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Membranous nephropathy is characterized by deposition
of immune complexes along the glomerular basement
membrane. PLA2R and THSD7A are target antigens in 70%
and 1-5% of primary membranous nephropathy cases,
respectively. In the remaining cases, the target antigen is
unknown. Here, laser microdissection of glomeruli followed
by mass spectrometry was used to identify novel antigen(s)
in PLA2R-negative membranous nephropathy. An initial
pilot mass spectrometry study in 35 cases of PLA2R-
negative membranous nephropathy showed high spectral
counts for neural tissue encoding protein with EGF-like
repeats, NELL-1, in six cases. Mass spectrometry failed to
detect NELL-1 in 23 PLA2R-associated membranous
nephropathy and 88 controls. NELL-1 was localized by
immunohistochemistry, which showed bright granular
glomerular basement membrane staining for NELL-1 in all
six cases. Next, an additional 23 NELL-1 positive cases of
membranous nephropathy were identified by
immunohistochemistry in a discovery cohort of 91 PLA2R-
negative membranous nephropathy cases, 14 were
confirmed by mass spectrometry. Thus, 29 of 126 PLA2R-
negative cases were positive for NELL-1. PLA2R-associated
membranous nephropathy and controls stained negative
for NELL-1. We then identified five NELL-1 positive cases of
membranous nephropathy out of 84 PLA2R and THSD7A-
negative cases in two validation cohorts from France and
Belgium. By confocal microscopy, both IgG and NELL-1 co-
localized to the glomerular basement membrane. Western
blot analysis showed reactivity to NELL-1 in five available
sera, but no reactivity in control sera. Clinical and biopsy
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findings of NELL-1 positive membranous nephropathy
showed features of primary membranous nephropathy.
Thus, a subset of membranous nephropathy is associated
with accumulation and co-localization of NELL-1 and IgG
along the glomerular basement membrane, and with anti-
NELL-1 antibodies in the serum. Hence, NELL-1 defines a
distinct type of primary membranous nephropathy.
Kidney International (2020) 97, 163–174; https://doi.org/10.1016/
j.kint.2019.09.014
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M embranous nephropathy (MN) results from anti-
bodies targeting an antigen in the glomerular base-
ment membrane (GBM).1–3 The target antigen has

been identified as M-type phospholipase A2 receptor
(PLA2R) and thrombospondin type-1 domain-containing 7A
(THSD7A) in approximately 70% and 1% to 5% of primary
MN, respectively.4–6 The target antigen(s) in the remaining
PLA2R- and THSD7A-negative primary MN has remained
elusive. The aim of this study was to identify an antigen(s)
in the remaining primary MN.

We used the novel methodology of laser microdissection
and mass spectrometry to identify the major proteins in MN
followed by immunostaining to localize and characterize the
unique proteins. In the first step, we established that PLA2R
antigen can be detected in PLA2R-positive MN. In the second
step, we determined whether we could detect unique pro-
tein(s) with similar expression to PLA2R in a subset of
PLA2R-negative MN.

RESULTS
Patient and biopsy collection
We initially selected 35 cases (pilot cohort) of PLA2R-negative
MN on kidney biopsy for analysis by tandem mass spec-
trometry (MS/MS), and detected the unique protein, NELL-1,
163
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a neural tissue encoding protein with epidermal growth factor
(EGF)-like repeats in 6 cases. We then analyzed the 35 cases of
the pilot MS/MS and 91 additional PLA2R-negative MN cases
by immunohistochemistry (IHC) for NELL-1 staining (dis-
covery cohort). IHC confirmed the 6 positive NELL-1 cases of
the pilot cohort and detected an additional 23 cases of NELL-
1, bringing the total of NELL-1–positive cases to 29
(Figure 1). We performed MS/MS in 14 available samples of
the 23 additional IHC NELL-1–positive cases from the dis-
covery cohort to confirm the presence of NELL-1.

MS/MS detection of NELL-1 in PLA2R-negative biopsies
Glomeruli were dissected (Figure 2a) and MS/MS studies
from 35 PLA2R-negative MN cases (pilot cohort) detected the
unique protein NELL-1 in 6 cases of the pilot cohort
(Figure 2b). The average total spectral count for NELL-1 was
63.1 (SD � 21.6) per case and is comparable to total spectral
counts of PLA2R (86.1, SD � 27.5) and Exostosin-1 (EXT1)/
Exostosin-2 (EXT2) (EXT1: 65.3, SD � 34.6; EXT2: 83.4, SD
� 38.4) in PLA2R-associated and EXT1/EXT2-associated MN,
respectively.7 All controls including PLA2R-associated MN
cases were negative for NELL-1. MS/MS showed baseline
spectral counts of PLA2R (average: 9.6, SD � 8.6) in NELL-1–
associated MN. The spectral counts of NELL-1 in the 6 cases,
along with representative sequence coverage map of NELL-1
from 1 case are shown in Figure 2b and c. We subsequently
performed MS/MS in 14 of 23 cases of the discovery cohort
cases that were positive for NELL-1 by IHC. All cases showed
Figure 1 | Flowchart of the pilot, discovery, and validation cohorts.
using 35 M-type phospholipase A2 receptor (PLA2R)–negative membran
growth factor-like 1 protein (NELL-1) in 6 cases, which was then confirm
(n ¼ 91) of PLA2R-negative MN cases for expression of NELL-1 by IHC (
MN cases. We then confirmed the positive IHC NELL-1 staining in 14 cas
validation cohort included 45 cases of PLA2R- and thrombospondin typ
were positive for NELL-1 on IHC/immunofluorescence (IF). The second (B
negative cases, of which 2 were positive for NELL-1 on IF studies. Gray
indicate MS/MS studies. *In the remaining 9 cases, we did not perform
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similar high spectral counts of NELL-1 (Figure 2d). An
example of MS/MS spectra match to a sequence from NELL-1
is shown in Supplementary Figure S1.

