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Anti-phospholipase A2 receptor autoantibody (PLA2R-Ab)
plays a critical role in the pathogenesis of primary membranous
nephropathy (PMN), an autoimmune kidney disease charac-
terized by immune deposits in the glomerular subepithelial
spaces and proteinuria. However, the mechanism of how
PLA2R-Abs interact with the conformational epitope(s) of
PLA2R has remained elusive. PLA2R is a single transmembrane
helix receptor containing ten extracellular domains that begin
with a CysR domain followed by a FnII and eight CTLD do-
mains. Here, we examined the interactions of PLA2R-Ab with
the full PLA2R protein, N-terminal domain truncations, and C-
terminal domain deletions under either denaturing or physio-
logical conditions. Our data demonstrate that the PLA2R-Abs
against the dominant epitope (the N-terminal CysR-CTLD1
triple domain) possess weak cross-reactivities to the C-termi-
nal domains beyond CTLD1. Moreover, both the CysR and
CTLD1 domains are required to form a conformational epitope
for PLA2R-Ab interaction, with FnII serving as a linker
domain. Upon close examination, we also observed that pa-
tients with newly diagnosed PMN carry two populations of
PLA2R-Abs in sera that react to the denatured CysR-CTLD3
(the PLA2R-Ab1) and denatured CysR-CTLD1 (the PLA2R-
Ab2) domain complexes on Western blots, respectively.
Furthermore, the PLA2R-Ab1 appeared at an earlier time point
than PLA2R-Ab2 in patients, whereas the increased levels of
PLA2R-Ab2 coincided with the worsening of proteinuria. In
summary, our data support that an integrated folding of the
three PLA2R N-terminal domains, CysR, FnII, and CTLD1, is a
prerequisite to forming the PLA2R conformational epitope and
that the dominant epitope-reactive PLA2R-Ab2 plays a critical
role in PMN clinical progression.

Primary membranous nephropathy (PMN) is a kidney-
specific autoimmune glomerular disease (1–4). The domi-
nant antigen, phospholipase A2 receptor (PLA2R), accounts
for �80% of clinical cases (5). The circulating anti-PLA2R
autoantibodies (PLA2R-Ab) bind to PLA2R expressed on the
basal surface of the glomerular epithelial cells, where they form
in situ immune complexes. The shedding and deposition of the
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immune complexes in glomerular subepithelial spaces impair
glomerular filtration function causing massive leakage of
plasma proteins in urine.

Phospholipase A2 receptor is a type-I transmembrane re-
ceptor that belongs to the mannose receptor family consisting
of five members: the mannose receptor, Endo180, DEC205,
PLA2R, and the avian FcRY receptor (6). All family members
share a common structural feature: a large extracellular region
that begins with a cysteine-rich domain (CysR), followed by a
fibronectin type II domain (FnII), and 8 to 10 C-type lectin-like
domains (CTLDs); a single transmembrane helix and a short
cytoplasmic tail. The 3D reconstructed EM structure of the
mannose receptor (7), Endo180 (8), DEC205 (9), and FcRY
(10) are available, which show that all have a folded confor-
mation at the acidic pH and an extended conformation at the
basic pH. In addition, a transmission-EM (11) and a cryo-EM
(12) of the PLA2R extracellular region at a low resolution have
also been reported. Although the 3D reconstructed structures
from the two studies differ, both support that the extracellular
region of PLA2R is compactedly folded, with some domains
more accessible to antibody interaction than others at physi-
ological conditions.

Anti-phospholipase A2 receptor autoantibody was identified
using human glomerular extract (5). It reacts to the denatured
and nonreduced PLA2R on Western blot, indicating that the
reactive epitope is conformational (5). Previous studies deter-
mined that the dominant conformational epitope is at the
N-terminal end of PLA2R encompassing the CysR-CTLD1
region (13). It was also reported that four single-domain epi-
topes (CysR, CTLD1, CTLD7, and CTLD8) exist in the large
PLA2R extracellular region (11, 14, 15), and that epitope
spreading occurs among these epitopes associated with disease
progression (14, 16) (Fig. 1). However, the latter finding was
contradicted by an intense analysis of 150 biopsy-proven PMN
patients, which showed that the reported epitope spreading
had no apparent clinical association (15).

Patients who are seropositive for PLA2R-Abs are reported
to have a more severe disease course than seronegative pa-
tients (17, 18), yet �30% of seropositive patients may enter
spontaneous remission with conservative management (no
immunosuppression) (19, 20). In general, the levels of
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Figure 1. Topological location of the proposed conformational epi-
topes in PLA2R. Phospholipase A2 receptor consists of a large extracellular
region that begins with a CysR domain (Hexagonal), followed by a FnII
domain (square) and eight CTLD domains (oval), a single transmembrane
helix (TM), and a short cytoplasmic tail. The dominant epitope resides at the
extreme N-terminus encompassing the CysR, FnII, and CTLD1 domains. The
four proposed single-domain epitopes reside in the CysR, CTLD1, CTLD7,
and CTLD8 domains, respectively. CTLD, C-type lectin-like domain; CysR,
cysteine-rich domain; FnII, fibronectin type II domain; PLA2R, phospholipase
A2 receptor.

Phospholipase A2 receptor conformational epitopes in PMN
circulating PLA2R-Abs correlate positively with the degree of
proteinuria and negatively with the treatment outcome (21–
25). However, there is some reported discordance in these
findings such that some patients with a high level of circulating
PLA2R-Ab had no/or mild proteinuria, whereas some patients
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with a lower level of PLA2R-Ab had severe proteinuria, and
some patients with high levels of baseline PLA2R-Ab at
diagnosis entered spontaneous remission (25–30). The
mechanism that underlies these conflicting clinical observa-
tions has remained unclear.

In this study, we performed an in-depth analysis of the in-
teractions between PLA2R-Abs and the PLA2R epitopes under
denaturing and physiological conditions. Our data support
that the anti-PLA2R dominant epitope antibody plays a critical
role in PMN clinical progression.

