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Introduction: Membranous nephropathy (MN) is the most common glomerular disease associated with

sarcoidosis. The target antigen M-type phospholipase A2 receptor 1 (PLA2R) has been identified in a

subset of sarcoidosis-associated MN. The target antigen is not known in the remaining sarcoidosis-

associated MN.

Methods: Data of patients with history of sarcoidosis and biopsy-proven MN were retrieved and analyzed.

Mass spectrometry (MS/MS) was performed on all kidney biopsies of sarcoidosis-associated MN to detect

the target antigens. Immunohistochemistry (IHC) studies were performed to confirm and localize the target

antigens along the glomerular basement membrane (GBM).

Results: Eighteen patients with history of sarcoidosis and biopsy-proven MN were identified, of whom 3

were known to be PLA2R-negative, and in the remaining patients the target antigen was unknown. Thir-

teen (72%) patients were males; the median age at MN diagnosis was 54.5 years. The median proteinuria

at presentation was proteinuria 9.8 g/24 h. Eight patients (44.4%) had concurrent sarcoidosis. Using MS/

MS, we detected PLA2R and neural epidermal growth factor-like-1 protein (NELL1) in 7 (46.6%) and 4

(22.2%) patients, respectively. In addition, 1 case each (5.5%) was positive for thrombospondin type 1

domain-containing 7A (THSD7A), protocadherin-7 (PCDH7), and putative antigen Serpin B12. No known

target antigen was detected in the remaining 4 patients (22.2%).

Conclusion: Patients with sarcoidosis and MN exhibit heterogeneous target antigens. We identified, along

with PLA2R, the presence of previously unreported antigens, including NELL1, PCDH7, and THSD7A. The

incidence of the target antigens in sarcoidosis appears to mirror the overall incidence of target antigens in

MN. MN in sarcoidosis may be the result of a heightened immune response and is not associated with a

single target antigen.
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K
idney involvement in sarcoidosis occurs in 10% to
20% of affected patients.1,2 It typically results in

nephrocalcinosis or interstitial nephritis secondary to
granulomatous infiltration.1,3-6 Glomerular involve-
ment in sarcoidosis has been reported in 10% of cases,
and when present, the most common histopathological
pattern of injury is MN.7,8 MN results from antigen-
antibody complexes along the subepithelial region of
the GBM. There are only 2 small studies on the target
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antigens present in sarcoidosis-associated MN. In these
studies, the target antigen M-type PLA2R was detected
in 55% (5 out of 9 patients) and 75% (3 out of 4 pa-
tients) of sarcoidosis-associated MN, respectively.8-11 In
the remaining cases, the target antigen is not known. In
recent years, novel target antigens have been identified
in MN.12 These include exostosin 1/2, NELL1, sem-
aphorin 3B, PCDH7, neural cell adhesion molecule 1,
contactin-1, protocadherin FAT1, and neuron-derived
neurotrophic factor.13-19 The role of these target anti-
gens in sarcoidosis-associated MN is not known. In this
study, we aimed to determine whether any of the
newly identified MN antigens were present in
sarcoidosis-associated MN.
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METHODS

Patient Selection

A total of 18 patients with sarcoidosis-associated MN
were identified for the study. We retrospectively
identified 15 cases (cases 4–18) with an established
diagnosis of sarcoidosis and biopsy-proven MN. The
diagnosis of MN was confirmed by light microscopy,
immunofluorescence (IF), and electron microscopy in
all cases. Kidney biopsies were received at Mayo Clinic
between January 1, 2010 and December 31, 2020, in the
Renal Pathology Laboratory (Department of Laboratory
Medicine and Pathology). The study was approved by
the Mayo Clinic Institutional Review Board. In addi-
tion, 3 cases (cases 1–3) of PLA2R-negative sarcoidosis-
associated MN were received from the Department of
Pathology and Cell Biology, Columbia University.
Clinical, demographic, and laboratory data at the time
of MN diagnosis were obtained from medical charts.
Medical records with clinical data were requested for
biopsy cases received from outside institutions. Pa-
tients were diagnosed with sarcoidosis according to the
clinical or biopsy findings (either the presence of
noncaseating granulomas, which comprised of epithe-
lioid histocytes with multinucleated forms, and nega-
tive staining for fungal microorganisms or acid-fast
bacilli on a lung or lymph node biopsy specimen or
diagnostic radiological signs of pulmonary nodules or
mediastinal lymphadenopathy). The estimated glomer-
ular filtration rate was calculated using the CKD-EPI
creatinine equation 2021. Sarcoidosis and MN were
considered concurrent when the diagnosis of MN was
within a year of the diagnosis of sarcoidosis.
Detection of Target Antigens in Sarcoidosis-

