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Abstract
Background Membranous nephropathy (MN) is a common
cause of nephrotic syndrome in adults, but is less frequent in
children. Antibodies against four antigens leading toMN have
been described in children: phospholipase A2 receptor 1
(PLA2R1), thrombospondin type-1 domain-containing 7A
(THSD7A), neutral endopeptidase (NEP), and cationic bovine
serum albumin (BSA).
Methods Twelve children with MN were included in this study.
Sera of all patients were analyzed for antibodies against PLA2R1,
THSD7A, NEP, and BSA. All sera were also analyzed using
Western blot with human glomerular extracts (HGE) under non
reducing conditions. In 5 cases renal biopsies were analyzed for
PLA2R1, THSD7A, NEP, BSA, and all IgG subclasses.
Results Six patients were PLA2R1-antibody-positive, whereas
THSD7A, NEP, and BSA antibodies were not found in any of
our 12 patients. All sera were analyzed by Western blot using

human glomerular extracts; however, no further potential antigens
were found. Five kidney biopsies from 2 PLA2R1-antibody-pos-
itive and 3 PLA2R1-antibody-negative patients were available for
additional analyses, confirming the diagnosis of PLA2R1-associ-
ated MN in 2 cases, whereas none of the biopsies revealed en-
hanced staining for THSD7A, NEP or BSA. IgG2 and IgG4
stainings were positive in both patients with PLA2R1-associated
MN and negative in the other biopsies. During follow-up (median
24 months), 4 children with PLA2R1-associated MN went into
remission, preceded by decline of PLA2R1 antibodies. Five of the
6 PLA2R1-antibody-negative children went into remission.
Conclusions In children with MN, PLA2R1-associated MN ap-
pears to be common, whereas MN associated with THSD7A,
NEP or BSAwas not encountered. PLA2R1 antibody levels are
closely associated with disease activity, whereas PLA2R1-anti-
body-negative patients often have a good prognosis. However,
the pathophysiology ofMN in a considerable number of children
remains unclear.
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Introduction

Membranous nephropathy (MN) is an immune complex disease
usually presenting with nephrotic syndrome. The histological pat-
tern of MN in kidney biopsies is characterized by a thickening of
the glomerular basement membrane and immune deposits in the
subepithelial space. Primary MN is an autoimmune disease
caused by in situ binding of circulating antibodies to an endoge-
nous podocytic antigen leading to the development of
subepithelial immune deposits [1]. In some patients, MN de-
velops secondary to other diseases, such as hepatitis B infection,
lupus erythematosus, use of some medications, etc., and is
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referred to as secondary MN. The differentiation of primary from
secondary MN is very important, as treatment and prognosis dif-
fer. Before the phospholipase A2 receptor 1 (PLA2R1) and
thrombospondin type-1 domain-containing 7A (THSD7A) were
characterized as potential antigens responsible for MN develop-
ment in adults [2, 3], no reliable clinical marker was available for
the differential diagnosis of MN.

In 80% of adult patients the target antigen is the PLA2R1.
PLA2R1 antibodies can be detected in the serum of these
patients using various methods such as Western blot, an indi-
rect immunofluorescence test (IFT), and by ELISA [4].
Furthermore, immunohistochemical analyses of kidney biop-
sies show an enhanced staining for PLA2R1 in patients with
PLA2R1-associated MN [5]. Staining for PLA2R1 can also be
helpful for the differential diagnosis of MN in children [6].
There are substantial data showing a close association among
the PLA2R1 antibody level, disease activity, and outcome in
adult MN patients [7]. In contrast, only a few data exist
concerning the role of PLA2R1 antibodies for the diagnosis
and prognosis of MN in children and adolescents [8]. The
second target antigen responsible for MN development in
adult patients is THSD7A [3]. The prevalence of THSD7A-
associated MN among adult MN patients is 2–3%. The rather
limited clinical data, however, suggest that THSD7A antibody
levels might also be associated with disease activity, similar to
PLA2R1 antibodies [4]. Until now THSD7A antibodies have
not been evaluated in patients younger than 18 years of age.