Results

Surface expression of PLA2R N-terminal domain truncations in
HEK 293 cells

The PLA2R N-terminal domain truncations were used as
antigens to identify the domain-specific PLA2R-Abs in pa-
tients (14). However, truncations at the N-terminal region of a
transmembrane protein pose a high risk of triggering protein
misfolding and intracellular retention and subsequently pre-
venting its cell surface expression (31, 32). To determine if the
N-terminal domain truncations affect PLA2R cell surface
processing, we selectively truncated the CysR or the CysR-
CTLD1 triple domain from an enhanced green fluorescent
protein (EGFP)-fused PLA2R (Fig. 2A). The amino acid
sequence of the truncated domains precisely followed the
previous report (14). The constructs were transiently
expressed in HEK 293 cells and fixed with 4% para-
formaldehyde for fluorescence microscopy. The results
showed that the full-length PLA2R formed a clear line along
the cell edge, indicating its cell surface expression. In contrast,
the two N-terminal domain truncations were concentrated in
regions around the nucleus with no detectable distribution
along the cell edge, indicating their intracellular retention
(Fig. 2B). We then assessed the glycosylation status of the
N-terminal domain truncations. Figure 2C shows, although
both N-terminal domain truncations migrated similarly on
SDS-PAGE under nonreducing and reduced conditions, pep-
tide N-glycosidase F treatment caused a much more significant
shift of the CysR-CTLD1 truncation compared to that of the
CysR truncation, indicating that it has additional glycosylation
consensus sites being modified.

Reactivity of PLA2R-Ab positive serum to PLA2R N-terminal
domain truncations

The above study demonstrated that the PLA2R N-terminal
domain truncations are intracellularly retained. To assess if
these constructs react to patient serum as reported (14, 15), we
serially diluted seven patient sera with high levels of PLA2R-
Ab (13) and then individually applied each on Western blot
(nonreducing conditions were used for all serum studies
otherwise indicated). Figure 3 shows that both PLA2R full-
length and the two N-terminal domain truncations reacted
to a representative serum (used throughout the study other-
wise indicated) at 1:100 dilutions, indicating that the serum
contains autoantibodies against the PLA2R C-terminal



Figure 2. Surface expression and deglycosylation study of PLA2R N-terminal domain truncations. A, schematic illustration of the EGFP-fused PLA2R
constructs. B, HEK 293 cells expressing PLA2R full-length, CysR, or CysR-CTLD1 domain truncations were plated at a low density on polylysine coated
coverslips, fixed with 4% paraformaldehyde (pH 7.4) and imaged under a fluorescence microscope. The scale bar indicates 10 μm. C, cell lysates from
transfected HEK 293 cells were treated with PNGase-F following the manufacturer’s instruction. Protein samples were resolved by 7.5% SDS-PAGE,
transferred to a nitrocellulose membrane, and probed with a rabbit anti-human PLA2R polyclonal antibody. Each experiment was performed 3 to 5
times. -, without β-ME or PNGase-F; +, with β-ME or PNGase-F; β-ME, β-Mercaptoethanol; Anti-PLA2R-Ab, rabbit anti-human PLA2R polyclonal antibody;
CTLD, C-type lectin-like domain; CysR, cysteine-rich domain; CysR-CTLD1-T, CysR-CTLD1 triple domain truncation; CysR-T, CysR domain truncation; EGFP,
enhanced green fluorescent protein; PLA2R, phospholipase A2 receptor; PLA2R-F, PLA2R full-length; PNGase-F, peptide N-glycosidase F.

Phospholipase A2 receptor conformational epitopes in PMN
domains beyond the CysR and CTLD1 domain. However, on
further serum dilution, we observed that the reactivity of
PLA2R full-length dropped steadily but remained to be
detectable at 1:5000, whereas the reactivity of the two
N-terminal domain truncations dropped sharply at 1:1000 and
became barely detectable at 1:3000. This observation directly
contrasts with the PLA2R dominant-epitope (CysR-CTLD1),
which showed similar reactivities as PLA2R full-length to
J. Biol. Chem. (2022) 298(3) 101605 3
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Figure 3. Representative data of PLA2R-Ab reactivity to the PLA2R N-terminal domain truncations on Western blot. Protein samples prepared from
the transfected HEK 293 cells were resolved by 4 to 20% SDS-PAGE under nonreducing conditions, transferred to a nitrocellulose membrane, and probed
with the Anti-PLA2R-Ab or the PLA2R-Ab positive serum at various dilutions. The serum probed blots were lined up and exposed simultaneously to a film
with an equal exposure time for the best comparison of band intensities. The experiment was performed three times. 1D4-Ab, mouse anti-1D4 monoclonal
antibody; Anti-PLA2R-Ab, rabbit anti-human PLA2R polyclonal antibody; CTLD, C-type lectin-like domain; CysR, cysteine-rich domain; CysR-CTLD1-T, CysR-
CTLD1 triple domain truncation; CysR-T, CysR domain truncation; PLA2R, phospholipase A2 receptor; PLA2R-F, PLA2R full length.

Phospholipase A2 receptor conformational epitopes in PMN
PLA2R-Ab at 1:10,000 serum dilutions (13). Of note, all the
seven serum samples had the same reactive pattern to the
N-terminal domain truncations on Western blot (data not
shown), consistent with the previous reports (14, 15). This data
indicates that the PLA2R N-terminal domain truncations react
to PLA2R-Ab differently from the PLA2R full-length or the
dominant-epitope, requiring a much higher serum
concentration.

