominant epi-
tope in THSD7A-associated MN is located within the N-
terminal TSR1 domain, recognized by autoantibodies in
87% of patient serum samples. Although we have a general
understanding of the epitopes in THSD7A, whether epitope
spreading could also be a relevant biomarker of disease activ-
ity and clinical outcome remains to be determined.

3.2. Pathogenicity of Anti-THSD7A Antibodies. The possibil-
ity that antipodocyte antibodies alter podocyte function or
induce podocyte injury in the absence of detectable comple-
ment activation is illustrated by THSD7A studies. In 2016,
Tomas et al. [32] first isolated anti-THSD7A antibodies from
patients and administered them to mice. They found that
binding of autoantibodies to THSD7A on mouse podocytes
resulted in the onset of proteinuria and a histopathological
pattern that is typical of MN. Unlike previous findings that
the activation of the complement system was responsible
for podocyte damage, they detected that C3 and C5b-9
deposits were absent in these mice, whereas the histopatho-
logic pattern of MN was initiated with induction of protein-
uria at 3 days. In a subsequent study, they also could not

detect membrane attack complex in mice with podocyte
injury after the injection of rabbit anti-THSD7A antibodies
[33]. Further in vitro experiments showed that the anti-
THSD7A antibody directly induced cytoskeleton rearrange-
ment in THSD7A-expressing glomerular epithelial cells and
activated focal adhesion-mediated signaling. These findings
strengthen the preceding conclusion that complement acti-
vation is not vital in the initiation of podocyte injury and that
anti-THSD7A antibodies can directly affect podocyte integ-
rity in vitro, causing cell damage and proteinuria. Remark-
ably, knockdown of thsd7aa—the THSD7A ortholog—in
zebrafish larvae interfered with podocyte differentiation and
impaired glomerular filtration barrier integrity, suggesting
an important role of THSD7A in normal podocyte function
[33]. In a recent study, Herwig et al. [34] investigated the
temporal expression, spatial expression, and biological func-
tion of THSD7A in podocytes to provide insights into the
effect of THSD7A antibody in MN. THSD7A was found to
be present in foot processes (FPs) closest to the slit dia-
phragm that connects interdigitating podocytes and prevents
most proteins from entering the urinary space; its expression
begun with glomerular vascularization during the capillary
loop stage [35] (Figure 2(c)). In addition, they found that
phenotypically, THSD7A was expressed in distinct mem-
brane domains, such as TAPs, resulting in augmented podo-
cyte adhesion and stabilization of podocyte cell dynamics.
Addition of anti-THSD7A antibodies in situ disrupted the
flexible nonclogging barrier to proteins by mechanical
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Figure 2: The hypothetical pathogenesis model of the relationship between the tumor and thrombospondin domain-containing 7A-
(THSD7A-) associated membranous nephropathy (MN). (a) In theory, THSD7A acts as a potential tumor-associated antigen that is
overexpressed by cancerous tissue allowing regional exposure of pathogenic epitopes of the autoantigen, which contributes to the
production of anti-THSD7A antibodies. The extrarenal anti-THSD7A antibodies circulate into the glomerular capillaries and bind to
THSD7A antigens located on podocytes. Besides, the tumor may alter the renal microenvironment that induces antigen conformational
changes that allow binding of anti-THSD7A antibodies. (b) Pathogenicity of anti-THSD7A antibodies causing podocyte injury and
proteinuria. The binding of anti-THSD7A antibodies to THSD7A on podocytes disrupts the slit diaphragm that allows albumin excretion
into the urine, collapse of the actin cytoskeleton, and reduction of detachment from GBM. (c) The normal structure of podocyte foot
processes. THSD7A that is present in foot processes closest to the slit diaphragm is involved in the stabilization of the slit diaphragm of
mature podocytes, which forms the final barrier to albumin permeation. Abbreviations: APC: antigen-presenting cell; TCR: T cell
receptor; MHC: major histocompatibility complex; GBM: glomerular basement membrane.
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alteration of the slit diaphragm, which is specific to the three-
layered glomerular filter. Adhesion of the podocyte foot pro-
cess to the glomerular filtration membrane was reduced by
perturbation of the biological function of THSD7A. Both
could destabilize the dynamics of FP and slit diaphragms,
resulting in FP effacement and proteinuria, which are hall-
marks of MN (Figure 2(b)).

4. Extrarenal Autoantigen Exposure

The location of autoantigens initially exposed to the immune
system and how the immune response initiates the produc-
tion of autoantibodies against podocytes and causes damage
to podocytes remain controversial. Under normal circum-
stances, antigen-presenting cells or circulating T cells cannot
directly contact autoantigens expressed in podocytes [36].
Notably, both PLA2R and THSD7A have a wide tissue distri-
bution, including the kidneys. The extrarenal expression of
antigens provides a basis for extrarenal autoantibody produc-
tion. We hypothesize that primary exposure to autoantigens
may occur in human organs other than the kidneys. PM2.5,
gene expression, and tumors significantly facilitate the expo-
sure of extrarenal antigens to the immune system and might
account for the onset of MN.

4.1. Discharge of PLA2R: The Consequence of PM2.5 in iMN.
Given that people who are exposed to high levels of PM2.5 in
the province in China for a long time have an increased risk
of MN, the effect of PM2.5 on glomerulopathy should be
considered [15]. Although PLA2R is highly expressed in the
kidney, it is also present in neutrophils [37], alveolar macro-
phages [38], airway epithelial cells, and submucosal epithelial
cells in humans [39]. The lung, which has a large surface area,
is vulnerable to environmental factors. Inhalation of PM2.5
can cause lung inflammation that results in the accumulation
of inflammatory corpuscles in the airway or alveoli. Activated
neutrophils and macrophages release neutrophil extracellular
traps and macrophage extracellular traps, and PLA2R can
also be discharged into the systemic circulation, initiating
an autoimmune response [40] (Figure 3).

In addition, we hypothesize that PM2.5 exposure con-
tributes to aberrant immune processing by activating antigen
presentation and augmenting autoimmune responses. Exper-
imental studies have shown that air pollution exposure and
oxidative stress induce antigen-presenting cell (APC) matu-
ration [41–45] and then equip them with antigen peptide
MHCmolecular complex required for the activation of T cell
receptors. Interestingly, most of the cells involved in inflam-
mation can also present antigens [46]. Of special relevance
here is the observation that air pollutants (especially fine par-
ticulates) stimulated the production of cytokines, immuno-
globulins, and immune complexes and led to immune
dysfunction, which is related to the pathogenesis of some glo-
merular diseases [47–49]. In addition, PM2.5 can be consid-
ered a foreign body that induces activation of cellular
immunity in the lungs. Thus, it is plausible that PM2.5-
induced exposure of PLA2R outside the kidneys could
increase the incidence of MN.