In children, two more pathogenic antigens responsible for
MN development have been reported. The protein neutral endo-
peptidase (NEP) is targeted in fetomaternal alloimmune MN,
whereas a cationic form of bovine serum albumin (BSA) is
targeted in an early childhood form of MN [9, 10]. In contrast
to the high prevalence in adults with nephrotic syndrome, MN in
children is rare. Overall, the prevalence is estimated to be around
1–5% [11]. The lack of large multicenter studies hampers the
possibility of studying the pathophysiology, treatment options,
and clinical outcome of these patients in detail.

In this study we performed comprehensive serological and
histological analyses in a cohort of children withMN, describ-
ing the appearance of the disease in children and investigating
the role of autoantibodies and the clinical outcome of disease.

Materials and methods

Study population and design

In this study 12 children with biopsy-provenMNwere included.
Patients had to be younger than 18 years at the time of biopsy.
Sera of all patients recruited in the study were analyzed for anti-
bodies against PLA2R1, THSD7A, NEP, and BSA using
Western blot. In 9 cases follow-up sera were collected every 3–
6months during the follow-up period. Serawere collected during

clinical controls, which were routinely performed every 3–
6 months. All sera were analyzed for PLA2R1 antibodies using
IFT and an ELISA and for THSD7A antibodies using IFT.
Patients with a known secondary cause of MN, such as hepatitis
B or lupus erythematosus, were excluded from this study. This
was a non-interventional study and following recruitment, the
therapeutic strategy was decided by the treating pediatric ne-
phrologists without any recommendations.

PLA2R1, THSD7A, NEP, and BSA antibody
measurement

Western blot analyses for antibodies against PLA2R1,
THSD7A, NEP, and BSA were performed as described in
the original publications [2, 3, 9, 10]. Gel electrophoresis
and protein transfer to polyvinylidene difluoride membranes
were performed according to standard protocols. The sera
were diluted at a 1:100 ratio. For specific detection of the
antigens, the following commercially available antibodies
were used: rabbit polyclonal antibody at a 1:1,000 dilution
(Atlas Antibodies) for PLA2R1; rabbit polyclonal antibody
at a 1:1,000 dilution (Atlas Antibodies) for THSD7A; goat
polyclonal antibody at a 1:200 dilution (RnD Systems) for
NEP, and rabbit polyclonal antibody at a 1:1,000 dilution
(Sigma-Aldrich) for BSA. The Western blot analyses with
human glomerular extracts were performed under non-
reducing conditions, as described in the works identifying
PLA2R1 and THSD7A as target antigens in MN [2, 3].

The IFT for the detection of PLA2R1 and THSD7A anti-
bodies was performed as described before [4]. PLA2R1 anti-
bodies were also measured by an ELISA [12]. According to
the manufacturer, antibody levels were considered positive
when >20 U/ml, negative when <14 U/ml, and Bborderline^
if the level was 14– 20 U/ml.

Definition of remission of proteinuria

Nephrotic range proteinuria was defined as proteinuria
>40mg/m2/h in children <10 years and protein/creatinine ratio
in the urine >3.5 g/g in patients >10 years. Partial remission of
proteinuria was defined as the reduction of proteinuria by at
least 50% compared with the time of inclusion in the study
and proteinuria <40 mg/m2/h for children <10 years and
protein/creatinine ratio < 3.5 g/g for children >10 years.
Complete remission of proteinuria was defined as proteinuria
<4 mg/m2/h in children <10 years and protein/creatinine ra-
tio < 0.5 g/g in children >10 years.

Immunohistochemistry for PLA2R1, THSD7A, NEP,
and BSA

Slides were deparaffinized, pretreated in citrate buffer pH 6.2
(PLA2R1, THSD7A, NEP) or Dako Target Retrieval Solution
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(BSA, S1699) for 15 min at 120 °C and cooled down in iced
water (10 min). After rinsing in 99% ethanol, slides were incu-
bated for 10 min with normal serum (Vector S2000) followed by
antibodies against PLA2R1 (Sigma, 1:5,000), THSD7A (Sigma,
1:3,000), NEP (novocastra 1:15,000) or BSA (Sigma, 1:50) over-
night at 4 °C. The slides were then washed in PBS and for
PLA2R1, THSD7A, and BSA detection incubated with polymer
1 (Zytomed Zytochem-Plus AP Polymer-Kit POLAP), rinsed in
PBS, and incubated with polymer 2 (Zytomed Zytochem-Plus
AP Polymer-Kit POLAP). For NEP antigen, detection was per-
formed using VECTASTAIN ABC-AP Staining KIT AK-5000
and biotinylated horse anti-mouse IgG antibody BA-2000. After
washing in PBS, slides were stained in new fuchsin naphthol As-
Bi phosphate substrate mixture (30 min) followed by hydrochlo-
ric acid (1%, 15 min) and 1-min nuclear staining in hemalaun
(Mayer).