We next performed an epitope competition study using the
affinity-purified His-tagged PLA2R domain fragments.
Figure 4A shows that all the three PLA2R domain fragments
were in high purity with minimal contamination. The patient
serum was then mixed with either CysR-CTLD8 (PLA2R full-
domain) or CysR-CTLD1 domain fragment and incubated for
2 h at room temperature, and subsequently, the mixture was
applied on Western blot at 1:100 dilutions. The result shows
that bovine serum albumin (negative control) did not affect
serum reactivity to the PLA2R full-length and the two N-ter-
minal domain truncations, whereas the PLA2R full-domain
completely blocked the serum reactivity to each of the three
constructs (Fig. 4B). Surprisingly, the PLA2R dominant-
epitope, which only contains three N-terminal domains,
CysR-FnII-CTLD1, also fully blocked the serum reactivity to
all three constructs (Fig. 4B). This data demonstrates that the
intracellularly retained PLA2R N-terminal truncations react to
PLA2R-Abs; however, the reactive PLA2R-Abs are not specific
4 J. Biol. Chem. (2022) 298(3) 101605
to the remaining PLA2R C-terminal domains. Instead, they
react to the N-terminal dominant-epitope.
Reactivity of PLA2R-Ab positive serum to PLA2R domain
fragments under physiological conditions

Our previous study showed that the denatured and non-
reduced CysR domain does not react to PLA2R-Ab (13).
Studies using different experimental approaches suggested
that the CysR domain reacts to PLA2R-Ab only under non-
denaturing conditions (11). To investigate these experimental
discrepancies, we compared the reactivity of CysR, CysR-FnII,
and CysR-CTLD1 domain fragments to PLA2R-Ab under
physiological conditions (Fig. 5A). An equal amount of 1D4-
tagged (TETSQVAPA from Rhodopsin) PLA2R domain frag-
ments were individually mixed with the patient serum or a
mouse anti-1D4 monoclonal antibody (1D4-Ab) in tris-
buffered saline (TBS) buffer (pH 7.4). After 2-h incubation at
room temperature, the immune complexes were immuno-
precipitated by the protein G-sepharose resin. Results showed
that the 1D4-Ab immunoprecipitated all the three PLA2R
domain fragments at a similar level (Fig. 5B, left panel).
However, the patient serum only strongly immunoprecipitated
the CysR-CTLD1 fragment (Fig. 5B, middle panel), and
detection of the immunoprecipitated CysR and CysR-FnII
fragments required extended film exposure (Fig. 5B, right
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Figure 4. Epitope competition study. A, the Ni-NTA affinity-purified His-tagged CysR-CTLD1, CysR-CTLD3, and CysR-CTLD8 domain fragments were heated
for 5 min at 100 degrees in SDS-sample buffer (no β-ME) and resolved by 4 to 20% SDS-PAGE. The gel was stained with Coomassie blue overnight. B, the
PLA2R-Ab positive sera (20 μl each) were individually mixed with 30 μg BSA, 30 μg CysR-CTLD8, or 30 μg CysR-CTLD1 fragments in 100 μl TBS (pH 7.4) and
incubated on a rotating shaker for 2 h at room temperature. The mixture was then applied on the membrane blocked in 2 ml TBSTM buffer and incubated
for 2 h at room temperature. The level of each protein sample on the blot was verified by the Anti-PLA2R-Ab. Each experiment was performed at least three
times. -, no blocking reagents; Anti-PLA2R-Ab, rabbit anti-human PLA2R polyclonal antibody; BSA, bovine serum albumin; CTLD, C-type lectin-like domain;
CysR, cysteine-rich domain; CysR-CTLD1-T, CysR-CTLD1 triple domain truncation; CysR-T, CysR domain truncation; PLA2R, phospholipase A2 receptor;
PLA2R-F, PLA2R full-length.

Phospholipase A2 receptor conformational epitopes in PMN
panel). We then tested PLA2R-Ab immunoprecipitation of the
CTLD1 domain using a protease-released FnII-CTLD1
domain fragment from the CysR-CTLD1-Th construct (a 1D4-
tagged CysR-CTLD1 fragment containing a thrombin cleavage
site between CysR and FnII domain) (13). Figure 5, C and D
show that compared to 1D4-Ab mediated immunoprecipita-
tion, the serum immunoprecipitated almost 100% of the CysR-
CTLD1 fragment but less than 3% of the CysR or the FnII-
CTLD1 fragment. This data suggests that an integrated
folding of the CysR, FnII, and CTLD1 domain is required to
form a conformational epitope for strong PLA2R-Ab
interaction.

Differential reactivity of PLA2R-Abs to PLA2R full-length and
PLA2R dominant-epitope

On analysis of the reactivity of 48 PLA2R-Ab positive sera to
the PLA2R dominant-epitope, we observed unexpectedly that
six sera reacted significantly weaker to the PLA2R dominant-
epitope than to the PLA2R full-length (Table S1). To
examine this phenomenon, we diluted all the six sera at 1:100,
1000, and 5000, respectively, and then applied each on
Western blot. The data shows, compared to the control serum,
the six sera reacted strongly to the PLA2R full-length but
weakly to the dominant-epitope at all three dilutions (Fig. 6, A
and B), suggesting that these patients possess different
populations of circulating PLA2R-Abs: a large population (the
PLA2R-Ab1) that reacts to a region (or conformation) in the
denatured PLA2R other than the dominant-epitope and a
small population (the PLA2R-Ab2) that reacts to the denatured
dominant-epitope (CysR-CTLD1 domain complex).
Identification of additional autoantibody reactive region in
PLA2R

We next identified this additional antibody reactive region
using the PLA2R C-terminal domain deletions reported pre-
viously (13). Briefly, the 1D4-tagged PLA2R extracellular
domain fragments ranging from the CysR, CysR-FnII, and up
to CysR-CTLD8 were resolved on SDS-PAGE, transferred to a
nitrocellulose membrane, and probed with one of the PLA2R-
Ab1 dominant sera (patient sample 1, used throughout the
following study otherwise indicated) at 1:5000 dilutions.
Figure 7, A and B show a weak reaction to the CysR-CTLD1
and CysR-CTLD2 fragments, whereas a strong reaction to
the CysR-CTLD3 fragment and above, suggesting that PLA2R-
Ab1 reacts to a larger denatured PLA2R fragment ranging from
the CysR to CTLD3 domain. Treatment of the CysR-CTLD3
fragment with β-mercaptoethanol completely abolished the
PLA2R-Ab1 reactivity (Fig. 7C), indicating that this epitope is
conformational. A similar reactive pattern was detected in all
the five remaining sera (Fig. S1), indicating the commonality of
this epitope among PMN patients.