Associated MN Using Laser Microdissection

and Tandem (MS/MS)

Sample cases were processed beginning with 10-micron
thick formalin-fixed paraffin-embedded sections that
were cut on a special polyethylene naphtalate mem-
brane laser microdissection slide then deparaffinized in
xylene. The glomeruli were microdissected using a
Zeiss Palm Microbeam microscope to accumulate
approximately 250,000 to 550,000 mm2 per case into 100
mM Tris pH 8.2/0.005% zwittergent 3 to 16. The
collected formalin-fixed paraffin-embedded fragments
were heated at 98 �C for 60 minutes for protein
extraction, then reduced with tris carboxyethyl phos-
phine, alkylated with iodoacetamide followed by
digestion with trypsin/LysC mix (Promega) at 37 �C
overnight. The digest mixture was acidified with dilute
trifluoroacetic acid and loaded onto a C18 trap column
(EXP Halo 2.7um, Optimize Technologies). The pep-
tides were separated with a 100 mm � 40 cm C18
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column (PepSep 1.5 mm) running 0.1% formic acid/
acetonitrile buffers on a Thermo Ultimate 3000
RSLCnano HPLC system coupled to a Thermo Scientific
Exploris480 Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Bremen, Germany) for nano-flow
liquid chromatography electrospray tandem MS/MS
(nanoLC-ESI-MS/MS) analysis. The raw data files were
processed in MaxQuant using Andromeda to search
against the Swissprot human database (release 2021_03)
and the identified peptides and proteins were filtered at
1% false discovery rate. The MaxQuant reported
spectral counts (MS/MS counts) and iBAQ values19

were used for comparisons to controls.

Confirmation of New Antigens by IHC

The methods have been previously described.14,16

Briefly, IHC staining was performed at the Pathology
Research Core (Mayo Clinic, Rochester, MN) using the
Leica Bond RX stainer (Leica). Formalin-fixed paraffin-
embedded tissues were sectioned at 5 microns and IHC
staining was performed on-line. The NELL-1 primary
antibody (Rabbit Polyclonal, Sigma #HPA051535,
diluted to 1:100) and the PCDH7 primary antibody
(Mouse Monoclonal, Clone OT12G6, Abcam, diluted to
1:400) were diluted in background reducing diluent
(Dako) and incubated for 30 minutes. The detection
system used was polymer refine detection system
(Leica). This system includes the hydrogen peroxidase
block, post primary and polymer reagent, 3,30-Dia-
minobenzidine (DAB), and hematoxylin. Immuno-
staining visualization was achieved by incubating the
slides for 10 minutes in DAB and DAB buffer (1:19
mixture) from the bond polymer refine detection
system. Slides were then rinsed between steps with
1� bond wash buffer (Leica). The slides were coun-
terstained for 5 minutes using Schmidt hematoxylin
and molecular biology grade water (1:1 mixture), fol-
lowed by several rinses in 1� bond wash buffer and
distilled water, this is not the hematoxylin provided
with the refine kit. Once the immunochemistry pro-
cess was completed, the slides were removed from the
stainer and rinsed in tap water for 5 minutes. Slides
were dehydrated in increasing concentrations of ethyl
alcohol and cleared in 3 changes of xylene before
permanent coverslipping in xylene-based medium.
Established IF microscopy methodology in the Renal
Pathology Laboratory, Mayo Clinic was used for the
detection of PLA2R and THSD7A.