All 4 classes of Igs were detected in NELL-1–associated
MN: IgG1 was the most abundant Ig (average: 63.6, SD �
13.1), followed by IgG3 (average: 53.2, SD � 19.6), IgG2
(average: 50.6, SD � 23.9), and IgG4 (average: 35.5, SD �
18.2).

IHC staining for NELL-1 in PLA2R-negative biopsies
We performed IHC staining for NELL-1 in 126 cases of
PLA2R-negative MN from the pilot and discovery cohorts.
Twenty-nine cases (23.0%) were positive for NELL-1 (6 in the
pilot and 23 in the discovery cohort). All 29 positive cases
showed bright (2–3þ/3) granular staining for NELL-1 along
the GBM. Importantly, there was no significant mesangial
staining. NELL-1 staining in 6 cases is shown in Figure 3a.
Segmental granular capillary wall staining for NELL-1 was
seen in 6 cases (20.6%). Review of electron microscopy
confirmed the segmental subepithelial deposits in all 6 cases
(Supplementary Figure S2). There was no staining along the
Bowman’s capsule, tubular basement membranes, or in vessel
walls. The positive NELL-1 granular staining mirrored the
granular IgG along the GBM seen in each case. All control
cases were negative for NELL-1. Representative negative
staining for NELL-1 in PLA2R-associated MN, focal
segmental glomerulosclerosis, IgA nephropathy, and diabetes
is shown in Figure 3b. Representative NELL-1 staining in the
Initial pilot studies were done by mass spectrometry (MS) studies
ous nephropathy (MN) cases. We detected neural epidermal
ed by immunohistochemistry (IHC). We then studied a large number
discovery cohort). This yielded an additional 23 NELL-1–positive
es by MS/MS. Two validation cohorts were studied. The first (French)
e-1 domain-containing 7A (THSD7A)-negative cases, of which 3
elgian) validation cohort included 39 cases of PLA2R- and THSD7A-
boxes indicate IHC or IF studies, and yellow boxes
MS/MS.

Kidney International (2020) 97, 163–174
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remaining NELL-1–positive MN is also shown in the
Supplementary Figure S3.

Validation cohorts
Five of 90 cases (5.9%) of PLA2R- and THSD7A-negative MN
were positive for NELL-1 staining in the validation cohorts.

French cohort. Three of 45 cases (6.7%) were positive for
NELL-1 staining. The first positive case (patient 30) was
detected at the Mayo Clinic and the remaining 2 cases (pa-
tients 31 and 32) at Tenon Hospital. Both IHC and immu-
nofluorescence (IF) studies for NELL-1 were done in the first
case (patient 30), while IF studies were done for NELL-1
detection in the other 2 cases (patients 31 and 32) (Figure 3c).

Belgian cohort. Two of 39 cases (5.1%) (patients 33 and
34) were positive for NELL-1 staining by IF staining
(Figure 3d). Those cases were recruited at Cliniques uni-
versitaires Saint-Luc in Brussels and detected at Tenon
Hospital.

Confocal microscopy
We performed confocal IF microscopy to show that the
NELL-1 and IgG colocalize along the GBM (Figure 4). Su-
perimposition of the 2 signals (yellow, Figure 4c and f) and
laser quantitative analysis (Figure 4g) confirm the colocali-
zation of NELL-1 and IgG, further corroborating that the
subepithelial deposits contain both NELL-1 and IgG. A sec-
ond case is shown in Supplementary Figure S4.

Western blot analysis
Western blot analyses were performed using recombinant
human NELL-1 to determine the presence of circulating anti-
NELL-1 antibodies in the serum of 5 patients—4 patients
from the validation cohort and 1 from the discovery cohort.
All 5 patients showed reactivity against NELL-1 under
nonreducing conditions (patients are labeled as MN in
Table 1); NELL-1 was detected as a 280-kDa homodimer and
a 420-kDa homotrimer. Furthermore, sera were available at
different points in patient MN2. The MN2 sera were tested
both prior to and during follow-up (Figure 5a). Sera from
patients with PLA2R-associated MN, minimal change disease,
and IgA nephropathy did not show any reactivity against
NELL-1. There was no reactivity under reducing conditions
where NELL-1 resolves as monomeric bands of about 130
kDa, suggesting that NELL-1 autoantibody recognizes
conformation-dependent epitopes.