Immunohistochemistry for IgG subclasses

After deparaffinization, slides were pretreated in protease
(Proteinase, bacterial SIGMA-P8038) for 15 min at 40 °C,
then rinsed in 99% ethanol followed by incubation with nor-
mal serum (Vector S2000) for 10 min. Primary antibodies
(Southern Biotech IgG1 [1:100], IgG2 [1:40,000], IgG3
[1:100], IgG4 [1:4,000] in antibody diluent, Invitrogen) were
added and incubated overnight at 4 °C. The slides were then
washed in PBS and incubated with polymer 1 (Zytomed
Zytochem-Plus AP Polymer-Kit POLAP), rinsed in PBS,
and incubated with polymer 2 (Zytomed Zytochem-Plus AP
Polymer-Kit POLAP). After washing in PBS, slides were
stained with new fuchsin naphthol As-Bi phosphate substrate
mixture (30 min). The slides were finally immersed in hydro-
chloric acid (1%, 15 min) followed by 1 min of nuclear stain-
ing in hemalaun (Mayer).

Results

Patient cohort

The patient cohort included 12 children with biopsy-proven
MN, diagnosed between August 2010 and July 2016. At the
time of renal biopsy, the median age of patients was 14 years
(range: 3–17 years). Four (25%) patients were male. The me-
dian time between renal biopsy and collection of serum was
2 months. The first serummeasurement was performed within
6 months from the time of renal biopsy in 8 patients and more
than 6 months after renal biopsy in 4 patients (patients 3, 4, 10,
11, Table 1). Serum creatinine was within the normal range in
all patients (median 0.47 mg/dl, range 0.30–0.91 mg/dl), and
median eGFR, calculated using the Bedside Schwartz equa-
tion, was 135 ml/min/1.73 m2 (range: 78–177 ml/min/
1.73 m2). One of the 12 children was younger than 10 years

at the time of diagnosis; her proteinuria was 186mg/m2/h. The
remaining 11 patients were adolescents (range 10–17 years)
and median proteinuria was 3.8 g/g creatinine (range: 0.5 to
11 g/g creatinine) at the time of the first serum collection.
Median serum albumin was 28.2 g/l (range 18.6–43.0 g/l).
Four patients had no immunosuppressive treatment before
study inclusion, whereas 6 patients had been treated with ste-
roids, 1 patient with cyclosporine A and steroids, and 1 patient
with mycophenolate mofetil and steroids. Ten patients were
treated with ACE inhibitors and 2 patients received AT1 re-
ceptor blockers. The median follow-up time was 24 months.

Serological and histological characterization of the study
cohort

Western blot analyses

Sera of all 12 patients were analyzed by Western blot for the
presence of antibodies against PLA2R1, THSD7A, NEP, and
BSA (Fig. 1). All sera were negative for THSD7A, NEP, and
BSA antibodies at the time of study inclusion, when the first
serum collection was performed, and during the follow-up.
Six patients (50.0%) were positive for PLA2R1 antibodies in
the serum (patients 1–6, Table 1).

Next, we analyzed all sera using Western blot with human
glomerular extracts (HGE) under nonreducing conditions
(Fig. 2). All 6 PLA2R1-antibody-positive sera detected a
185-kDa band in the HGE, corresponding to PLA2R1. The
reactivity of these sera with the PLA2R1 antigen was
conformation-dependent and only seen when theWestern blot
was performed under nonreducing conditions, as described
before [4]. On the other side, PLA2R1-antibody-negative sera
showed no specific reaction with any proteins on HGE.