To characterize how PLA2R-Ab1 interacts with the CysR-
CTLD3 fragment, we attempted to isolate the PLA2R-Ab1 by
absorbing PLA2R-Ab2 out of the serum using a column coated
with the purified CysR-CTLD1 fragment. Figure 8A shows, the
serum without absorption reacted strongly to the CysR-
CTLD3 yet weakly to the CysR-CTLD1 fragment, whereas
the absorbed serum completely lost its reactivity to either of
the fragments, suggesting that both PLA2R-Ab1 and PLA2R-
Ab2 react to the native CysR-CTLD1 fragment leading to their
depletion from the serum. We next individually incubated the
J. Biol. Chem. (2022) 298(3) 101605 5
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Figure 5. Characterization of PLA2R-Ab interaction with PLA2R domain fragments under physiological conditions. A, schematic illustration of the
1D4-tagged PLA2R extracellular domain fragments. B, phospholipase A2 receptor N-terminal 1D4-tagged domain fragments, CysR, CysR-FnII, and CysR-
CTLD1 were individually mixed with either the 1D4-Ab or the PLA2R-Ab positive serum in 500 μl TBS (pH 7.4) and incubated for 2 h at room tempera-
ture followed with protein G-sepharose resin immunoprecipitation. The immunoprecipitated proteins were eluted with SDS-sample buffer containing β-ME.
The protein samples were resolved by 4 to 20% SDS-PAGE, transferred to nitrocellulose membrane, and probed by the 1D4-Ab. The film was exposed for
0.5 min and 5 min to detect the immunoprecipitated protein fragments. The experiment was performed three times. C, the 1D4-tagged CysR-CTLD1, CysR,
and FnII-CTLD1 domain fragments (released from CysR-CTLD1-Th by thrombin digestion) were individually immunoprecipitated with the patient serum or
1D4-Ab in TBS buffer (pH 7.4) and further processed as described above. D, the blots were scanned and quantified using densitometry. The error bars
represent mean ± S.D. (n = 5). 1D4-Ab-IP, immunoprecipitation with the anti-1D4 antibody; CTLD, C-type lectin-like domain; CysR, cysteine-rich domain; FnII,
fibronectin type II domain; PLA2R, phospholipase A2 receptor; PLA2R-Ab-IP, immunoprecipitation with patient serum.

Phospholipase A2 receptor conformational epitopes in PMN
serum with the purified CysR-CTLD3 or CysR-CTLD1
fragment (Fig. 4A) and then applied the mixture on Western
blot. As shown in Figure 8B, like the CysR-CTLD3 fragment,
the CysR-CTLD1 fragment completely blocked the serum
reactivity to the CysR-CTLD3 fragment and the PLA2R full-
domain, confirming that PLA2R-Ab1 reacts to the native
CysR-CTLD1 fragment.

To test if the CTLD2-3 domain harbors potential interactive
sites for PLA2R-Ab1, we introduced a protease (thrombin) site
into the linker region between CTLD1 and CTLD2 in the 1D4-
tagged CysR-CTLD3 fragment (CysR-CTLD3-Th) (Fig. 9A).
Before the study, we confirmed that the thrombin used had no
nonspecific proteolytic effects on PLA2R domain fragments
(Fig. S2). Figure 9B shows, the CysR-CTLD3-Th had a similar
6 J. Biol. Chem. (2022) 298(3) 101605
reactivity to the patient serum as the CysR-CTLD3 fragment
had on the Western-blot (1:5000 dilutions). However, upon
protease cleavage, the fragmented CysR-CTLD3-Th lost its
reactivity to the serum, suggesting that neither the remaining
CysR-CTLD1 fragment (a weak reaction was detected because
of residual PLA2R-Ab2) nor the released CTLD2-3 domain
(denatured form) could react to PLA2R-Ab1. To test if the
native CTLD2-3 domain reacts to PLA2R-Ab1, we mixed the
thrombin-treated CysR-CTLD3-Th with the serum in TBS
buffer (pH 7.4) and subsequently immunoprecipitated with
protein G-sepharose resin. As shown in Figure 9C, both 1D4-
tagged CysR-CTLD3 and CysR-CTLD1 fragments were
immunoprecipitated, but not the thrombin released 1D4-
tagged CTLD2-3 domain, suggesting that the CTLD2-3
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Phospholipase A2 receptor conformational epitopes in PMN
domain either has a very low reactivity or does not directly
interact with PLA2R-Ab1. This data, however, does not rule
out that an epitope might be present in the linker region be-
tween the CTLD1 and CTLD2 domain which was disrupted by
thrombin cleavage.
Clinical relevance of different PLA2R-Ab populations

To assess the potential clinical relevance of the two antibody
populations, we compared the disease course of the six pa-
tients dominated with PLA2R-Ab1 to the patients possessing
high levels of PLA2R-Ab2. These six patients were enrolled in a
clinical trial (Table 1; Patient 1–6) with PLA2R-Ab associated
PMN and were under conservative treatment, and the sera
were collected right before the initiation of immunosuppres-
sive therapy with a combined regimen of Rituximab plus
Cyclosporine (33). Interestingly, these patients had a rapid
response to immunosuppression with all achieving complete
antibody depletion by 3 months, five achieved partial remission
of proteinuria by 3 months, and all achieved partial or com-
plete remission by 6 months (Table 1; complete remission was
defined as proteinuria ≤0.3 g per 24 h, partial remission as
proteinuria ≤3.5 g per 24 h, and a >50% reduction from
baseline proteinuria). In contrast, three patients enrolled in the
same trial (Patient 11, 17, and 26) who had a high level of
PLA2R-Ab2 had a delayed treatment response with a slower
reduction in proteinuria that required at least 6 months to
achieve partial remission and antibody depletion. For the rest
of the patients with high levels of PLA2R-Ab2, seven had
recurrent membranous nephropathy following kidney trans-
plant, and 32 had PMN for a longer duration (4�7 years) and/
or had previous exposure to immunosuppression and/or had a
relapsing/remitting course (Table S1). This analysis indicates
that PLA2R-Ab1 is dominant at the early diagnosis, whereas
PLA2R-Ab2 increases significantly at the late stage of PMN,
and that patients dominated with PLA2R-Ab1 are likely to
have a better response to immunosuppression with rapid
remission of proteinuria.
Role of different PLA2R-Ab populations in PMN clinical
progression