Finally, we also characterized the NELL-1 autoantibodies
and showed that the predominant IgG subclass is IgG1 in
patients MN1 and MN3, and IgG2 and IgG4 were also present
along with IgG1 in patient MN2 (Figure 5b).

Clinical and kidney biopsy findings of NELL-1–associated MN
We identified 29 cases of NELL-1–associated MN from the pilot
and discovery cohorts (patients 1–29). There were 15 male
patients (51.7%) and 14 female patients (48.3%). The mean age
at presentation was 63.1 � 10.4 years. The mean serum creat-
inine and proteinuria at presentation was 1.7 � 1.4 mg/dl (SD)
and 6.9 � 3.4 g/24 h, respectively. Twenty-four–hour urinary
Kidney International (2020) 97, 163–174
protein was not done in 7 patients. With the exception of 1
patient with positive antinuclear antibody titers, serologies
including hepatitis were negative.

The kidney biopsy of all cases of NELL-1–associated MN
showed the characteristic findings of thickened GBM on light
microscopy, bright IgG and complement component 3 (C3)
staining along the capillary wall on IF microscopy, and sub-
epithelial deposits on electron microscopy. Overall, an average
of 20.6 �13.7 glomeruli were present, of which 3.2 � 4.6 were
globally sclerosed. IF microscopy showed bright staining for
IgG (2–3þ/3) and C3 (1–3þ/3) in all cases. Only 1 case
showed 1þ IgA, and 2 cases showed 1þ C1q. The remaining
cases were negative for IgA, IgM, and C1q. All cases showed
staining for kappa (2–3þ/3) and lambda (2–3þ/3) light
chains. IF staining for PLA2R was negative in all cases.
Electron microscopy showed subepithelial deposits in all
cases, and in 6 cases, the subepithelial deposits were present in
a segmental manner involving some but not all the capillary
loops. Subendothelial and mesangial deposits were not pre-
sent. Tubuloreticular inclusions were not present.

The 3 positive NELL-1 cases of the French validation
cohort were also older patients—2 male and 1 female.
Interestingly, one (patient 30) had lung cancer (epidermoid
type), another (patient 31) had metastatic pancreatic carci-
noma, and the third (patient 32) had metastatic breast cancer.
In all 3 patients of that cohort, cancer was discovered at the
time of, or a few months after, the diagnosis of MN. One
(patient 33) of the 2 positive NELL-1 cases of the Belgian
validation cohort was young woman while the other (patient
34) was an older male patient. Interestingly, patient 34
developed infiltrating urothelial carcinoma 8 months after
diagnosis of MN. The clinical and pathology findings are
shown in Table 1.

DISCUSSION
MN is the most common cause of nephrotic syndrome in
Caucasian adults. It is caused by autoantibodies against target
antigens in the GBM and subsequent formation of antigen-
antibody complexes. Based on the identification of the
target antigen, MN is also classified as PLA2R-positive (70%),
THSD7A-positive (1%–5%), and PLA2R/THSD7A-double
negative MN. In the PLA2R/THSD7A-double negative cases,
the target antigen(s) remain elusive. We have recently iden-
tified 2 novel proteins, EXT1 and EXT2, in patients with
secondary MN associated with autoimmune disease.7 We used
a combination of laser microdissection, MS/MS, and IHC
techniques to identify EXT1 and EXT2. We reasoned that we
could identify the elusive antigen(s) of the remaining 20% to
30% of primary PLA2R- and THSD7A-negative MN cases
using the same methodology.

Laser microdissection combined with MS/MS allows for
the identification of a large number of proteins along with
estimates of their relative abundance using total spectral
counts. In this study, we were able to identify 1500 to 2000
glomerular proteins per case, most of which are housekeeping
proteins, many with low total spectral counts. Previously, we
165



Figure 2 | Proteomic identification of neural epidermal growth factor-like 1 protein (NELL-1) in M-type phospholipase A2 receptor
(PLA2R)–negative membranous nephropathy cases. Glomeruli were microdissected and analyzed using mass spectrometry as described
in the Methods. (a) A glomerulus marked for dissection and vacant space on slide following microdissection are shown. Bars ¼ 150 mm.
(b) The table shows high spectral counts of NELL-1 in 6 cases of PLA2R-negative membranous nephropathy. Numbers in green boxes
represent spectral counts of tandem mass spectrometry matches to a respective protein. All 6 cases show large total spectral counts for NELL-
1 and Igs; baseline spectral counts of PLA2R were detected in 5 of 6 cases. For comparison, the average total spectral counts from 6 control
cases (ctrls) (day 0 protocol transplant biopsies) are also shown. (c) The representative sequence coverage map of NELL-1 from 1 case.
Amino acids highlighted in bold letters over yellow background are the amino acids detected. Note the extensive coverage. Green
highlighted boxes indicated amino acids with artifactual chemical modification induced by mass spectrometry, such as oxidation of
methionine. (d) The table shows the detection of NELL-1 on tandem mass spectrometry in an additional 14 NELL-1–associated membranous
nephropathy cases of the discovery cohort. OS, species; OX, taxonomy identifier; PE, protein evidence score; SV, sequence version. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