Statistical Analysis

Descriptive statistics were performed using JMP Pro
software version 10.0.2 (SAS Institute Inc., Cary, NC).
Continuous variables were skewed and are reported
as median with an interquartile range of Q1 to Q3
Kidney International Reports (2023) 8, 1213–1219



Table 1. Clinical, pathology, and MS findings

Case number Age Gender
Sarcoidosis Dx in
relation with MN

Urinary protein
g/24h

Serum
creatinine mg/dl

Serum
albumin g/dl IFTA Immunofluorescence EM MS/MS

#1 72 Male Concurrent 1.8 5.5 3.2 20% IgG 3þ, IgM trace, IgA trace, C3 2þ Stage II PCDH7

#2 56 Female Concurrent 9.1 1.32 2.6 20% Segmental IgG 2þ, C3 trace Stage II NELL1

#3 50 Male Prior 14.8 1.22 1.9 10% IgG 3þ, C3 1þ Stage II NELL1

#4 42 Male Prior 14 1.1 2.1 25% IgG 3þ, IgA 1þ, C1q 3þ, C3 2þ Stage II PLA2R

#5 28 Male Concurrent 13 1.05 1.5 5% IgG 3þ, C3 3þ Stage I PLA2R

#6 33 Male Concurrent 18 0.8 1.9 5% IgG 3þ, IgA 1þ, C1q 1þ, C3 2þ Stage II PLA2R

#7 53 Female Prior UA 3þ 1.8 NA 50% IgG 1þ Stage III–IV Unknown

#8 65 Male Prior 3.7 3.3 2.6 50% IgG 3þ, C3 trace Stage III NELL1

#9 55 Female Prior 15 2.7 2.3 30% No cortex Stage II PLA2R

#10 50 Male Prior 4.8 3.5 3.3 10% IgG 2þ, IgA 1þ, C3 2þ Stage III Unknown

#11 45 Male Concurrent 14 3.3 2.9 10% IgG 3þ, IgM 1þ, C3 1þ Stage II Unknown

#12 54 Male Prior 10 0.96 1 <5% IgG 3þ, C3 3þ Stage I PLA2R

#13 70 Male Prior 7 1.2 3.5 <5% IgG 3þ, IgA 1þ, C3 2þ Stage II THSD7A

#14 65 Male Concurrent 5 1.6 NA 10% IgG 2þ, IgM 1þ, C3 2þ Stage II PLA2R

#15 75 Female Prior 5.2 1.16 3 <5% IgG 3þ, C3 3þ Stage II NELL1

#16 72 Female Prior NA 4.9 2.8 10% No cortex Stage II Unknown

#17 48 Male Concurrent NA 1.8 3.6 10% IgG 1þ, IgA 1þ, IgM 1þ Stage III PLA2R

#18 78 Male Concurrent NA 1.8 NA <5% IgG 2þ, C3 trace Stage II SerpinB12

Dx, diagnosis; EM, electron microscopy; IFTA, interstitial fibrosis and tubular atrophy; MN, membranous nephropathy; MS, mass spectrometry; NELL1, neural epidermal growth factor-
like-1 protein; PCDH7, protocadherin-7; PLA2R, phospholipase A2 receptor; THSD7A, thrombospondin type 1 domain-containing 7A.
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(25th, 75th). Further, categorical variables were pre-
sented as frequency (%).
RESULTS

Clinical and Laboratory Characteristics

We identified 18 cases with an established diagnosis of
sarcoidosis and a biopsy-proven MN. Patients were
mostly males 13 (72.2%), the median age at MN diag-
nosis was 54.5 years (47.2, 70.5), with median serum
creatinine at 1.7 mg/dl (1.14, 3.31), median estimated
glomerular filtration rate of 46.5 ml/min (20.0, 75.5),
median proteinuria 9.5 g/24 h (5.0, 14.0) and median
serum albumin at 2.6 g/dl (1.9, 3.2). Sarcoidosis diag-
nosis was confirmed in 8 (44%) patients by either a
lymph node biopsy (in 4 patients) or pulmonary biopsy
(4 patients) with findings showing noncaseating gran-
ulomas, composed of epithelioid histocytes with
multinucleated appearance and negative staining for
fungal microorganisms and acid-fast bacilli in 5
(27.7%) patients. Out of the 18 patients, 8 (44.4%)
developed concurrent MN with either active sarcoid-
osis or within 1 year of the diagnosis of sarcoidosis. In
all patients, other diseases associated with MN,
including autoimmune diseases (e.g., lupus erythema-
tosus), infections (e.g., hepatitis B or C infection), drugs
(e.g., nonsteroidal anti-inflammatory drugs), or malig-
nancy, were not present.