To determine the potential interrelationships between
PLA2R-Ab1 and Ab2 in PMN, we obtained three PLA2R-Ab
positive sera from newly diagnosed patients. The urinary
protein excretion in these patients was low initially
(�3.4 g/24 h) but increased substantially (�11 g/24 h) during
the 6 months of conservative management. Western blot
J. Biol. Chem. (2022) 298(3) 101605 7
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Figure 7. Identification of additional autoantibody reactive region in PLA2R. A, the 1D4-tagged PLA2R extracellular domain fragments were resolved
by 4 to 20% SDS-PAGE, transferred to a nitrocellulose membrane, and probed with the PLA2R-Ab1 dominant serum (from patient 1) at 1:5000 dilutions in
TBSTM. B, the membrane was stripped and reprobed with the 1D4-Ab. C, in separate experiments, the 1D4-tagged CysR-CTLD3 fragment was resolved
under nonreducing and reduced conditions and probed by the patient serum or 1D4-Ab. Each experiment was performed 3 to 5 times. 1D4-Ab, mouse anti-
1D4 monoclonal antibody; PLA2R, phospholipase A2 receptor.

Phospholipase A2 receptor conformational epitopes in PMN
analyses showed that, as proteinuria worsens, the composition
of PLA2R-Ab in patient sera changed significantly, with
PLA2R-Ab1 dominant early at diagnosis whereas PLA2R-Ab2
significantly increased 6 months post conservative manage-
ment (Fig. 10, A and B). This observation suggests that
PLA2R-Ab1 is likely to be developed before PLA2R-Ab2 in
patients, and an increased level of PLA2R-Ab2 is associated
with PMN clinical progression.

Spontaneous remission occurs in �30% of PMN patients.
After screening sera collected from 14 PMN patients who had
spontaneous remission, we detected three patients having
PLA2R-Ab associated PMN, and subsequently, their sera were
subjected to the PLA2R epitope analysis. Figure 10C shows
that all three sera reacted to the PLA2R full-domain and CysR-
CTLD3 fragment, but minimally to the CysR-CTLD1 frag-
ment, indicating the dominance of PLA2R-Ab1 in these serum
samples. Of note, these three patients had very low levels of
serum PLA2R-Ab, which required a high serum concentration
8 J. Biol. Chem. (2022) 298(3) 101605
(at 1:1000 dilutions) for Western blot assay, and a prolonged
film exposure to detect the bound PLA2R-Abs.
Discussion

In this study, we analyzed the interactions between PLA2R-
Ab and PLA2R conformational epitopes under denaturing and
physiological conditions. Moreover, we detected two pop-
ulations of PLA2R-Abs in patients, with one that reacts to the
denatured CysR-CTLD3 domain complex (the PLA2R-Ab1)
dominant at early diagnosis and the other that reacts to the
denatured CysR-CTLD1 (the PLA2R-Ab2) increasing signifi-
cantly as the disease progresses. Our data support that an in-
tegrated folding of the CysR, FnII, and CTLD1 domains is a
prerequisite to forming a conformational epitope for strong
PLA2R interaction, and that PLA2R-Ab2, the anti-PLA2R
dominant-epitope autoantibody, plays a critical role in PMN
clinical progression.
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Figure 8. Antibody absorption and epitope competition study of the
PLA2R-Ab1 dominant serum. A, PLA2R-Ab1 dominant serum (from patient
1) was absorbed through gravity columns either with or without precoated
CysR-CTLD1 fragments. The flow-throughs were collected and concentrated
using Amicon spin columns. The unabsorbed (left) and the postabsorbed
(middle) sera were applied on Western blot at 1:1000 dilutions. The level of
each protein fragment was verified by the 1D4-Ab (right). B, the PLA2R-Ab1
dominant serum (20 μl) preincubated with 30 μg BSA (left-1), 30 μg His-
tagged CysR-CTLD3 (left-2), or 30 μg CysR-CTLD1 (left-3) fragment were
applied on Western blot at 1:5000 dilutions. The level of each protein
fragment on the blot was verified by the 1D4-Ab (right). Each experiment
was performed at least three times. 1D4-Ab, mouse anti-1D4 monoclonal
antibody; BSA, bovine serum albumin; CTLD, C-type lectin-like domain;
CysR, cysteine-rich domain; PLA2R, phospholipase A2 receptor.

Phospholipase A2 receptor conformational epitopes in PMN
We previously located the PLA2R dominant conformational
epitope at the CysR-CTLD1 region using sequential C-termi-
nal domain deletions on Western blot (13). Although N-ter-
minal domain truncations have led to the detection of four
single-domain epitopes in PLA2R (14, 15), the present study
demonstrated that both CysR and CysR-CTLD1 domain
truncations are intracellularly retained, and their reaction to
PLA2R-Ab requires a high serum concentration. Moreover,
the reactive autoantibodies are not specific to the PLA2R C-
terminal domains beyond CTLD1 but rather to the CysR-
CTLD1 region. Likely, the N-terminal domain truncations
are partially folded in a conformation that weakly interacts
with PLA2R-Ab, which explains why the phenomenon of
“epitope spreading” is directly proportionate to the level of
PLA2R-Ab in patient sera (15, 34). We propose that the
detected antibody reactivity against the PLA2R C-terminal
domains beyond CTLD1 is because of the cross-reactivity of
PLA2R-Abs against the dominant-epitope, the CysR-CTLD1
region. Indeed, protein sequence alignment indicates that
PLA2R CTLD1 shares significant sequence similarity with
other CTLD domains except for CTLD3 (Tables 2 and S2;
Fig. S3), and further, the recent crystal structure of PLA2R
CTLD7 domain showed a typical CTLD fold with high
sequence similarity to the CTLD1 domain (35).

The PLA2R extracellular region adopts a compact dual-
ring-shaped conformation, as shown in the cryo-EM struc-
ture (12). The CysR and CTLD1 domain are part of the smaller
ring and stay on the top of the molecule, indicating their open
access to antibody interaction; whereas the CTLD7 and
CTLD8 domains hide beneath the double-ring-shaped head
adjacent to the lipid bilayer, indicating their restricted antibody
access due to local steric hindrance. We predict that PLA2R-
Ab is unlikely able to react to the CTLD7 or CTLD8 domain
on the living cell surface, producing any meaningful patho-
logical effect, as suggested by the recent patient study (15).