c l i n i ca l i nves t iga t i on S Sethi et al.: NELL-1–associated membranous nephropathy
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Figure 3 | Immunohistochemical (IHC) stain for neural epidermal growth factor-like 1 protein (NELL-1) in NELL-1–associated
membranous nephropathy (MN), M-type phospholipase A2 receptor (PLA2R)–associated MN, and control cases. (a) The bright
granular capillary wall staining for NELL-1 along the glomerular basement membranes in 6 cases of NELL-1–associated MN are shown. Note
the segmental capillary wall staining in case 9. (b) The negative NELL-1 staining in control cases are shown. There was no capillary wall
staining for NELL-1 in (A,B) 2 cases of PLA2R-associated MN, (C) an additional case that was PLA2R-negative but also NELL-1–negative, (D) IgA
nephropathy, (E) focal segmental glomerulosclerosis (FSGS), and (F) diabetic glomerulus. Note very weak podocyte staining for NELL-1
but negative capillary wall staining. (Continued)

S Sethi et al.: NELL-1–associated membranous nephropathy c l i n i ca l i nves t iga t ion
found that PLA2R was among the most abundant protein in
PLA2R-associated MN compared with the housekeeping
proteins.7 Here, we detected a novel protein, NELL-1, in
glomeruli dissected from PLA2R-negative MN. The NELL-1
spectral counts were among the highest and were compara-
ble to the Igs, complement proteins, and basement membrane
structural proteins and were similar to the counts of PLA2R
Kidney International (2020) 97, 163–174
and EXT1/EXT2 present in PLA2R- and EXT1/EXT2-
associated MN. The high NELL-1 spectral count was also
validated by the extensive sequence coverage found for the
NELL-1 protein. There were 0 NELL-1 spectral counts in
PLA2R-positive MN and control cases.

IHC confirmed MS/MS data and revealed bright granular
capillary wall NELL-1 staining that was evenly spread
167



Figure 3 | (Continued) (c) Immunofluorescence (IF) and IHC show bright capillary wall staining for NELL-1 of 3 cases of the French validation
cohort. (A,B) Case 1 (patient 30) was stained by both IHC and IF, and (C,D) the remaining 2 cases (patients 31 and 32) were stained
with IF only. (d) IF shows capillary wall staining for NELL-1 of (A,B) 2 cases of the Belgian validation cohort. Bars ¼ 20 mm. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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throughout the thickened GBM and mirrored the IgG stain-
ing. There was 100% concordance of MS/MS and IHC; that
is, all NELL-1–positive MN cases detected on MS/MS (pilot
cohort) were positive on IHC and all NELL-1–positive MN
cases detected on IHC (discovery cohort) were also positive
for NELL-1 on MS/MS. Interestingly, there was segmental
positive IHC staining for NELL-1 in a few cases; electron
microscopy in these cases also showed segmental subepithelial
deposits. The uniformity of NELL-1 staining along the GBM
and correlation with the subepithelial deposits suggests that
this protein is shed from the podocytes rather than repre-
senting circulating entrapped antigens or immune complexes.
It is unlikely that NELL-1 is shed from mesangial cells or
endothelial cells because there was no mesangial or
168
subendothelial staining in the NELL-1–positive MN.
Furthermore, IF confocal microscopy studies showed that
both NELL-1 and IgG colocalized to the GBM, indicating that
NELL-1 is the likely target antigen for the IgG. This was
further confirmed by demonstration of circulating antibodies
to NELL-1 in the sera of 5 patients. In 1 patient (MN2) in
whom sera was available at different time points, reactivity to
NELL-1 had decreased at the time of treatment with anti-
CD20 agent rituximab and completely disappeared there-
after although proteinuria persisted. This suggests that the
patient was undergoing spontaneous immunological remis-
sion but the lack of clinical remission is in keeping with re-
sults seen in PLA2R-associated MN where proteinuria lags
behind depletion of PLA2R antibodies.8 Our suggestion that
Kidney International (2020) 97, 163–174
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Figure 4 | Detection of neural epidermal growth factor-like 1 protein (NELL-1) and IgG in glomerular-immune deposits in
NELL-1–associated membranous nephropathy cases by confocal immunofluorescence microscopy analysis. Glomeruli double-labeled
with (a) anti-NELL-1 (green) and (b) anti-human IgG (red); (c) the merged image is shown. (d–f) These images are enlarged images of the
boxed areas in a, b, and c, respectively. (g) The graphs show quantitative analysis of the fluorescence recorded across sections of a
representative capillary loop (indicated by arrows in c). Note the superimposition of the 2 signals, which indicates that subepithelial immune deposits
contain NELL-1 (green) and IgG (red). To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