4.2. Facilitating Antigen Presentation: Genetic Susceptibility
in MN. Genetic analysis has opened new ways to investigate
the link between PLA2R-associated MN and T cell epitopes
[50]. It is necessary to reveal the initial step of MN by under-
standing the interaction between the HLA-D and PLA2R1
loci in PLA2R-related MN. In 1979, iMN was already
reported to be strongly associated with HLA-DR3 [51] and
this was confirmed in subsequent studies. Owing to the
development of genome-wide association studies for the
identification of PLA2R, considerable progress has been
made in the understanding of the molecular genotypes,
which refined the locus to two series of alleles, HLA-DQAI
and PLA2R1 [52]. The most significant locus was on chro-
mosome 6, centered on HLA-DQA1, and homozygosity for
the lead risk alleles increased the odds ratio (OR) for MN
by 20-fold. The other strong signal came from PLA2R1, in
which homozygosity increased the OR for MN by 4-fold.
Meanwhile, because of the interaction between the two loci,
homozygosity in both risk alleles increased the OR by 80-
fold. Although the risk allele in PLA2R1 is intronic, it is
unlikely to change the autoreactivity of PLA2R. A follow-up
study by sequencing the coding sequence and splice sites of
PLA2R1 in 95patients with iMN identified no amino acid
variations that were structurally specific to MN [53]. Because
genetic variations in the amino acid sequence are common, it
is hypothesized that the genetic susceptibility for iMN is con-
ferred by single-nucleotide polymorphisms that might influ-
ence the expression levels or site of PLA2R in the presence of
risk HLA alleles [54].

Based on these initial studies, several studies have con-
firmed the presence of risk alleles in or near HLA-DQA1
[55–58] and found an association between the specific HLA
−DQA1∗0501 allele and the presence of circulating anti-
PLA2R antibodies [56, 57, 59]. However, the situation is
more complex; the degree of linkage disequilibrium of the
HLA locus is high and several studies found that a risk signal
could lie in the HLA-DRB locus. Cui et al. [60] identified
independent risk alleles in DRB1 ∗ 1501 and DRB1 ∗ 0301,
suggesting certain amino acid positions in the major histo-
compatibility complex (MHC) DRβ1 chain facilitate interac-
tions with T cell epitopes of PLA2R. HLA class II genetic
restriction controls specific peptides of PLA2R presenting
to T cells to drive active B cells for high-affinity autoantibody
production (Figure 4,①). Another study by Le et al. [61] not
only identified the most significant risk allele inDRB1 ∗ 1501
but also revealed another independent significant risk allele
in DRB3 ∗ 0202. Of note, one of these two HLA haplotypes
was also found in 44% of healthy controls, demonstrating
that the presence of high-risk alleles may be necessary but
not sufficient for the development of PLA2R-related MN.
In addition to MN, HLA-DQA1 risk alleles are significantly
associated with lupus nephritis, type 1 diabetes, and focal seg-
mental glomerulosclerosis in a German population [55].

In summary, the particular podocyte antigens targeted by
autoantibodies may be involved in the genetic make-up.
Genetic variants may change the molecular conformation
of the antigens to expose new conformational epitopes or
cryptic sites to enable processing to linear T cell peptides that
facilitate the recognition of antigens by the immune system.
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However, variants in the coding regions and HLA class II
genes are common and gene expression alone is not enough
to explain why some individuals developMN, whereas others
do not or some develop late onset disease [62]. Alternatively,
we propose that the genetic susceptibility to iMN may not
depend on the concurrence of PLA2R1 risk alleles but on
the cooccurrence of HLA-D and other external triggers.
Therefore, further studies are needed to identify other poten-
tial mechanisms affecting antigen conformation, and aber-
rant immune processing could lead to the production of
anti-PLA2R antibodies in genetically predisposed patients
with HLA and/or PLA2R1 risk variants.

4.3. Overexpression of THSD7A: The Role of Tumor in iMN.
The association between MN and cancer has been controver-
sial, unlike PLA2R, which has been suggested to be a tumor
suppressor [63], and patients with THSD7A-associated MN
have a significantly increased risk of malignancy. Hoxha
et al. [64] and Hanset et al. [65] found that 20% and 50% of
patients with THSD7A-associated MN were diagnosed with
malignancy on further work-up, respectively. In addition,
two typical cases, one with metastases of endometrial carci-
noma and the other with gallbladder tumor, further explain
the potential molecular mechanism of disease induction in
this setting [64, 66]. In both cases, THSD7A was found to
be expressed in follicular dendritic cells of lymph nodes with
metastatic infiltration. Assessment of the cancerous tissues
showed increased THSD7A mRNA levels and elevated
THSD7A protein expression, suggesting that THSD7A was

actively synthesized by cancer cells. In addition, several stud-
ies found that anti-THSD7A antibodies were correlated with
malignancy, benign tumors, and neurological disease [66–
68], which increases the possibility of extrarenal anti-
THSD7A immunization. It is worth noting that upon tumor
remission, even without the use of immunosuppressive
agents, kidney disease can also be alleviated. Stahl et al. [69]
reported that THSD7A, as a new tumor antigen, plays a
potential role in human cancer. The finding that the expres-
sion of THSD7A differed according to the clinical stage and
differentiation degree of various cancers suggests that
THSD7A is involved in vascular invasion, cancer progres-
sion, metastasis, and angiogenesis mechanisms that support
tumor growth.

Tumor growth requires an increased intratumoral blood
supply that promotes angiogenesis, in which THSD7A, a
tumor-associated antigen, is overexpressed, allowing regional
exposure of the autoantigen to the immune system
(Figure 2(a)). If this hypothesis is confirmed, it is necessary
to reconsider the concept of primary versus secondary MN.