Our data demonstrate that neither the CysR nor the CTLD1
domain alone could serve as a single-domain epitope.
Although a weak reactivity of PLA2R-Ab to the CysR or
CTLD1 single domain is detectable under physiological con-
ditions, such reactivity is negligible compared to that of the
CysR-CTLD1 domain complex, as shown in the immunopre-
cipitation study. This data complements our previous study
and supports that all the three N-terminal domains are
required to form a conformational epitope for PLA2R-Ab
interaction (13). Technically, we transfer protein samples
from SDS-PAGE gels to nitrocellulose membranes using the
Bio-Rad tank blotting system, which had no loss of CysR
domain fragments binding to the membranes. However, we
did observe a poor binding of CysR domain fragments to
membranes when semi-dry conditions were used. Therefore,
we feel it unlikely that the CysR domain is not hydrophobic
enough for its transfer to polyvinylidene difluoride membranes
but rather due to the Western blot conditions used in the
previous study (14).

The interaction between a conformational epitope and the
corresponding antibody has been extensively analyzed and is
well understood in the organ transplant research field (36, 37).
The donor-specific antibodies recognize and bind to the
conformational epitopes on the surface of human leukocyte
antigen (HLA) class-I or class-II molecules that cover an area
of �15 Å radius (36). The conformational epitopes of HLA
class-I are formed by two adjacent alpha 1 and alpha 2 do-
mains of the heavy chain, whereas the conformational epitopes
of HLA class-II are formed either by the alpha or beta chain
alone or both. Therefore, by inference, it is conceivable that a
tightly folded CysR-FnII-CTLD1 domain complex forms the
PLA2R conformational epitope.

Patients with PLA2R-associated PMN have unpredictable
disease courses, with some being more responsive to immu-
nosuppressive treatment than others. Our study indicates that
a population of PLA2R-Ab1 reacting to a large denatured
CysR-CTLD3 fragment exists in patients at early diagnosis.
J. Biol. Chem. (2022) 298(3) 101605 9
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Figure 9. Reactivity of PLA2R-Ab1 to CTLD2-3 fragment. A, schematic illustration of the introduced thrombin cleavage site in CysR-CTLD3 fragment
(CysR-CTLD3-Th-1D4). B, the CysR-CTLD3-Th-1D4 fragment without or with thrombin treatment was resolved on 4 to 20% SDS-PAGE and probed by the
PLA2R-Ab1 dominant serum (left panel, 1:5000) or 1D4-Ab (right panel). The CysR-CTLD3-1D4 fragment was included as a control. C, the 1D4-tagged CysR-
CTLD3, CysR-CTLD1, and the thrombin-treated CysR-CTLD3-Th-1D4 were individually mixed with the PLA2R-Ab1 dominant serum (in TBS buffer, pH 7.4) and
incubated for 2 h at room temperature followed with protein G-sepharose resin immunoprecipitation. The protein samples were resolved by 4 to 20% SDS-
PAGE and probed with the 1D4-Ab. Each experiment was performed 3 to 5 times. Asterisks indicate thrombin-treated protein samples. 1D4-Ab, mouse anti-
1D4 monoclonal antibody; CTLD, C-type lectin-like domain; CysR, cysteine-rich domain; PLA2R, phospholipase A2 receptor.

Phospholipase A2 receptor conformational epitopes in PMN
Surprisingly, PLA2R-Ab1 reacts to the native CysR-CTLD1
domain complex under physiological conditions, suggesting
that the CysR-CTLD1 region contributes significantly to
forming this conformational epitope. We predict that PLA2R-
Ab1 may have a different binding affinity to the nondenaturing
CysR-CTLD1 and the denatured CysR-CTLD3 domain com-
plex. The detailed mechanism that underlies this phenomenon
requires further investigation.

Our study supports that PLA2R-Ab2 is the final mature
form of the pathogenic autoantibody. We observed that an
increase of PLA2R-Ab2 in patients initially dominated with
PLA2R-Ab1 is closely associated with the worsening of pro-
teinuria, and that PLA2R-Ab2 was at high levels in all patients
who had PMN for years with repeated relapses, and patients
who had recurrent PLA2R-Ab associated membranous ne-
phropathy after kidney transplantation. It is known that during
clonal selection, only the B cell clones producing high-affinity
antibodies will be retained for antibody production, whereas
the clones producing low-affinity antibodies will be annihilated
(38). We predict that antibody affinity maturation plays a
critical role in PMN clinical progression. Our data do not rule
out the possibility that there exist PLA2R-Abs recognizing
various domains of PLA2R generated during the course of
PMN, given the fact that every domain of PLA2R could be
10 J. Biol. Chem. (2022) 298(3) 101605
processed and presented by the antigen-presenting cells in
patients. However, these antibodies are likely to have a low
affinity for PLA2R (15), and they may not be pathogenic if their
corresponding epitopes are buried in the folded PLA2R pro-
tein complex. These antibodies potentially contribute to the
research observation that PLA2R-Abs are detectable in pa-
tients months to years before their documented clinical
manifestation (39), and the clinical observation that certain
patients possess high levels of circulating PLA2R-Abs yet have
low/no proteinuria (26, 27).

Our findings of the two antibody populations may provide
important new clues to help identify the group of patients who
would benefit from immediate immunosuppressant interven-
tion. Our data showed that PLA2R-Ab2 is closely associated
with disease progression and that when patients were domi-
nated with PLA2R-Ab1, they responded promptly to the
immunosuppressive therapy with a sharp decrease in pro-
teinuria in �3 months; whereas patients who had a high level
of PLA2R-Ab2 experienced a significantly delayed
(>6 months) treatment response. Considering the severe po-
tential side effects of immunosuppressive therapy, PMN pa-
tients could benefit from assessing the levels of PLA2R-Ab1
and Ab2 at the time of initial diagnosis and during follow-up
along with clinical parameters (proteinuria, renal function) to
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Phospholipase A2 receptor conformational epitopes in PMN
determine the best time for the initiation of immunosup-
pressive therapy.