S Sethi et al.: NELL-1–associated membranous nephropathy c l i n i ca l i nves t iga t ion
NELL-1 titers can be used for clinical follow-up needs to be
confirmed in further studies.9

NELL-1–associated MN should be added to the list
of serologically defined MN, including PLA2R- and
THSD7A-associated MN. It is seen in older patients, has no
sex predilection, has no IgG4 dominance, presents with
nephrotic syndrome, and there is an absence of secondary
Kidney International (2020) 97, 163–174
features such as malignancies (see below for discussion on
malignancies in validation cohort), autoimmune disease, and
infections. Interestingly, IgG subtyping performed in few
cases of NELL-1–positive MN by IF and MS/MS showed that
the predominant subclass was IgG1, whereas the predominant
IgG subclass in PLA2R-positive MN is known to be IgG4. The
kidney biopsy also shows no features that point to a secondary
169
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Table 1 | Laboratory and kidney biopsy findings of NELL-1–associated MN

Case Age Sex

Urinary
protein
g/24 ha

Serum
creatinine
mg/dlb

Sclerosed/
total glomeruli IFTA IF EM

1 (MN5)c 65 M 1.5 1.7 1 scl/12 10 IgG 3þ, C1q 1þ, C3 2þ II
2 66 F 11 1.2 4 scl/13 10 IgG 3þ, C3 1þ II
3 71 F NA 4.0 6 scl/33 50 IgG 3þ, IgA1þ II, seg
4 63 F NA 1.1 5 scl/23 5 IgG 3þ, C3 2þ II
5 66 F NA NA 1 scl/19 0 IgG 3þ, C3 2þ I–II, seg
6 34 F 4.4 0.6 0 scl/26 0 IgG 3þ, C3 1þ I–II
7 67 M 11.7 3 6 scl/20 10 IgG 3þ, C3 2þ II
8 75 F 15 1.2 2 scl/8 10 IgG 3þ, C3 2þ II
9 63 F 7.5 0.7 2 scl/28 10 IgG 3þ, C3 3þ II, seg
10 61 F 9 1.2 5 scl/30 0 IgG 3þ, C3 2þ II
11 63 M 12 1.6 12 scl/50 25 IgG 3þ, C3 2þ II
12 51 F 7.1 0.6 2 scl/30 0 IgG 2þ, C3 1þ I–II
13 63 F 4 1 0 scl/5 10 IgG 2þ, C3 1þ I, seg
14 67 M 5 1.2 3 scl/11 10 IgG 3þ, C3 2þ I–II
15 73 M NA 2.5 3 scl/8 30 IgG 2þ, C3 1þ I–II
16 75 F 3.7 0.8 2 scl/22 10 IgG 2þ, C3 1þ II
17 68 F 7 0.9 0 scl/19 10 IgG 3þ, C3 2þ I
18 65 M 6 1.0 3 scl/20 25 IgG 3þ, C3 2þ II, seg
19 62 M 8.9 1.0 0 scl/1 Minimal cortex IgG 3þ, C3 2þ ND
20 55 F 4 0.6 1 scl/18 0 IgG 3þ, C3 3þ I–II
21 82 M NA 4.2 0 scl/9 20 IgG 3þ, C3 3þ I
22 63 M NA 3.2 9 scl/32 30 IgG 2þ, C3 1þ II
23 56 M NA NA 22/38 40 IgG 3þ, C3 1þ II
24 73 M 3 1.7 2 scl/22 0 IgG 3þ, C3 1þ I–II
25 37 F 8 0.7 3 scl/61 0 IgG 3þ, C3 1þ II, seg
26 60 M 3.1 1.2 0 scl/18 0 IgG 2þ, C3 1þ I
27 66 M NA 4.2 0 scl/5 0 IgG 3þ, C3 1þ I
28 49 M 2.1 0.9 0 scl/17 0 IgG 2þ, C3 1þ I
29 72 M 5 6.1 0 scl/1 0 IgG 2þ, C3 2þ II
30 (MN1)c 78 M 4.5 1.7 4 scl/14 20 IgG 3þ, C3 1þ II
31 (MN2)c 67 M 9.8 1.0 1 scl/18 0 IgG 3þ, C3 3þ II
32 (MN3)c 71 F 12.0 0.4 1 scl/15 10 IgG 3þ, C3 3þ I
33 (MN4)c 30 F 3.7 0.6 1 scl/11 <25 IgG 3þ, C3 1þ ND
34 71 M 12.9 1.35 3 scl/16 <25 IgG 3þ, C1q 1þ C3 3þ ND

C1q, complement component 1q; C3, complement component 3; EM, electron microscopy; IF, immunofluorescence microscopy (1–3þ represents intensity of scoring, scoring
out of 3); IFTA, interstitial fibrosis and tubular atrophy; F, female; M, male; MN, membranous nephropathy; NA, not available; ND, not done; NELL-1, neural epidermal growth
factor-like 1 protein; scl, sclerosed; seg, segmental EM grade I to IV.
aMean urinary protein 7 � 3.7 g/24 h.
bMean serum creatinine 1.7 � 1.3 mg/dl; cases 30, 31, 32, and 34 were associated with malignancies.
cMN1 to MN5 represent the 5 cases in which serum was available and Western blot studies were performed (see Figure 5).
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cause such as proliferative features on light microscopy, full
house Ig staining including C1q on IF microscopy, and
tubuloreticular inclusions in endothelial cells, and mesangial
or subendothelial deposits on electron microscopy.