5. Antigen Conformational or
Expression Changes

In the inflammatory state, the production and accumulation
of reactive oxygen species (ROS) exceeds the ability of cells to
clear oxides, and the imbalance between the oxidation and
antioxidant systems leads to the development of oxidative
stress. Under conditions of intense oxidative stress, disulfide
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Figure 3: The hypothetical pathogenesis model of PM2.5-associated idiopathic membranous nephropathy (iMN). (a) PM2.5 induces
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bonds are formed; however, most proteins do not form disul-
fide bonds in a reducing environment [70]. It is worth noting
that epitopes in both PLA2R and THSD7A require intact
disulfide bonds to maintain their spatial structure and bioac-
tivity [3, 4]. Thus, the antigenicity of PLA2R and THSD7A
requires additional conditions. If oxidative stress is able to
influence the development of disulfide bonds, a synergistic
effect of exposure to these antigens or overexpression under
pathological conditions can be expected.

5.1. Change in Conformation of Intrarenal Antigens. Because
the lungs are directly exposed to the external world, pulmo-
nary inflammation and airway injury caused by PM2.5 are
highly prevalent [71]. PM2.5 is the carrier of toxic sub-
stances, and polycyclic aromatic hydrocarbons and transition
metals adsorbed in it can also directly produce ROS, exacer-
bating inflammation [72]. Moreover, it has been reported
that levels of superoxide radicals, H2O2, and malondialde-
hyde increased and superoxide dismutase decreased in tis-
sues and cells, suggesting that PM2.5 upregulated oxidative
stress [73]. Under this strongly oxidizing environment, disul-

fide bonds can be formed in cytoplasmic proteins [74].
Therefore, when the lungs are exposed to PM2.5, the stability
of PLA2R epitopes may facilitate selection of B cells for gen-
eration of captured antigens onMHCmolecules to present to
T cells, which is an important step in the initiation of the
autoimmune mechanism in MN. Then, activated B cells dif-
ferentiate into plasma cells with the assistance of Th cells and
produce antibodies against the different epitopes of the
PLA2R antigen [21]. In addition, PLA2R, following a pH-
dependent configuration change, may adopt an extended
configuration in the extracellular domain when the microen-
vironment is altered. Thus, the three main epitopes located in
the CysR, CTLD1, and CTLD7 domains may be more acces-
sible in the extended conformation of PLA2R that would oth-
erwise not be recognized by the immune system, triggering
epitope spreading.

Inflammation is one of the pathways activated because of
environmental stimuli as well as cancer, which is linked to
the pathogenesis of MN. Recent studies have demonstrated
that cancer initiation and progression are linked to inflam-
mation and oxidative stress [75]. Inflammation is considered
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a hallmark of cancer in the tumor microenvironment.
Indeed, cancer is viewed as a wound that does not heal
[76], inducing persistent activation of inflammatory signals
and releasing proinflammatory cytokines. Thus, cancer
recruits inflammatory cells and stimulates them to generate
ROS, reactive nitrogen intermediates, and cytokines [77,
78], that is, like a bridge, ROS plays a critical role in the close
association between inflammation and cancer [79]. There-
fore, during tumor development, upregulation of THSD7A
and persistent expression of pathogenic epitopes triggers an
immune response. In the first step, regionally expressed
THSD7A, due to oncogenesis, is released and taken up by
dendritic cells (DCs), which coordinate specific immune sig-
nals to lose peripheral tolerance toTHSD7A. Such immuno-
genic signals might include proinflammatory cytokines and
factors, such as TNF-α, IL-1, IFN-α, and CD40L/CD40, to
promote immunity. DCs present a THSD7A antigen peptide
to T cells in the form of antigen peptide MHC molecular
complex, resulting in the activation of cytotoxic T lympho-
cytes and helper T cells (Th) against the THSD7A antigen.
Developed mature Th cells and numerous cytokines drive
the differentiation of activated B cells into plasma cells, which
produce high-affinity antibodies [80].

5.2. Change in Expression of Podocyte Target Antigens and
Other Potential Antigens. Circulating antibodies produced
by extrarenal antigen exposure can specifically bind to podo-
cyte target antigens through endothelial cells and GBM. In
addition, the anti-PLA2R1 and anti-THSD7A antibodies ini-
tially produced against nonpodocyte antigens exclusively
bind with podocyte antigen epitopes determined by the pres-
ence of disulfide bonds in a nonreducing state [4]. The role of
antigen conformational charges in extrarenal tissue has been
suggested in anti-GBM disease [81]. Exactly as that in Good-
pasture’s disease, MNmay also be considered an autoimmune
“conformeropathy” involving pathogenic conformational
changes. Interestingly, air pollution and malignancy both
cause oxidative stress and inflammation, which trigger the
release of secondary mediators. The resulting cytokines and
oxygen free radicals may exert distant effects in other organs,
such as the kidneys. A study in China confirmed renal injury
after consecutive exposure to PM2.5 and revealed that it
occurred via inflammatory cytokine and chemokine expres-
sion and reduced antioxidant activity [73]. Analysis of renal
biopsies in THSD7A-associatedMNwithmalignancy revealed
that more inflammatory cells infiltrated the glomeruli in
patients with no malignancy [64, 82]. Therefore, both PM2.5
and malignancy may contribute to the nonreducing state in
the renal microenvironment, enabling circulating antibodies
to bind to cryptic epitopes that may be hidden in healthy
individuals.

Antibodies against cytoplasmic podocyte proteins,
including α-enolase, aldose reductase, and manganese super-
oxide dismutase 2, have been detected in the sera of patients
with primary and secondary MN [83, 84]. However, these
cytoplasmic antigens are not accessible to circulating anti-
bodies under normal conditions. Oxidative stress caused by
PM2.5 and tumors may be a primary insult to podocytes,
which is responsible for the novel membrane expression of

cytoplasmic antigens, which triggers the formation of new
antibodies [85, 86]. Although intriguing, the role of oxidative
stress in the initiation and/or maintenance of the disease has
not been firmly established.

6. Disparate Paths to the Same Disease

The initiation of MN is the result of a multihit mechanism.
Based on the current understanding, we recognize the possi-
bility that associated factors, including malignancy, chronic
infection, or environmental factors, may represent a
disease-precipitating “second hit” in a patient with genetic
and immune predisposition to develop MN [87]. Through a
large number of high-quality research [15, 64, 66, 69, 88],
we discuss the similarities between PLA2R and THSD7A,
focus on the effect of PM2.5 and tumor in MN, and allow
to better identify the potential pathogenic factors in MN
(Figure 4).