Experimental procedures

Patient sera

Deidentified patient sera were collected at the Clinical
Research Center, National Institute of Diabetes and Digestive
and Kidney Diseases/Kidney Disease Section according to the
Institutional Review Board and abided by the Declaration of
Helsinki principles.

Molecular cloning

A full-length human PLA2R either fused with an EGFP or a
1D4 tag (TETSQVAPA from Rhodopsin) at the C-terminus
was constructed using PCR cloning. Based on the PLA2R-
EGFP and PLA2R-1D4 clones, a CysR domain (amino acid
Q36-D165) and a CysR-FnII-CTLD1 triple domain (amino
acid Q36-Y357) truncation were generated following the pre-
vious report (14). The 1D4-tagged PLA2R C-terminal domain
deletions were constructed following reference 13 (except the
CysR-CTLD8 fragment ends at amino acid A1386). A
thrombin cleavage site (LVPRGS) was introduced into the
1D4-tagged CysR-CTLD1 fragment at the amino acid position
of L166HTIKG171 between the CysR and FnII domain and the
1D4-tagged CysR-CTLD3 fragment at the amino acid position
of I365VEKDA370 between the CTLD1 and CTLD2 domain
using QuikChange II site-directed mutagenesis kit (Agilent). In
separate experiments, a Histidine tag (six histidines) was
individually introduced to the C-terminal end of the CysR-
CTLD1, CysR-CTLD3, and CysR-CTLD8 followed with a
stop codon. The complete sequence of each construct was
verified by DNA sequencing.

Fluorescence microscopy

HEK 293 cells transfected with the EGFP-fused PLA2R
constructs were cultured in DMEM media containing 10%
fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 μg/ml) (all reagents were from ThermoFisher Scientific)
at 37 �C in 5% CO2. Eighteen hours posttransfection, the cells
were harvested using trypsin and replated at a low density on
the polylysine (MilliporeSigma) coated coverslips in 60-mm
tissue culture dishes. Twenty hours later, the cells were
washed twice with ice-cold PBS (140 mM NaCl, 3 mM KCl,
6.5 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) and fixed in ice-
cold 4% paraformaldehyde (dissolved in PBS, pH 7.4) for
30 min. The cells were then washed three times with PBS,
mounted on a glass slide, and imaged under a fluorescence
microscope (Olympus) at excitation wavelength 488 nm and
emission wavelength 510 nm.

Deglycosylation study

The protein deglycosylation study was performed using
peptide N-glycosidase F (New England BioLabs) following the
manufacturer’s instruction. Briefly, HEK 293 cells (60 mm
dish) expressing 1D4-tagged PLA2R full-length, CysR, or
J. Biol. Chem. (2022) 298(3) 101605 11
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Figure 10. Representative data of PLA2R-Ab reactivity to the 1D4-tagged PLA2R domain fragments in patients with worsened proteinuria or
spontaneous remission. A, serum samples collected from the first new patient at initial diagnosis (0 months, left panel) and 6 months post conservative
management (6 months, middle panel) were applied on Western blot at 1:5000 dilutions in TBSTM buffer. The level of each protein fragment was verified by
the 1D4-Ab (right panel). B, summary of PLA2R-Ab reactivity to PLA2R domain fragments in all three newly diagnosed patients with worsened
proteinuria. ±, undetermined; +, detected; and +++, strongly detected. C, serum samples from patients with spontaneous remission were applied on Western
blot at 1:1000 dilutions in TBSTM buffer. The level of each protein fragment was verified by the 1D4-Ab (right panel). Each experiment was performed at least
three times. 1D4-Ab, mouse anti-1D4 monoclonal antibody; NP, new patient; PLA2R, phospholipase A2 receptor; SR, spontaneous remission.

Table 2
Amino acid sequence similarities between PLA2R CTLD1(238–355)
and other CTLDs

Domains Identities (%) Positives (%) Gaps (%)

CTLD1 (238–355) 100 100 0
CTLD2 (395–502) 28 45 3

Phospholipase A2 receptor conformational epitopes in PMN
CysR-CTLD1 domain truncations were collected and lysed in
200 μl protein lysis buffer (1% (v/v) Igepal, 0.5% (w/v) sodium
deoxycholate, 5 mM EDTA, 137 mM NaCl, 20 mM Tris-HCl,
pH 7.4), containing the complete protease inhibitor cocktail
(MilliporeSigma) for 30 min on ice. The cell lysate was
centrifuged for 10 min at full speed on an Eppendorf bench
centrifuge at 4 �C, and 9 μl supernatant was collected and
proceeded for deglycosylation study under the denaturing re-
action conditions.
CTLD3 (522–643) - - -
CTLD4 (673–797) 36 53 9
CTLD5 (819–938) 30 45 8
CTLD6 (965–1096) 39 56 4
CTLD7 (1121–1232) 29 45 4
CTLD8 (1257–11,378) 31 47 9

The PLA2R domains were determined using the UnitProt program and aligned using
the Blast program. -, no alignment.
Protein expression and sample preparation

The 1D4-tagged PLA2R C-terminal domain deletions were
transiently expressed in HEK 293 cells, as described previously
(13). Briefly, HEK 293 cells cultured in Gibco FreeStyle 293
12 J. Biol. Chem. (2022) 298(3) 101605
expression medium were transiently transfected with various
PLA2R C-terminal domain deletion constructs using Turbo-
Fect reagent (ThermoFisher Scientific) following the



Phospholipase A2 receptor conformational epitopes in PMN
manufacturer’s instruction. The culture medium was collected
48 h posttransfection.

The collected culture media were centrifuged at 4000 rpm
for 10 min at 4 �C to pellet cell debris. The supernatant was
filtered (0.22 μm) and loaded onto Amicon Ultra-15 Centrif-
ugal Filter Unit (MilliporeSigma) and centrifuged at 4000 rpm
for 30 min at 4 �C. The concentrated protein samples were
buffer exchanged into TBS buffer (137 mM NaCl, 20 mM Tris,
pH 7.4). In separate experiments, the culture medium con-
taining His-tagged PLA2R fragment was loaded onto a Ni-
NTA Superflow (Qiagen) packed gravity column (Bio-Rad)
following the manufacturer’s instruction. The protein con-
centration of each sample was determined by the bicincho-
ninic acid assay method. The purity of the eluted protein
samples was analyzed on SDS-PAGE followed by Coomassie
blue staining.