Indirect immunofluorescence and ELISA analyses

All collected sera were further analyzed for THSD7A antibod-
ies by IFT and for PLA2R1 antibodies by ELISA and IFT. In
the IFT analyses, no THSD7A-antibody-positive serum could
be identified at any time point, corresponding to the results of
Western blot analyses. At study inclusion, PLA2R1 antibodies
were detectable by IFT in all 6 patients, who were positive
according to Western blot (patients 1–6, Table 1), but in none
of the 6 patients who were negative according to Western blot
(patients 7–12, Table 1). In ELISA analyses for PLA2R1 an-
tibodies only 4 sera were positive at study start (patients 2–4,
and 6); all 4 had been tested positive by IFT and Western blot.
Two sera, which were tested positive for PLA2R1 antibodies
using IFT and Western blot, were negative in the ELISA, with
PLA2R1 antibody levels of 5 U/ml and 11 U/ml respectively
(patients 1 and 5, Table 1). Interestingly, both patients became
positive for PLA2R1 antibodies in the ELISA during further
follow-up, with PLA2R1-antibody levels of 141 U/ml and
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41 U/ml after 24 and 18 months respectively. In the sera from
the remaining 6 patients, the negative results of the IFT and

Western blot analyses were confirmed by ELISA (PLA2R1
antibody levels 0 U/ml to 10 U/ml).

a

b c d e

Fig. 2 Western blot analyses of the sera on human glomerular extracts
(HGE). a Western blot analyses of the sera from all PLA2R1-antibody-
negative patients (patients 7–12, Table 1) on HGE. b, c Sera from patients
1–6 are positive for PLA2R1 antibodies and show a band corresponding

to PLA2R1 on HGE only when analyzed under nonreducing conditions.
Under reducing conditions, no PLA2R1 is detectable. The positive
controls for PLA2R1 and THSD7A detection using specific
commercially available antibodies are shown in d and e

a

c d

b

Fig. 1 Measurement of antibodies against PLA2R1, THSD7A, NEP, and
BSA byWestern blot. Western blot analyses of patient sera for antibodies
against a PLA2R1, b THSD7A, cNEP, and dBSA (D). The same amount
of recombinant protein was loaded and then analyzed with specific
commercially available antibodies against the respective protein
(positive control), serum from a healthy donor (negative control), serum

from patients 1–6, Table 1 (PLA2R1-antibody-positive), and serum from
patient 7, Table 1 (PLA2R1-antibody-negative). All patients were
negative for THSD7A, NEP, and BSA antibodies. The sera of all other
PLA2R1-antibody-negative patients included in the study were analyzed
using the same approach and procedures. Pos positive, Neg negative,
NEP neutral endopeptidase, BSA bovine serum albumin
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Renal biopsy analyses

In 8 cases (patients 1–4 and 7–10), renal biopsies could be
analyzed for the expression of PLA2R1. In 4 cases (patients 1–
4), a clear PLA2R1 enhancement could be detected along the
glomerular capillary wall, confirming the PLA2R1-associated
nature of the disease (Fig. 3). In all 4 cases, PLA2R1 antibod-
ies were detectable in the serum. In the other 4 cases (patients
7–10), the PLA2R1 staining showed only a faint positivity on
the podocyte surface (Supplemental Fig. 1), similar to the
negative control (Supplemental Fig. 2). PLA2R1 antibodies
were not detectable in any of these 4 patients using any of
the measurement methods.

In addition, 2 biopsies frompatientswithPLA2R1-associated
MN (patients 1 and 2) and 3 biopsies from patients with non-
PLA2R1-associated MN (patients 7, 9, and 10) were stained for
THSD7A,NEP, BSA, and all IgG subclasses. BSA could not be
detected in any of the cases, whereas the THSD7A and NEP
staining showed aweak positivity on the podocyte surface, sim-
ilar to the negative control (Supplemental Fig. 2). The biopsies
showed no specific granular positivity for THSD7A or NEP in
the immune deposits along the glomerular capillary wall, as ex-
pected in positive cases.

Both renal biopsies from patients with PLA2R1-associated
MN stained positive for IgG2 and IgG4, whereas biopsies from
patients with non-PLA2R1-associated MN stained negative for
both IgG2 and IgG4. IgG1 and IgG3 stained positive in all 5
biopsies, except for 1 patient with non-PLA2R1-associatedMN

(patient9),whostainednegativefor IgG1.Arepresentativestain-
ing for all IgG subclasses is shown in Fig. 3.

PLA2R1 antibody levels, renal function, and proteinuria
during follow-up

Clinical follow-up data were available for all patients over a
median follow-up time of 24 months (range: 6–72 months).
Nine (75%) patients had remission of proteinuria (7 patients
had complete remission, 2 patients had partial remission),
whereas the remaining 3 patients had no remission of protein-
uria during the follow-up. Serum creatinine levels remained
stable within the normal range in all patients.