IgG4 is the most prevalent subclass in most cases of
PLA2R- and THSD7A-related MN. IgM> IgG3> IgG1> Ig-
G2> IgG4 is considered the temporal model sequence of Ig
class switching in the germinal center reaction [89]. To note,
in the progress of MN, Ig subclasses switch from IgG1 at the
early stage to IgG4 at all later stages [90]. Induced by envi-
ronmental stimuli or other causes, the PLA2R1 antigen
and/or THSD7A antigen constant is exposed to extrarenal
tissues. During prolonged disease activity, high-affinity
IgG4 often formed by following repeated or long-term expo-
sure to antigen [91–93]. Based on this understanding, we
have further speculated that the occurrence of MN is due to
prolonged exposure of some factors. PLA2R and THSD7A
expressed in extrarenal tissues and presenting pathogenic
epitopes are necessary to elicit autoimmune responses. It
should be noted that both PM2.5 and malignancy may
induce extrarenal antigen exposure to immune cells through
conformational changes, molecular mimicry, or upregulated
expression and directly damage the kidneys. Inflammation
enhances the immunogenicity of autoantigens and affects
the antigen processing capacity of APCs, which contributes
to the autoimmune response. Undoubtedly, genetic suscepti-
bility influences the development of MN, and other patho-
genic factors exert an additive effect in determining
whether the genetic potential is manifested [94]. Immuniza-
tion can be augmented by the unmasking of hidden cryptic
epitopes undergoing conformational changes upon exposure
to environmental stimuli [95]. The MNmay appear to be pri-
mary but in fact represent occult secondary disease. The dis-
covery of other factors that promote antigen recognized by
the immune system is worthy of further exploration and con-
firmation. In addition to PM2.5 and tumor being clearly
related to the occurrence of MN, dysbiosis of the gut micro-
biota could be another factor. Indeed, the existing studies
indicate that patients with MN exhibited gut microbial signa-
tures distinct from healthy controls, which suggests the
potential of gut microbiota as a contributor in the pathogen-
esis of MN [96, 97]. However, the direct evidence for the rela-
tionship between dysbiosis of the gastrointestinal flora and
the development of MN is lacking and needs to be further
enriched.
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In addition, PLA2R and THSD7A expressed in podocytes
play an indispensable role in maintaining the integrity of
podocyte function, which may determine why the disease
mainly affects podocytes and the pathological features are
limited to the kidney. The location of autoantigenic proteins
is restricted to the space between podocytes and the GBM.
The clearance of immune complexes under the glomerular
epithelium may be blocked; however, the bronchial epithe-
lium is in direct contact with the environment and the cell
turnover rate is high, which may promote the clearance of
immune deposits through the sputum. Moreover, the biology
of autoantigenic proteins in podocytes is another key precon-
dition. Fresquet et al. [98] offered insights into the role of
PLA2R in podocytes through PLA2R and the A2t complex.
They found that PLA2R may be at the heart of actin cytoskel-
eton reorganization and tight junction assembly. In vitro,
anti-PLA2R antibodies interfere with the adhesion of podo-
cytes to collagen type IV in MN [99]. As mentioned above,
THSD7A plays an important role in the integrity of the glo-
merular filtration barrier. Autoantibodies to THSD7A might
alter the structural and functional permeability of the slit dia-
phragm to proteins.

In conclusion, the discovery of PLA2R and THSD7A as
two autoantigens in MN has been a “game changer” that
has fundamentally changed our approach toward diseases.
However, many questions remain unsolved. In this review,
we analyzed the similarities in the pathological mechanisms
triggered by disparate antigens and their associated diseases
resulting in the same renal phenotype to explore the triggers
of MN. Further research is required to reveal the molecular
pathogenesis of MN in the lungs and tumors and investigate
innovative therapeutic strategies targeting MN-specific path-
ological mechanisms.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by funds from the National Natu-
ral Science Foundation of China (grant number 8207151173)
and Horizontal Subject (HX-DZM-202018).

References

[1] W. G. Couser, “Primary membranous nephropathy,” Clinical
Journal of the American Society of Nephrology, vol. 12, no. 6,
pp. 983–997, 2017.

[2] P. Ronco and H. Debiec, “Pathophysiological advances in
membranous nephropathy: time for a shift in patient's care,”
The Lancet, vol. 385, no. 9981, pp. 1983–1992, 2015.

[3] L. H. Beck Jr., R. G. B. Bonegio, G. Lambeau et al., “M-type
phospholipase A2 receptor as target antigen in idiopathic
membranous nephropathy,” The New England Journal of Med-
icine, vol. 361, no. 1, pp. 11–21, 2009.

[4] N. M. Tomas, L. H. Beck Jr., C. Meyer-Schwesinger et al.,
“Thrombospondin type-1 domain-containing 7A in idiopathic
membranous nephropathy,” The New England Journal of Med-
icine, vol. 371, no. 24, pp. 2277–2287, 2014.

[5] Y. du, J. Li, F. He et al., “The diagnosis accuracy of PLA2R-AB
in the diagnosis of idiopathic membranous nephropathy: a
meta-analysis,” PLoS One, vol. 9, no. 8, article e104936, 2014.

[6] L. H. Beck Jr., F. C. Fervenza, D. M. Beck et al., “Rituximab-
induced depletion of anti-PLA2R autoantibodies predicts
response in membranous nephropathy,” Journal of the Ameri-
can Society of Nephrology, vol. 22, no. 8, pp. 1543–1550, 2011.

[7] J. M. Hofstra, H. Debiec, C. D. Short et al., “Antiphospholipase
A2 receptor antibody titer and subclass in idiopathic membra-
nous nephropathy,” Journal of the American Society of
Nephrology, vol. 23, no. 10, pp. 1735–1743, 2012.

[8] E. Hoxha, S. Harendza, H. Pinnschmidt, U. Panzer, and R. A.
K. Stahl, “M-type phospholipase A2 receptor autoantibodies
and renal function in patients with primary membranous
nephropathy,” Clinical Journal of the American Society of
Nephrology, vol. 9, no. 11, pp. 1883–1890, 2014.

[9] A. P. Bech, J. M. Hofstra, P. E. Brenchley, and J. F. M. Wetzels,
“Association of anti-PLA2R antibodies with outcomes after
immunosuppressive therapy in idiopathic membranous
nephropathy,” Clinical Journal of the American Society of
Nephrology, vol. 9, no. 8, pp. 1386–1392, 2014.