Kidney Biopsy Findings

All cases showed characteristic findings of MN with
thickened GBM on light microscopy, granular IgG
staining along the capillary walls on IF, and
Kidney International Reports (2023) 8, 1213–1219
subepithelial electron-dense deposits on electron mi-
croscopy. A median of 9.5 (6.0, 18.0) glomeruli were
present, of which 1.0 (0.0, 1.25) were globally scle-
rosed. Proliferative features were not present in any
case. There was minimal (<10%) interstitial fibrosis
and tubular atrophy in 6 biopsies (33.3%), whereas
mild (10%–25%) and moderate (26%–50%) tubular
atrophy and interstitial fibrosis were present in 9
(50.0%) and 3 (16.6%) biopsies, respectively. None of
the samples had severe (>50%) interstitial fibrosis and
tubular atrophy. Noncaseating granulomatous inter-
stitial nephritis was present in 2 kidney biopsies. IF
showed staining for IgG (1 � 3þ/3) and C3 (1 � 3þ/3)
in all biopsies. Two cases showed staining for C1q (1 �
3þ). IgG subtypes were not performed. On electron
microscopy, 2 (11.1%) cases had stage I, 12 cases
(66.6%) had stage II, 3 (16.6%) as stage III, and 1
(5.5%) had stage III to IV (Churg and Ehrenreich20).
Details on clinical and pathologic findings are pre-
sented in Table 1.

Identification of Target Antigens by MS/MS

We performed laser microdissection and MS/MS
studies on all 18 cases. PLA2R was detected in 7 cases
(38.8%) with average total spectral counts of 43.8
(�10.7). NELL1 was identified in 4 cases (22.2%) with
total spectral count of 23.5 (�10.7). THSD7A and
PCDH7 were detected in 1 case (5.5%) each, with total
spectral counts of 32 and 18, respectively. In 1 case, we
detected a Serpin B12 that appears to be a unique
protein. In the remaining 4 cases (22.2%), no known
MN antigens were detected (Figure 1). The MS/MS
findings are shown in Figure 2.
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Figure 1. Antigens detected in sarcoidosis-associated. MN, mem-
branous nephropathy; NELL1, neural epidermal growth factor-like-1
protein; PCDH7, protocadherin-7; PLA2R, phospholipase A2 recep-
tor; THSD7A, thrombospondin type 1 domain-containing 7A.
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IHC and Immunofluorescence Studies

To confirm the findings of MS/MS, we performed IHC
for the specific proteins in all cases. All 4 cases of
NELL1-associated MN were positive for NELL1 stain-
ing along the GBM. Segmental NELL1 staining was
noted in 2 of the 4 NELL1 positive cases. The single
case of PCDH7-associated MN also showed granular
GBM staining. All 7 cases of PLA2R-associated MN and
the single case of THSD7A-associated MN were positive
for PLA2R and THSD7A on IF studies. IHC and IF
findings of all cases of NELL1-associated, PCDH7-
associated, THSD7A-associated and a representative
case of PLA2R-associated MN are shown in Figure 3.

Clinical Follow-Up

Of the 18 patients, 6 (33.3%) were treated with ste-
roids for sarcoidosis, and 5 (27.7%) patients the MN
was treated with steroids during the disease. Patient
#3 did not receive immunosuppressant treatment and
had spontaneous remission. In addition to receiving
steroids, patient #4 was treated with mycophenolate
mofetil, cyclosporine, and rituximab. Interestingly, 4
of 18 patients were on prednisone at the time of the
MN occurrence. Serum creatinine at 1-year follow-up
was available in 9 (50%) patients with a median of
1.4 (0.97, 2.04). Serum albumin was available in 6
(33.3%) patients at 1-year follow-up with a median of
3.95 (2.9, 4.4).
DISCUSSION

MN is an autoimmune disease resulting in the accu-
mulation of antigen-antibody complexes in the sub-
epithelial region of the GBM. In a majority (70%) of
patients with MN, no underlying disease association is
found, and MN is referred to as primary MN. The
target antigens PLA2R, NELL1, THSD7A, and PCDH7
have been identified in most (80%–90%) of these pa-
tients, with PLA2R being the most common target
antigen. In contrast, a specific disease may be associ-
ated with MN. In these cases, MN is referred to as
secondary MN. In the past, no target antigens were
identified in this group. However, recently, it has been
shown that target antigens, protocadherin FAT1, are
1216
detected in hematopoietic stem cell transplant-
associated MN, exostosin 1/2 and neural cell adhesion
molecule 1 are detected in autoimmune disease -asso-
ciated MN, such as lupus MN, neuron-derived neuro-
trophic factor is detected in infection-(syphilis)
associated MN,21 contactin-1 is detected in demyelin-
ating polyneuropathy, and most recently proprotein
convertase subtilisin/Kexin type 6 is detected in
nonsteroidal anti-inflammatory drugs-associated MN.
Therefore, a specific target antigen can be detected in
most of the diseases associated with MN.