Five (83.3%) of the 6PLA2R1-antibody-negative patients had
remission of proteinuria (4 complete, 1 partial remission). Two
patients were treated using cyclosporine A and steroids, 1 patient
hadbeen treatedwithmycophenolatemofetil andglucocorticoids
before study inclusion and received no immunosuppression dur-
ing the study follow-up, whereas the remaining 2 patients had
spontaneous remission. One patient had no remission of protein-
uria, despite treatment withmycophenolatemofetil.

Three of the 6 patients with PLA2R1-associated MN
(50%) had complete remission of proteinuria. One patient
(patient 2) was treated with tacrolimus und steroids, the
PLA2R1 antibodies disappeared from the circulation after
12 months, and the patient had remission at the same time.
Two years later, the PLA2R1 antibodies reappeared in the
circulation. Initially, they were detectable only by Western

a b c d

e f g h

Fig. 3 Staining of the renal biopsy of patient 1 (PLA2R1-associated MN,
Table 1) for PLA2R1, THSD7A, NEP, BSA, and IgG subtypes.
Representative stainings for a PLA2R1, b THSD7A, c NEP, d BSA, and
e–h IgG subtypes of the renal biopsy of patient 1 (Table 1). The granular
positivity for PLA2R1 along the glomerular capillary is characteristic for a

PLA2R1-associated MN. THSD7A and NEP stainings show only a faint
positivity on the podocytes, as seen in the staining of a control biopsy
(Supplemental Fig. 2). Staining for BSA was negative (d). The biopsy
stained positive for all subclasses IgG1–IgG4. NEP neutral endopeptidase,
BSA bovine serum albumin,MN membranous nephropathy
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blot and IFT and 3 months later also by ELISA. Proteinuria
reappeared 3 months later than the detection of PLA2R1
antibodies. The patient was treated with rituximab, which
led to the disappearance of the PLA2R1 antibodies within
3 months. The patient had remission of proteinuria
3 months later. The second patient (patient 5) had sponta-
neous remission of proteinuria. PLA2R1 antibodies spon-
taneously fell from 41 U/ml to 3 U/ml at the end of the
follow-up. Remarkably, using the Western blot technique
PLA2R1 antibodies could be detected throughout the
follow-up period in this patient, which encompassed
72 months (Fig. 4). PLA2R1 antibodies were detectable
by Western blot and IFT, even as they became negative
according to ELISA during the time period between
24 months and 72 months after inclusion in the study. At
the same time, the patient had complete remission of pro-
teinuria. The third patient (patient 6) was treated with ste-
roids and cyclosporine A, which was later switched to my-
cophenolate mofetil. The PLA2R1 antibodies disappeared
after 15 months. The patient had complete remission of
proteinuria at the same time.

One patient had a partial remission of proteinuria after
treatment with steroids and cyclosporine A, which was later
switched to tacrolimus, in addition to mycophenolate mofetil.
The PLA2R1 antibody levels declined, but were still detect-
able by all measurement techniques.

The remaining 2 patients with PLA2R1-antibody-positive
MN had no remission of proteinuria and PLA2R1 antibodies
persisted during the follow-up. One patient was treated with
steroids and cyclosporine A and the second patient was treated
with steroids.

Discussion

The identification of PLA2R1 and THSD7A as target antigens
in adult MN was pivotal to improving and personalizing the
treatment of these patients [2, 3]. The differential diagnosis of
MN and the treatment management have become more
pathogenesis-specific [7]. MN is the most common cause of
nephrotic syndrome in adult Caucasians; however, in children
the disease is rare [11]. Two antigens have been identified only
in pediatric forms of MN, NEP in a rare neonatal form of MN
[9], and BSA in a few cases of MN in early childhood [10].
Only a few studies have investigated the detection of PLA2R1
antibodies in children, especially in adolescents with MN [6,
8]. To our knowledge, this is the first study to comprehensive-
ly analyze the pathogenesis of MN, including all known anti-
gens, in a cohort of children withMNwhowere followed over
a median period of 24 months.