[10] P. Ruggenenti, H. Debiec, B. Ruggiero et al., “Anti-phospholi-
pase A2 receptor antibody titer predicts post-rituximab out-
come of membranous nephropathy,” Journal of the American
Society of Nephrology, vol. 26, no. 10, pp. 2545–2558, 2015.

[11] A. E. van de Logt, K. Dahan, A. Rousseau et al., “Immunolog-
ical remission in PLA2R-antibody-associated membranous
nephropathy: cyclophosphamide versus rituximab,” Kidney
International, vol. 93, no. 4, pp. 1016-1017, 2018.

[12] J. Wang, Z. Cui, J. Lu et al., “Circulating antibodies against
thrombospondin type-I domain-containing 7A in Chinese
patients with idiopathic membranous nephropathy,” Clinical
Journal of the American Society of Nephrology, vol. 12, no. 10,
pp. 1642–1651, 2017.

[13] C. Zaghrini, B. Seitz-Polski, J. Justino et al., “Novel ELISA for
thrombospondin type 1 domain-containing 7A autoantibodies
in membranous nephropathy,” Kidney International, vol. 95,
no. 3, pp. 666–679, 2019.

[14] S. A. Ritz, “Air pollution as a potential contributor to the 'epi-
demic' of autoimmune disease,” Medical Hypotheses, vol. 74,
no. 1, pp. 110–117, 2010.

[15] X. Xu, G. Wang, N. Chen et al., “Long-term exposure to air
pollution and increased risk of membranous nephropathy in
China,” Journal of the American Society of Nephrology,
vol. 27, no. 12, pp. 3739–3746, 2016.

[16] O. Llorca, “Extended and bent conformations of the mannose
receptor family,” Cellular and Molecular Life Sciences, vol. 65,
no. 9, pp. 1302–1310, 2008.

[17] L. East and C. M. Isacke, “The mannose receptor family,” Bio-
chimica et Biophysica Acta (BBA) - General Subjects, vol. 1572,
no. 2-3, pp. 364–386, 2002.

[18] E. Zvaritch, G. Lambeau, and M. Lazdunski, “Endocytic prop-
erties of the M-type 180-kDa receptor for secretory phospho-
lipases A2,” The Journal of Biological Chemistry, vol. 271,
no. 1, pp. 250–257, 1996.

[19] Y. Dong, L. Cao, H. Tang, X. Shi, and Y. He, “Structure of
human M-type phospholipase A2 receptor revealed by cryo-
electron microscopy,” Journal of Molecular Biology, vol. 429,
no. 24, pp. 3825–3835, 2017.

[20] B. Seitz-Polski, G. Dolla, C. Payré et al., “Epitope spreading of
autoantibody response to PLA2R associates with poor

9Journal of Immunology Research



prognosis in membranous nephropathy,” Journal of the Amer-
ican Society of Nephrology, vol. 27, no. 5, pp. 1517–1533, 2016.

[21] M. Fresquet, T. A. Jowitt, J. Gummadova et al., “Identification
of a major epitope recognized by PLA2R autoantibodies in pri-
mary membranous nephropathy,” Journal of the American
Society of Nephrology, vol. 26, no. 2, pp. 302–313, 2015.

[22] L. Kao, V. Lam, M. Waldman, R. J. Glassock, and Q. Zhu,
“Identification of the immunodominant epitope region in
phospholipase A2 receptor-mediating autoantibody binding
in idiopathic membranous nephropathy,” Journal of the Amer-
ican Society of Nephrology, vol. 26, no. 2, pp. 291–301, 2015.

[23] C. Meyer-Schwesinger, N. M. Tomas, S. Dehde et al., “A novel
mouse model of phospholipase A2 receptor 1-associated
membranous nephropathy mimics podocyte injury in
patients,” Kidney International, vol. 97, no. 5, pp. 913–919,
2020.

[24] C. Cornaby, L. Gibbons, V. Mayhew, C. S. Sloan, A. Welling,
and B. D. Poole, “B cell epitope spreading: mechanisms and
contribution to autoimmune diseases,” Immunology Letters,
vol. 163, no. 1, pp. 56–68, 2015.

[25] P. Shah, A. Tramontano, and S. P. Makker, “Intramolecular
epitope spreading in Heymann nephritis,” Journal of the
American Society of Nephrology, vol. 18, no. 12, pp. 3060–
3066, 2007.

[26] D. J. Salant, “Does epitope spreading influence responsiveness
to rituximab in PLA2R-associated membranous nephropa-
thy?,” Clinical Journal of the American Society of Nephrology,
vol. 14, no. 8, pp. 1122–1124, 2019.

[27] B. Seitz-Polski, K. Dahan, H. Debiec et al., “High-dose rituxi-
mab and early remission in PLA2R1-related membranous
nephropathy,” Clinical Journal of the American Society of
Nephrology, vol. 14, no. 8, pp. 1173–1182, 2019.

[28] K. Dahan, H. Debiec, E. Plaisier et al., “Rituximab for severe
membranous nephropathy: a 6-month trial with extended fol-
low-up,” Journal of the American Society of Nephrology, vol. 28,
no. 1, pp. 348–358, 2017.

[29] B. Seitz-Polski, H. Debiec, A. Rousseau et al., “Phospholipase
A2 receptor 1 epitope spreading at baseline predicts reduced
likelihood of remission of membranous nephropathy,” Journal
of the American Society of Nephrology, vol. 29, no. 2, pp. 401–
408, 2018.

[30] L. Seifert, E. Hoxha, A. M. Eichhoff et al., “The most N-
terminal region of THSD7A is the predominant target for
autoimmunity in THSD7A-associated membranous nephrop-
athy,” Journal of the American Society of Nephrology, vol. 29,
no. 5, pp. 1536–1548, 2018.

[31] S. V. Stoddard, C. L. Welsh, M. M. Palopoli et al., “Structure
and function insights garnered from in silico modeling of the
thrombospondin type-1 domain-containing 7A antigen,” Pro-
teins, vol. 87, no. 2, pp. 136–145, 2019.

[32] N. M. Tomas, E. Hoxha, A. T. Reinicke et al., “Autoantibodies
against thrombospondin type 1 domain-containing 7A induce
membranous nephropathy,” The Journal of Clinical Investiga-
tion, vol. 126, no. 7, pp. 2519–2532, 2016.