NELL-1 is a gene named after its similarity to a gene Nel that
is strongly expressed in neural tissue encoding a protein with
EGF-like repeats.10 Nel expression is present in all chick tissues,
and the highest expression was in the brain. Nonneural tissues
such as liver and kidney express very low levels of Nel.10 Since
then, 2 genes homologous to Nel, NELL-1, and NELL-2 have
been identified.11 The amino acid sequences of NELL-1 and
NELL-2 are only about 50% homologous, suggesting that the 2
proteins are distinct with possibly different functions.12 NELL-1
encodes a 90-kDa secreted protein of 810 amino acids and
contains conserved motifs including a secretory signal peptide,
NH2-terminal thrombospondin-1 like molecule (TSPN),
coiled-coil domain, 4 von Willebrand–type domains, and 6
EGF-like repeats (Figure 5c).13 The TSPN is the heparin
binding domain and the EGF repeats are the protein kinase C
170
binding domains.14 NELL-1 is highly expressed in osteoblasts
and promotes bone regeneration. The C-terminal region of
NELL-1 mediates osteoblastic cell adhesion through integrin
a3b2.15,16 NELL-1 is overexpressed in patients with craniosy-
nostosis, one of the common congenital craniofacial de-
formities, where it is specifically upregulated within prematurely
fusing sutures.17,18 Mice overexpressing NELL-1 also develop
the craniosynostosis phenotype.19

In the kidney, NELL-1 expression is higher in tubules
while it is barely detectable in the glomeruli although 5% to
25% of glomerular cells express NELL-1 at the mRNA
level.11,20 However, when NELL-1–expressing human em-
bryonic kidney cells were grown on gelatin-coated coverslips,
NELL-1 was deposited in the extracellular matrix after
detachment of the cells, suggesting that NELL-1 is likely
present as an extracellular component and may be deposited
in the GBM.15 Recently, it was shown NELL-1 expression is
down-regulated in areas of renal cell carcinoma while it is
expressed in normal tubules and is thought to play an
Kidney International (2020) 97, 163–174



Figure 5 | Detection of anti–neural epidermal growth factor-like 1 protein (NELL-1) antibodies in the serum by Western blot analysis.
(a) Western blotting shows reactivity of serum samples with recombinant human NELL-1 protein in 5 patients with NELL-1–associated
membranous nephropathy (MN). Under nonreducing conditions, NELL-1 is detected predominantly as 280 kDa homodimers (bottom arrow)
and 420 kDa homotrimers (top arrow) formed through a helical coiled-coil domain. In patient MN2, samples were available at the indicated
time points; treatment with rituximab was started on June 14, 2017. Note the lack of reactivity of sera from patients with M-type phospholipase
A2 receptor (PLA2R)–associated MN, with minimal change disease (MCD), and with IgA nephropathy. Under reducing conditions, NELL-1
resolves as monomeric bands of about 130 kDa, and reactivity of NELL-1–positive sera is lost, suggesting that the patient’s autoantibodies
recognize conformation-dependent epitopes. (b) Western blotting shows that anti-NELL-1 autoantibodies are mainly carried by the IgG1
subclass in the first patient (MN1) while IgG2 and IgG4 subtypes were also present in the second patient. This pattern corresponds to the IgG
subclass immunofluorescence pattern in biopsy. (c) The molecular architecture of NELL-1 is shown, and it includes an N-terminal TSP-1-like
(TSPN), a coiled-coil (CC) domain, 4 von Willebrand factor type C (VWC) domains, and 6 epidermal growth factor–like domains (E).
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important role in the renal cell carcinoma behavior.21 To the
best of our knowledge, overexpression of NELL-1 has not
been reported in any kidney disease. NELL-1–associated MN
appears to be unique kidney disease associated with over-
expression of NELL-1. As is the case for PLA2R and THSD7A,22

anti-NELL-1 antibodies recognize a conformation-dependent
epitope (found both in 280-kDa homodimers and 420-kDa
homotrimers formed through a helical coiled-coil domain).
Further studies are needed to determine NELL-1 ultrastructural
Kidney International (2020) 97, 163–174
localization at the podocyte and the potential role of
anti-NELL-1 antibodies in podocyte adhesion and slit dia-
phragm stabilization.