Protease digestion

Protein samples were mixed with human thrombin (re-
striction grade, Novagen, MilliporeSigma) at 1 unit/10 μl in
TBS buffer (containing 2.5 mM CaCl2) and incubated for 6 h
on a rotating shaker at room temperature. The reaction was
stopped by adding the complete protease inhibitor cocktail
(MilliporeSigma). The efficiency of thrombin cleavage was
assessed using Western-blot.

Immunoprecipitation

Phospholipase A2 receptor C-terminal domain deletions
were individually mixed with 5 μl of patient serum or 2 μg of a
mouse anti-1D4 monoclonal antibody (1D4-Ab, from Flint-
box) in 500 μl TBS buffer and incubated on a rotating shaker
for 2 h at room temperature. Fifty microliters of protein
G-Sepharose resin (50% (v/v) in TBS, MilliporeSigma) was
then added into the mixture and further incubated for 2 h. The
resin was collected by centrifugation and washed three times
with the protein lysis buffer. The resin was mixed with 2×
SDS-sample buffer containing 2% (v/v) β-mercaptoethanol and
heated at 100 �C for 5 min. Protein samples were cooled to
room temperature and centrifuged at 9000 rpm for 1 min to
sediment insoluble material. The protein samples were
resolved by 4 to 20% SDS-PAGE.

Western blot analysis

Protein samples mixed with 2× SDS-sample buffer (without
or with 2% β-Mercaptoethanol) were heated at 100 �C for
5 min. The samples were then electrophoresed on 7.5% or 4 to
20% SDS-PAGE, transferred to nitrocellulose membranes
(Bio-Rad), and probed by a rabbit anti-human PLA2R poly-
clonal antibody (MilliporeSigma), 1D4-Ab or patient sera in
TBSTM buffer (Tris-buffered saline/Tween-20 (TBST); 0.1%
(v/v) Tween-20, 137 mM NaCl, and 20 mM Tris (pH 7.4)
containing 5% (w/v) nonfat dry milk) for 2 h at room tem-
perature. The membranes were washed three times with TBST
buffer and probed with horseradish peroxidase (HRP)-conju-
gated goat anti-mouse, goat anti-rabbit, or goat anti-human
IgG (Jackson ImmunoResearch) in TBSTM buffer for 1 h
and subsequently processed with ECL reagent (Cytiva) and
exposed to Amersham Highperfilm ECL (Cytiva).

Antibody absorption and epitope competition assay

A Poly-Prep chromatography column (Bio-Rad) packed
with 500 μl of 50% (v/v) Ni-NTA agarose slurry (Qiagen) was
washed extensively with TBS buffer. Three times excessive
amounts of His-tagged CysR-CTLD1 fragment (calculated
based on the binding capacity of Ni-NTA agarose) diluted in
2 ml TBS buffer were then loaded onto the column. The flow-
through was collected and reloaded three times to maximize
the binding of CysR-CTLD1 fragments to the resin. After five
column volume washes with TBS, the resin was ready for the
absorption study. Serum from patient 1 (100 μl) diluted in 2 ml
TBS was loaded onto the column, and the flow-through was
collected and reloaded three times for maximal absorption of
PLA2R-Abs. The column was then rinsed three times with
2 ml TBS for any residual serum. All the flow-throughs were
collected, combined, and concentrated using an Amicon spin
column to a final volume of 100 μl. In control experiments, an
equal volume of patient serum went through an uncoated Ni-
NTA agarose column as described above. The absorbed sera
were applied at 1:1000 dilutions in TBSTM buffer on Western
blot.

Epitope competition assay was performed as previously
described with modification (13). Briefly, patient sera (20 μl)
mixed either with 30 μg bovine serum albumin, 30 μg CysR-
CTLD8, 30 μg CysR-CTLD3, or 30 μg CysR-CTLD1 frag-
ments (in 100 μl TBS) were placed on a rotating shaker and
incubated for 2 h at room temperature. The mixture was
then applied onto nitrocellulose membranes preblocked
with TBSTM buffer either at 1:100 or 1:5000 dilutions for
2 h at room temperature and further processed as described
above.

PLA2R-Ab screen

Patient sera were screened for PLA2R-Ab as previously re-
ported using the Mini-PROTEAN II Multiscreen Apparatus
(Bio-Rad) (13). Briefly, nitrocellulose membranes blotted with
1D4-tagged PLA2R full-length or PLA2R CysR-CTLD1 triple
domain (dominant-epitope) were assembled into the multi-
screen apparatus after 30 min of blocking with TBSTM buffer.
Each patient serum was applied at 1:100 dilutions (in TBSTM)
on the membranes and incubated for 2 h at room temperature.
The membranes were then washed three times with TBST
buffer and incubated with HRP-conjugated goat anti-human
IgG antibodies in TBSTM buffer at a dilution of 1:5000. The
1D4-Ab was included as a positive control, detected by a
secondary HRP-conjugated goat anti-mouse IgG. The mem-
branes were then incubated with ECL reagent for 1 min and
exposed to Amersham Highperfilm ECL. The exposure times
were 1 min for positive bands and up to 5 min for weak or
negative bands. In separate experiments, patient sera were
applied at 1:100, 1:1000, or 1:5000 dilutions onto the mem-
branes, and the films were exposed for 5 to 8 min for the
positive bands.
J. Biol. Chem. (2022) 298(3) 101605 13
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Image and data analyses

Films from immunoblots were scanned with a CanoScan
LiDE. Scanned images were quantified with GelQuant.NET
software (Biochemlabsolutions.com, University of California).

Statistical analyses

Means ± SD was calculated using SigmaPlot 10 software.
Statistical analysis was performed using SigmaPlot 10 software.

Data availability

All data pertaining to this article are contained within this
article and supplemental data.
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information.
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