[33] N. M. Tomas, C. Meyer-Schwesinger, H. von Spiegel et al., “A
heterologous model of thrombospondin type 1 domain-
containing 7A-associated membranous nephropathy,” Journal
of the American Society of Nephrology, vol. 28, no. 11,
pp. 3262–3277, 2017.

[34] J. Herwig, S. Skuza, W. Sachs et al., “Thrombospondin type 1
domain-containing 7A localizes to the slit diaphragm and sta-

bilizes membrane dynamics of fully differentiated podocytes,”
Journal of the American Society of Nephrology, vol. 30, no. 5,
pp. 824–839, 2019.

[35] T. B. Huber, B. Schermer, and T. Benzing, “Podocin organizes
ion channel-lipid supercomplexes: implications for mechano-
sensation at the slit diaphragm,” Nephron. Experimental
Nephrology, vol. 106, no. 2, pp. e27–e31, 2007.

[36] P. W. Mathieson, “What has the immune system got against
the glomerular podocyte?,” Clinical and Experimental Immu-
nology, vol. 134, no. 1, pp. 1–5, 2003.

[37] C. C. Silliman, E. E. Moore, G. Zallen et al., “Presence of theM-
type sPLA(2) receptor on neutrophils and its role in elastase
release and adhesion,” American Journal of Physiology. Cell
Physiology, vol. 283, no. 4, pp. C1102–C1113, 2002.

[38] F. Granata, A. Petraroli, E. Boilard et al., “Activation of cyto-
kine production by secreted phospholipase A2 in human lung
macrophages expressing the M-type receptor,” Journal of
Immunology, vol. 174, no. 1, pp. 464–474, 2005.

[39] W. Liu, C. Gao, H. Dai et al., “Immunological pathogenesis of
membranous nephropathy: focus on PLA2R1 and its role,”
Frontiers in Immunology, vol. 10, p. 1809, 2019.

[40] V. Papayannopoulos, “Neutrophil extracellular traps in immu-
nity and disease,” Nature Reviews. Immunology, vol. 18, no. 2,
pp. 134–147, 2018.

[41] S. Verstraelen, R. van den Heuvel, I. Nelissen, H. Witters,
G. Verheyen, and G. Schoeters, “Flow cytometric characterisa-
tion of antigen presenting dendritic cells after in vitro exposure
to diesel exhaust particles,” Toxicology In Vitro, vol. 19, no. 7,
pp. 903–907, 2005.

[42] S. Becker and J. Soukup, “Coarse(PM(2.5-10)), fine(PM(2.5)),
and ultrafine air pollution particles induce/increase immune
costimulatory receptors on human blood-derived monocytes
but not on alveolar macrophages,” Journal of Toxicology and
Environmental Health. Part A, vol. 66, no. 9, pp. 847–859,
2003.

[43] B. Bleck, D. B. Tse, I. Jaspers, M. A. Curotto de Lafaille, and
J. Reibman, “Diesel exhaust particle-exposed human bronchial
epithelial cells induce dendritic cell maturation,” Journal of
Immunology, vol. 176, no. 12, pp. 7431–7437, 2006.

[44] R. F. Hamilton Jr., A. Holian, and M. T. Morandi, “A compar-
ison of asbestos and urban particulate matter in the in vitro
modification of human alveolar macrophage antigen-
presenting cell function,” Experimental Lung Research,
vol. 30, no. 2, pp. 147–162, 2004.

[45] S. Kantengwa, L. Jornot, C. Devenoges, and L. P. Nicod,
“Superoxide anions induce the maturation of human dendritic
cells,” American Journal of Respiratory and Critical Care Med-
icine, vol. 167, no. 3, pp. 431–437, 2003.

[46] F. D. Batista and N. E. Harwood, “The who, how and where of
antigen presentation to B cells,” Nature Reviews. Immunology,
vol. 9, no. 1, pp. 15–27, 2009.

[47] B. Granum, P. I. Gaarder, E. C. Groeng, R. B. Leikvold,
E. Namork, and M. Løvik, “Fine particles of widely different
composition have an adjuvant effect on the production of
allergen-specific antibodies,” Toxicology Letters, vol. 118,
no. 3, pp. 171–181, 2001.

[48] H. Takano, T. Yoshikawa, T. Ichinose, Y. Miyabara,
K. Imaoka, and M. Sagai, “Diesel exhaust particles enhance
antigen-induced airway inflammation and local cytokine
expression in mice,” American Journal of Respiratory and Crit-
ical Care Medicine, vol. 156, no. 1, pp. 36–42, 1997.

10 Journal of Immunology Research



[49] J. M. Brown, J. C. Pfau, and A. Holian, “Immunoglobulin and
lymphocyte responses following silica exposure in New Zeal-
and mixed mice,” Inhalation Toxicology, vol. 16, no. 3,
pp. 133–139, 2004.

[50] P. Ronco and H. Debiec, “Molecular pathogenesis of membra-
nous nephropathy,” Annual Review of Pathology, vol. 15, no. 1,
pp. 287–313, 2020.

[51] P. T. Klouda, E. J. Acheson, F. S. Goldby et al., “Strong associ-
ation between idiopathic membranous nephropathy and
HLA-DRW3,” The Lancet, vol. 314, no. 8146, pp. 770-771,
1979.

[52] H. C. Stanescu, M. Arcos-Burgos, A. Medlar et al., “Risk HLA-
DQA1 and PLA2R1 alleles in idiopathic membranous
nephropathy,” The New England Journal of Medicine,
vol. 364, no. 7, pp. 616–626, 2011.

[53] M. J. Coenen, J. M. Hofstra, H. Debiec et al., “Phospholipase
A2 receptor (PLA2R1) sequence variants in idiopathic mem-
branous nephropathy,” Journal of the American Society of
Nephrology, vol. 24, no. 4, pp. 677–683, 2013.

[54] K. Z. Latt, K. Honda, M. Thiri et al., “Identification of a two-
SNP PLA2R1 haplotype andHLA-DRB1 alleles as primary risk
associations in idiopathic membranous nephropathy,” Scien-
tific Reports, vol. 8, no. 1, article 15576, 2018.

[55] P. Sekula, Y. Li, H. C. Stanescu et al., “Genetic risk variants for
membranous nephropathy: extension of and association with
other chronic kidney disease aetiologies,”Nephrology, Dialysis,
Transplantation, vol. 32, no. 2, pp. 325–332, 2017.