This study offers a number of important findings in chil-
dren with MN. Every second child with MN had a PLA2R1-
associated form of disease, showing that immunization against
PLA2R1 not only occurs at an older age, but also in a consid-
erable number of children with MN, similar to the findings
from Kumar et al. [8]. We did not find any child with
THSD7A-associated MN. However, this could be related to
the low prevalence of this form of disease (2–3% among all
adult patients with MN) and the small study cohort. None of
the patients included in our cohort was found to have a NEP-
associatedMN. As none of the patients in the study was youn-
ger than 3 years, this finding may suggest that except for
newborns, NEP might not play a central role for MN in chil-
dren. Also, BSA does not seem to be the major antigen

Fig. 4 Serial PLA2R1 antibody measurements of sera from patient 5
(Table 1) by ELISA, immunofluorescence test (IFT), and Western blot.
In patient 5, PLA2R1 antibody levels measured by ELISAwere negative
during the time period between 24 and 72months after study inclusion. In
the IFTandWestern blot analyses, however, PLA2R1 antibodies could be

detected throughout the follow-up period. The patient had spontaneous
remission of proteinuria during the follow-up. Detection of PLA2R1 an-
tibodies by IFT and Western blot in the serum of a patient with high
PLA2R1 antibodies (positive control), or healthy donor (negative control)
are depicted in the last two columns on the right
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causing MN, at least in our cohort of children with MN; how-
ever, our study cohort was older (median age 14 years) than
the one in which the role of BSAwas reported [10].

An interesting finding of our studywas the fact that sera from
the 6 PLA2R1-antibody-negative patients did not detect any an-
tigen in theWesternblot analysesusingHGEundernonreducing
conditions [2, 3]. This findinghas several implications: itmaybe
an indication that the antigen(s) leading to the development of
MN in these patients is (are) not endogenously expressed on
podocytes. Therefore, the relevant pathomechanisms of disease
development in these cases may be different from those in
PLA2R1- or THSD7A-associatedMN.Different exogenous an-
tigens, i.e., food or environmental antigens, may have led to the
development of MN in these patients, as has been described for
BSA-associatedMN[10]. Five out of the sixPLA2R1-antibody-
negative patients had a remission of proteinuria, 2 of them spon-
taneously. It is therefore conceivable that in these cases an exog-
enous antigen (i.e., food) led to MN and upon its (random) ces-
sation or a change in procession, the diseasewent into remission.
Thehypothesis that thepathomechanismsofdisease inPLA2R1-
antibody-negative patients are different from those in PLA2R1-
associatedMN is also supported by the results of the staining for
IgG subclasses in renal biopsies. Both patients with PLA2R1-
associated MN showed IgG2 and IgG4 positivity in the renal
biopsies,whereas thiswas not the case in any of the patientswith
non-PLA2R1-associated MN. However, because of the small
number of biopsies that could be studied, no definitive conclu-
sions can be drawn and these resultswill have to be confirmed in
larger cohorts of children withMN.

The absence of an identifiable antigen in the HGE and the
high remission rate in the 6 PLA2R1-antibody-negative pa-
tients may also suggest that in these patients an immunologi-
cal remission of disease might have occurred before study
inclusion. We analyzed the renal biopsies of 4 PLA2R1-anti-
body-negative patients for PLA2R1 expression, 3 of these
biopsies were also analyzed for all other antigens, excluding
the possibility that these patients had MN associated with one
of the antigens and were in immunological remission. Of note,
we did not identify any histological (i.e., subendothelial im-
mune deposits), serological (i.e., anti-dsDNA antibodies, or
C3 and C4 depletion) or clinical findings suggesting that
MN might be secondary to another disease (i.e., lupus erythe-
matosus) in these cases.

In patients with PLA2R1-associated MN, we found a re-
markable correlation of the PLA2R1 antibody levels to clinical
outcome, as has been shown in adults and adolescents
[12–14]. Disappearance of PLA2R1 antibodies preceded com-
plete remission of proteinuria, whereas 2 of the 3 patients with
persisting PLA2R1 antibodies had no remission of proteinuria
and the third only partial remission. Moreover, a relapse of
PLA2R1 antibodies was followed by a relapse of proteinuria.