Finally, a larger (23% of 126 cases) number of NELL-1–
positive MN were detected in the pilot/discovery cohort cases
at the Mayo Clinic compared with the smaller number of
cases (5.9% of 84) from the French and Belgian validation
cohorts. This may be due to genetic background differences as
is seen in the variable geographic incidence of PLA2R- and
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THSD7A-positive MN.23 Thus, with regard to PLA2R, a
retrospective study showed 89.6% prevalence of PLA2R-
associated MN at the Tenon Hospital,24 while there was a
prevalence of only 48.1% among 592 biopsies of nonlupus MN
at the Mayo Clinic (S. Sethi, 2019, unpublished data). Similarly,
a recent study on THSD7A-associated MN reported a preva-
lence of 2.8% among the 1012 patients from 6 European co-
horts,25 while only 1 of 181 patients enrolled in Membranous
Nephropathy Trial of Rituximab (MENTOR) study,26 and 2 of
422 (<0.5%) patients screened at Mayo Clinic locations—
Rochester, MN; Jacksonville, FL; and Phoenix, AZ—were found
to be THSD7A positive (S. Sethi, 2019, unpublished data).

Interestingly, cancer was detected in 4 of 5 NELL-1–
positive cases of the validation cohorts, while none of the
29 NELL-1 of the pilot and discovery Mayo Clinic cohort
cases had cancer. The findings suggest that NELL-1–
associated MN can occur in different settings including
cancer as is also the case for PLA2R-associated MN. This also
raises the question whether the small subset of NELL-1–
positive MN associated with cancer can be truly classified as
primary MN. Further studies are required to address this
question.

Overall, 34 NELL-1-–positive cases (16%) were identified
in 210 PLA2R-negative biopsies with all cohorts combined,
and that is more than double the number of THSD7A cases
in the original study (15 of 154 PLA2R-negative, 10%).6

Taken together, the findings suggest that NELL-1 is the
second most common antigen (after PLA2R) in primary
MN. Further studies are needed to understand the preva-
lence discrepancy of NELL-1–positive MN.

In conclusion, we have identified a novel protein NELL-1
in a subset of PLA2R-negative MN in adult patients. NELL-
1–associated MN appears to be a distinct type of primary
MN.
METHODS
Patients and sample collection
Biopsies were received in the Renal Pathology Laboratory, Depart-
ment of Laboratory Medicine and Pathology, Mayo Clinic, for
diagnosis and interpretation between January 2015 and May 2018.
Light microscopy, IF microscopy including PLA2R studies, and
electron microscopy was performed in each case of MN. The clinical
information was obtained from the accompanying charts. The study
was approved by the Mayo Clinic Institutional Review Board. For
control cases, we performed MS/MS on 111 cases that included 15
cases of time 0 kidney transplant biopsies, 17 cases of minimal
change disease, 44 cases of focal segmental glomerulosclerosis, 7
cases of diabetic glomerulosclerosis, 5 cases of IgA nephropathy, and
23 cases of PLA2R-associated MN. For control IHC, we used 20 cases
that included 4 cases of focal segmental glomerulosclerosis, 4 cases of
IgA nephropathy, 4 cases of diabetes, and 8 cases of PLA2R-
associated MN.

Validation cohorts
Two validation cohorts were used.
(i) French cohort: Twenty-three unstained, blinded kidney biopsy

slides of formalin-fixed paraffin-embedded (FFPE) tissue were
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provided by the Institut national de la santé et de la recherche
médicale (Inserm) UMR-S1155 (Tenon Hospital, Paris) and
analyzed in the Pathology Research Core (Mayo Clinic) by IHC
for NELL-1. All 23 cases were PLA2R- and THSD7A-negative
MN. An additional 22 cases (FFPE) of PLA2R- and THSD7A-
negative MN were stained for NELL-1 at Inserm UMR-S1155
using IF methodology.

(ii) Belgian cohort: Thirty-nine unstained, blinded kidney biopsy
slides of FFPE tissue of PLA2R- and THSD7A-negative MN were
obtained in the UC Louvain Kidney Disease Network. These
cases were stained for NELL-1 at Inserm UMR-S1155 using IF.

Protein identification by laser capture microdissection,
trypsin digestion, nano–liquid chromatography Orbitrap
MS/MS
For each case 10-mm thick FFPE were obtained and mounted on a
special polyethylene naphthalate membrane laser microdissection
slide and using a Zeiss Palm Microbean microscope (Carl Zeiss AG,
Oberkochen, Germany), the glomeruli were microdissected to reach
approximately 250,000 to 5000 mM2 per case. Resulting FFPE frag-
ments were digested with trypsin and collected for MS/MS analysis.
The trypsin-digested peptides were identified by nano-flow liquid
chromatography electrospray tandem MS/MS using a Thermo Sci-
entific Q-Exactive Mass Spectrometer (Thermo Fisher Scientific,
Bremen, Germany) coupled to a Thermo Ultimate 3000 RSLCnano
HPLC system. All MS/MS samples were analyzed using Mascot and
X! Tandem set up to search a Swissprot human database. Scaffold
(version 4.8.3, Proteome Software Inc., Portland, OR) was used to
validate MS/MS-based peptide and protein identifications. Peptide
identifications were accepted at >95.0% probability by the Scaffold
Local FDR algorithm with protein identifications requiring a 2
peptide minimum and a 95% probability using Protein Prophet
(Seattle, WA).27 Details of laser capture and MS/MS are given in the
Supplementary Methods and Supplementary Table S2.