[56] R. Ramachandran, V. Kumar, A. Kumar et al., “PLA2R anti-
bodies, glomerular PLA2R deposits and variations in
PLA2R1andHLA-DQA1 genes in primary membranous
nephropathy in South Asians,” Nephrology, Dialysis, Trans-
plantation, vol. 31, no. 9, pp. 1486–1493, 2016.

[57] J. Lv, W. Hou, X. Zhou et al., “Interaction between PLA2R1
and HLA-DQA1 variants associates with anti-PLA2R anti-
bodies and membranous nephropathy,” Journal of the Amer-
ican Society of Nephrology, vol. 24, no. 8, pp. 1323–1329,
2013.

[58] M. Saeed, M. L. Beggs, P. D. Walker, and C. P. Larsen,
“PLA2R-associated membranous glomerulopathy is modu-
lated by common variants in PLA2R1 and HLA-DQA1 genes,”
Genes and Immunity, vol. 15, no. 8, pp. 556–561, 2014.

[59] D. Kanigicherla, J. Gummadova, E. A. McKenzie et al., “Anti-
PLA2R antibodies measured by ELISA predict long-term out-
come in a prevalent population of patients with idiopathic
membranous nephropathy,” Kidney International, vol. 83,
no. 5, pp. 940–948, 2013.

[60] Z. Cui, L. J. Xie, F. J. Chen et al., “MHC class II risk alleles and
amino acid residues in idiopathic membranous nephropathy,”
Journal of the American Society of Nephrology, vol. 28, no. 5,
pp. 1651–1664, 2017.

[61] W. B. Le, J. S. Shi, T. Zhang et al., “HLA −DRB1 ∗ 15 : 01 and
HLA −DRB3 ∗ 02 : 02 in PLA2R-related membranous
nephropathy,” Journal of the American Society of Nephrology,
vol. 28, no. 5, pp. 1642–1650, 2017.

[62] K. J. Robson, J. D. Ooi, S. R. Holdsworth, J. Rossjohn, and A. R.
Kitching, “HLA and kidney disease: from associations to
mechanisms,” Nature Reviews. Nephrology, vol. 14, no. 10,
pp. 636–655, 2018.

[63] D. Vindrieux, A. Augert, C. A. Girard et al., “PLA2R1mediates
tumor suppression by activating JAK2,” Cancer Research,
vol. 73, no. 20, pp. 6334–6345, 2013.

[64] E. Hoxha, L. H. Beck Jr., T. Wiech et al., “An indirect immuno-
fluorescence method facilitates detection of thrombospondin
type 1 domain-containing 7A-specific antibodies in membra-
nous nephropathy,” Journal of the American Society of
Nephrology, vol. 28, no. 2, pp. 520–531, 2017.

[65] N. Hanset, S. Aydin, N. Demoulin et al., “Podocyte antigen
staining to identify distinct phenotypes and outcomes in mem-
branous nephropathy: a retrospective multicenter cohort
study,” American Journal of Kidney Diseases, vol. 76, no. 5,
pp. 624–635, 2020.

[66] E. Hoxha, T. Wiech, P. R. Stahl et al., “A mechanism for
cancer-associated membranous nephropathy,” The New
England Journal of Medicine, vol. 374, no. 20, pp. 1995-1996,
2016.

[67] F. Lin, D. Zhang, J. Chang et al., “THSD7A -associated
membranous nephropathy in a patient with neurofibromatosis
type 1,” European Journal of Medical Genetics, vol. 61, no. 2,
pp. 84–88, 2018.

[68] Z. Zhang, T. Gong, H. G. Rennke, and R. Hayashi, “Duodenal
schwannoma as a rare association with membranous nephrop-
athy: a case report,” American Journal of Kidney Diseases,
vol. 73, no. 2, pp. 278–280, 2019.

[69] P. R. Stahl, E. Hoxha, T. Wiech, C. Schröder, R. Simon, and
R. A. K. Stahl, “THSD7A expression in human cancer,” Genes,
Chromosomes & Cancer, vol. 56, no. 4, pp. 314–327, 2017.

[70] T. E. Danciu and M. Whitman, “Oxidative stress drives disul-
fide bond formation between basic helix-loop-helix transcrip-
tion factors,” Journal of Cellular Biochemistry, vol. 109, no. 2,
pp. 417–424, 2010.

[71] K. H. Kim, E. Kabir, and S. Kabir, “A review on the human
health impact of airborne particulate matter,” Environment
International, vol. 74, pp. 136–143, 2015.

[72] N. Li, C. Sioutas, A. Cho et al., “Ultrafine particulate pollut-
ants induce oxidative stress and mitochondrial damage,”
Environmental Health Perspectives, vol. 111, no. 4, pp. 455–
460, 2003.

[73] M. X. Xu, Y. T. Qin, C. X. Ge et al., “Activated iRhom2 drives
prolonged PM2.5 exposure-triggered renal injury in Nrf2-
defective mice,” Nanotoxicology, vol. 12, no. 9, pp. 1045–
1067, 2018.

[74] S. Chakravarthi, C. E. Jessop, and N. J. Bulleid, “The role of
glutathione in disulphide bond formation and endoplasmic-
reticulum-generated oxidative stress,” EMBO Reports, vol. 7,
no. 3, pp. 271–275, 2006.

[75] S. I. Grivennikov, F. R. Greten, and M. Karin, “Immunity,
inflammation, and cancer,” Cell, vol. 140, no. 6, pp. 883–899,
2010.

[76] H. F. Dvorak, “Tumors: wounds that do not heal. Similarities
between tumor stroma generation and wound healing,” The
New England Journal of Medicine, vol. 315, no. 26, pp. 1650–
1659, 1986.

[77] M. Valko, C. J. Rhodes, J. Moncol, M. Izakovic, and M. Mazur,
“Free radicals, metals and antioxidants in oxidative stress-
induced cancer,” Chemico-Biological Interactions, vol. 160,
no. 1, pp. 1–40, 2006.

[78] E. Shacter, E. J. Beecham, J. M. Covey, K. W. Kohn, and
M. Potter, “Activated neutrophils induce prolonged DNA
damage in neighboring cells,” Carcinogenesis, vol. 9, no. 12,
pp. 2297–2304, 1988.