As has been shown in adults, Western blot and IFT were
more sensitive than the ELISA for the detection of PLA2R1

antibodies [4]. In 2 patients PLA2R1 antibodies were detect-
able by Western blot and IFT, but not by ELISA at the time of
study inclusion. In both cases, PLA2R1 antibodies became
detectable by ELISA during further follow-up. The serocon-
version of initially PLA2R1-antibody-negative patients with
an enhanced PLA2R1-staining in the biopsy has been shown
in two previous studies [15, 16]. This finding was also ob-
served in a patient with relapse of disease, in whom PLA2R1
antibodies were first detectable by Western blot and IFT and
only 3 months later by ELISA. This finding is important, as
the Western blot technique is very accurate, but also sophisti-
cated, time- and personnel-consuming, and therefore not suit-
able for clinical routine. The IFT, on the other hand, offers
high sensitivity and specificity for the detection of PLA2R1
antibodies and is easy to perform; however, its results are only
semi-quantitative and observer-dependent. The ELISA offers
a quantitative, fast, and observer-independent measurement of
PLA2R1 antibodies. The sensitivity of the ELISA is some-
what lower, especially in patients with very low PLA2R1 an-
tibody levels; however, the ELISA has been established to
have a very good correlation with clinical outcome in patients
with MN. We were particularly intrigued by the findings in
one patient (patient 5, Table 1, Fig. 4). In this case, PLA2R1
antibodies became spontaneously negative in the ELISA
(from 41 U/ml at 18 months to 3 U/ml at 72 months), but
remained positive according to Western blotting and IFT (al-
though at very low levels in both techniques) for a time period
spanning at least 3 years. The patient had complete remission
of proteinuria at this time. We can only speculate on the
pathomechanisms behind this finding. The level of the
persisting PLA2R1 antibodies may be so low, that the
podocytes can clear the PLA2R1 antibodies and immune com-
plexes binding to the glomeruli before the complement system
is activated, therefore preventing renal damage. The PLA2R1
antibody levels have to reach a certain threshold to cause MN.
Such a threshold may depend on a number of factors and be
different between patients. Future experiments in animal
models of PLA2R1-associated MN may shed more light on
the pathomechanisms leading to these findings. Whether the
antibodies can still be found in the kidney after the patient had
complete remission of proteinuria, but persisting PLA2R1 an-
tibodies in the blood, cannot be answered because performing
a renal biopsy (with the respective risks) in a child in remis-
sion is not justifiable. In this case, we are following this patient
closely to investigate whether in the long term the PLA2R1
antibodies will completely disappear, or if the patient will
relapse. Such cases have important implications, because if
PLA2R1 antibodies disappear, it would suggest that patients
with extremely low PLA2R1 antibodies might be safely treat-
ed with supportive medication and closely monitored.
However, if the patient relapses, particularly if renal function
deteriorates over time, a more aggressive approach may be
appropriate, suggesting treatment for every patient with
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detectable PLA2R1 antibodies with immunosuppression, re-
gardless of proteinuria.

Because of the limited number of cases, this study has
some limitations. Most patients had received glucocorticoids
and 2 of them had additional immunosuppressive treatment
before renal biopsy and study inclusion. We cannot exclude
this treatment leading to changes in antibody findings.
However, in 4 patients with non-PLA2R1-associated MN,
staining of renal biopsies for PLA2R1 could be performed
and confirm the diagnosis. In 2 PLA2R1-antibody-negative
patients (patients 10 and 11) the first serum measurement
was performed more than 6 months after renal biopsy. It is
possible that in these cases, a remission of the autoantibodies
had happened before serum analyses. Another limitation is
that staining for IgG subclass and podocyte antigens was not
available in all cases. Performing antigen staining in all biop-
sies may have led to the identification of more patients with
PLA2R1- or THSD7A-associated MN. However, such cases
of patients with PLA2R1- or THSD7A-associated MN show-
ing enhanced antigen staining in the biopsy, but negative an-
tibody findings in serum, are rare [4, 5]. As this was a non-
interventional study, the therapeutic strategy was decided by
the treating physicians without any recommendations.
Because of the variability in the treatment for our 12-patient
cohort, this study does not allow conclusions on the best im-
munosuppressive treatment in children with MN.

In conclusion, we described the appearance of MN in our
cohort of children with detailed histological and serological
analyses. PLA2R1-associated MN is a common form of MN
in children, although its prevalence seems to be lower than in
adults. PLA2R1 antibody levels are very closely associated
with disease activity and outcome in children. The pathogen-
esis of disease in PLA2R1-antibody-negative patients remains
unclear; however, these patients seem to have a good progno-
sis. The characterization of the responsible antigen(s) in these
patients may lead to better differential diagnosis and treatment
management.
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