IHC, IF, and colocalization staining for NELL-1
Tissue sectioning and IHC staining were performed at the Pathology
Research Core (Mayo Clinic, Rochester, MN) using the Leica Bond
RX stainer (Leica Biosystems, Buffalo Grove, IL). FFPE tissues were
sectioned at 5 mm and IHC staining was performed online. Slides for
the NELL-1 stain were retrieved for 20 minutes using Epitope
Retrieval 2 (ethylenediamine tetraacetic acid; Leica Biosystems) and
incubated in Protein Block (Dako) for 5 minutes. The NELL-1
primary antibody (Rabbit Polyclonal, Sigma #HPA051535) was
diluted to 1:100 in Background Reducing Diluent (Dako; Agilent
Technologies, Santa Clara, CA) and incubated for 15 minutes.
The detection system used was Polymer Refine Detection System
(Leica Biosystems). This system includes the hydrogen peroxi-
dase block, post primary and polymer reagent, 3,30-dia-
minobenzidine (DAB), and hematoxylin. Immunostaining
visualization was achieved by incubating slides 10 minutes in
DAB and DAB buffer (1:19 mixture) from the Bond Polymer
Refine Detection System. To this point, slides were rinsed be-
tween steps with 1x Bond Wash Buffer (Leica Biosystems). Slides
were counterstained for 5 minutes using Schmidt hematoxylin
and molecular biology grade water (1:1 mixture), followed by
several rinses in 1x Bond wash buffer and distilled water, this is
not the hematoxylin provided with the Refine kit. Once the
immunochemistry process was completed, slides were removed
from the stainer and rinsed in tap water for 5 minutes. Slides
were dehydrated in increasing concentrations of ethyl alcohol
Kidney International (2020) 97, 163–174
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and cleared in 3 changes of xylene prior to permanent cover
slipping in xylene-based medium.

IF staining was performed on FFPE sections retrieved for 30
minutes using target retrieval solution high pH (Dako) in pressure
cooker equipment (Bio SB, Santa Barbara, CA). The NELL-1 pri-
mary antibody (rabbit polyclonal, Atlas antibodies) was diluted to
1:100 in blocking solution (2% calf fetal serum and 2% normal goat
serum) and incubated overnight at 4 �C with retrieved biopsy sec-
tions. Next, the slides were incubated with secondary antibody goat
Alexa 488-conjugated anti-rabbit Fab IgG (Life Technologies,
Thermo Fisher Scientific, Waltham, MA). Anti-human IgG Alexa
Fluor 647 rabbit monoclonal antibody (Sigma-Aldrich, St. Louis,
MO) was then reacted with the retrieved tissue as described above.
Finally slides were mounted in mounted medium (Thermo Fisher
Scientific) and covered with LDS2460EP cover glass slides. Coloc-
alization of NELL-1 and IgG along the glomerular basement mem-
brane was examined by confocal microscopy using a Leica TCS-SP2
and analyzed with Leica Confocal Software (version 2.61; Leica,
Wetzlar, Germany).

Western blot analysis
The protein sample, recombinant human NELL-1 (R&D Systems,
Minneapolis, MN) was diluted with nonreducing or reducing Laemmli
sample buffer (Bio-Rad Laboratories, Hercules, CA) and boiled for 5
minutes. Samples were loaded into Criterion 4% to 15% TGX gels
(Bio-Rad) and electrophoresed in Tris–glycine–sodium dodecylsulfate
running buffer. Proteins were transferred to poly (vinylidene difluor-
ide) membranes according to standard protocols and the membranes
were blocked with Pierce Protein-Free Blocking buffer (Thermo Fisher
Scientific). Membranes were incubated overnight at 4 �C with sera
from patients, controls (dilution 1:50), and rabbit polyclonal antibodies
(dilution 1:500) against NELL-1 (Abcam, Cambridge, UK). Subse-
quently, blots were washed and incubated for 2 hours at room tem-
perature with goat-anti human or goat anti-rabbit IgG, alkaline
phosphatase conjugate (Sigma-Aldrich). Immunoreactive proteins were
visualized with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium liquid substrate system (Sigma-Aldrich).

For subclass detection in nonreducing conditions, blots were
incubated with mouse monoclonal anti-human IgG subclass anti-
bodies (SouthernBiotech, Birmingham, AL), then revealed with
alkaline phosphatase-conjugated polyclonal anti-mouse IgG anti-
body (Vector Labs, Burlingame, CA).
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