[79] C. Tabolacci, C. Forni, R. N. Jadeja, and F. Facchiano, “Natural
compounds against cancer, inflammation, and oxidative

11Journal of Immunology Research



stress,” BioMed Research International, vol. 2019, Article ID
9495628, 2 pages, 2019.

[80] D. S. Chen and I. Mellman, “Oncology meets immunology: the
cancer-immunity cycle,” Immunity, vol. 39, no. 1, pp. 1–10,
2013.

[81] V. Pedchenko, O. Bondar, A. B. Fogo et al., “Molecular archi-
tecture of the Goodpasture autoantigen in anti-GBM nephri-
tis,” The New England Journal of Medicine, vol. 363, no. 4,
pp. 343–354, 2010.

[82] C. Lefaucheur, B. Stengel, D. Nochy et al., “Membranous
nephropathy and cancer: epidemiologic evidence and determi-
nants of high-risk cancer association,” Kidney International,
vol. 70, no. 8, pp. 1510–1517, 2006.

[83] Y. Kimura, N. Miura, H. Debiec et al., “Circulating antibodies
to α-enolase and phospholipase A2 receptor and composition
of glomerular deposits in Japanese patients with primary or
secondary membranous nephropathy,” Clinical and Experi-
mental Nephrology, vol. 21, no. 1, pp. 117–126, 2017.

[84] M. Prunotto, M. L. Carnevali, G. Candiano et al., “Autoimmu-
nity in membranous nephropathy targets aldose reductase and
SOD2,” Journal of the American Society of Nephrology, vol. 21,
no. 3, pp. 507–519, 2010.

[85] A. Pozdzik, I. Brochériou, C. David, F. Touzani, J. M. Goujon,
and K. M. Wissing, “Membranous nephropathy and anti-
podocytes antibodies: implications for the diagnostic workup
and disease management,” BioMed Research International,
vol. 2018, Article ID 6281054, 19 pages, 2018.

[86] A. Pozdzik, F. Touzani, I. Brochériou, and F. Corazza, “Molec-
ular classification of membranous nephropathy,” Current
Opinion in Nephrology and Hypertension, vol. 28, no. 4,
pp. 336–344, 2019.

[87] L. H. Beck Jr., “PLA2R and THSD7A: disparate paths to the
same disease?,” Journal of the American Society of Nephrology,
vol. 28, no. 9, pp. 2579–2589, 2017.

[88] J. Li, Z. Cui, J. Long et al., “Primary glomerular nephropathy
among hospitalized patients in a national database in China,”
Nephrology, Dialysis, Transplantation, vol. 33, no. 12,
pp. 2173–2181, 2018.

[89] A. M. Collins and K. J. Jackson, “A temporal model of human
IgE and IgG antibody function,” Frontiers in Immunology,
vol. 4, p. 235, 2013.

[90] C. C. Huang, A. Lehman, A. Albawardi et al., “IgG subclass
staining in renal biopsies with membranous glomerulonephri-
tis indicates subclass switch during disease progression,”Mod-
ern Pathology, vol. 26, no. 6, pp. 799–805, 2013.

[91] G. Vidarsson, G. Dekkers, and T. Rispens, “IgG subclasses and
allotypes: from structure to effector functions,” Frontiers in
Immunology, vol. 5, p. 520, 2014.

[92] P. Bruhns, “Properties of mouse and human IgG receptors and
their contribution to disease models,” Blood, vol. 119, no. 24,
pp. 5640–5649, 2012.

[93] R. C. Aalberse, S. O. Stapel, J. Schuurman, and T. Rispens,
“Immunoglobulin G4: an odd antibody,” Clinical and Experi-
mental Allergy, vol. 39, no. 4, pp. 469–477, 2009.

[94] X. D. Zhang, Z. Cui, and M. H. Zhao, “The genetic and envi-
ronmental factors of primary membranous nephropathy: an
overview from China,” Kidney Diseases (Basel), vol. 4, no. 2,
pp. 65–73, 2018.

[95] H. Debiec and P. Ronco, “Immune response against autoanti-
gen PLA2R is not gambling: implications for pathophysiology,

prognosis, and therapy,” Journal of the American Society of
Nephrology, vol. 27, no. 5, pp. 1275–1277, 2016.

[96] J. Zhang, D. Luo, Z. Lin et al., “Dysbiosis of gut microbiota in
adult idiopathic membranous nephropathy with nephrotic
syndrome,” Microbial Pathogenesis, vol. 147, article 104359,
2020.

[97] R. Dong, M. Bai, J. Zhao, D. Wang, X. Ning, and S. Sun, “A
comparative study of the gut microbiota associated with
immunoglobulin a nephropathy and membranous nephropa-
thy,” Frontiers in Cellular and Infection Microbiology, vol. 10,
article 557368, 2020.

[98] M. Fresquet, T. A. Jowitt, E. A. McKenzie et al., “PLA2R binds
to the annexin A2-S100A10 complex in human podocytes,”
Scientific Reports, vol. 7, no. 1, article 7028, p. 6876, 2017.

[99] A. Škoberne, A. Behnert, B. Teng et al., “Serum with phospho-
lipase A2 receptor autoantibodies interferes with podocyte
adhesion to collagen,” European Journal of Clinical Investiga-
tion, vol. 44, no. 8, pp. 753–765, 2014.

12 Journal of Immunology Research


	A Novel Insight into the Role of PLA2R and THSD7A in Membranous Nephropathy
	1. Introduction
	2. A Model Marker of iMN: PLA2R
	2.1. The M-Type PLA2R
	2.2. PLA2R Epitopes and Spreading

	3. The Secondary Marker of iMN: THSD7A
	3.1. Characteristics of THSD7A and Its Epitopes
	3.2. Pathogenicity of Anti-THSD7A Antibodies

	4. Extrarenal Autoantigen Exposure
	4.1. Discharge of PLA2R: The Consequence of PM2.5 in iMN
	4.2. Facilitating Antigen Presentation: Genetic Susceptibility in MN
	4.3. Overexpression of THSD7A: The Role of Tumor in iMN

	5. Antigen Conformational or Expression Changes
	5.1. Change in Conformation of Intrarenal Antigens
	5.2. Change in Expression of Podocyte Target Antigens and Other Potential Antigens

	6. Disparate Paths to the Same Disease
	Conflicts of Interest
	Acknowledgments