Sarcoidosis is also associated with MN and is often
included in the secondary group of diseases associated
with MN. The target antigen PLA2R has been detected
in 55% to 75% of the patients of sarcoidosis-associated
MN, although the number of patients in these series
was small.8 In the remaining patients, the target anti-
gen is unknown. We have successfully used laser
microdissection and MS studies to identify novel target
antigens in MN.12 In this study, we used MS studies in
patients with MN with either concurrent or a prior
history of sarcoidosis to either detect a novel target
antigen or detect any new antigens that have been
discovered in the last few years. In a series of 18 cases
of MN with either concurrent or prior history of
sarcoidosis, we detected target antigens PLA2R
(46.6%), NELL1 (22.2%), THSD7A (5.5%), and PCDH7
(5.5%). We also detected target antigen proprotein
convertase subtilisin/Kexin type 6 in 1 case, but the
patient had a history of nonsteroidal anti-inflammatory
drugs use, and we did not include this patient in our
series. Proprotein convertase subtilisin/Kexin type 6
has been recently shown to be the target antigen in
nonsteroidal anti-inflammatory drugs-associated MN
(KI, in press). Other than sarcoidosis, none of the pa-
tients had any other known secondary disease associ-
ated with MN.

Of the antigens we detected, only PLA2R has been
previously described in sarcoidosis-associated MN.8 To
the best of our knowledge, none of the other antigens
we detected have been previously reported in
sarcoidosis-associated MN. We also take the opportu-
nity to present a putative antigen Serpin B12 in 1 case
of sarcoidosis-associated MN, which was unique, pre-
sent in high spectral counts, and was absent in other
MN and control cases. Further studies are required
including IHC to localize the protein and western blot
studies to detect circulating antibodies to Serpin B12
before confirming Serpin B12 as a likely target antigen.

Concurrent Versus Prior History of Sarcoidosis

Nine patients of MN were reported in the setting of
sarcoidosis with no other secondary cause. Of these,
only 5 (45.5%) had active sarcoidosis (sarcoidosis
Kidney International Reports (2023) 8, 1213–1219



Figure 2. Proteomic Identification of target antigens in sarcoidosis-associated MN. Target antigens were detected in 14 of the 18 cases. The
target antigens are listed in the first column. Each sarcoidosis case is listed as Sar_01, Sar_2, through to Sar_18. No target antigen was
detected in 4 cases Sarc_7, _10, _11, _16 are not shown. Each antigen has 2 rows showing the MS/MS data — the top row showing the iBAQ
values and the bottom row showing the total spectral counts. The protein iBAQ values are calculated by summing the precursor ion intensities
and dividing them by the number of theoretically observable trypsin-generated peptides. MN, membranous nephropathy; NELL1, neural
epidermal growth factor-like-1 protein; PCDH7, protocadherin-7; PLA2R, phospholipase A2 receptor; THSD7A, thrombospondin type 1 domain-
containing 7A.
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diagnosed within 6 months of MN diagnosis).8 In other
studies of sarcoidosis-associated MN where 3 out 4
cases (75%) were positive for PLA2R, there is no
mention of whether the sarcoidosis was concurrent or
the patients had a prior history of sarcoidosis.9 In our
study, we found concurrent sarcoidosis in 44.4% of the
patients, which is similar to the previous study.8
Figure 3. Immunohistochemistry showing positive granular staining along
rescence microscopy shows positive staining for THSD7A in 1 case and PL
like-1 protein; PCDH7, protocadherin-7; PLA2R, phospholipase A2 recepto

Kidney International Reports (2023) 8, 1213–1219
Therefore, greater than 50% of the patients lack the
temporal causality between sarcoidosis and MN.

Target Antigens

Taken together, our studies suggest that target antigens
detected in sarcoidosis-associated MN, either concur-
rent or with a prior history of sarcoidosis, reflect the
the GBM for NELL1 in 4 cases and PCDH7 in 1 case. Immunofluo-
A2R in a representative case. NELL1, neural epidermal growth factor-
r; THSD7A, thrombospondin type 1 domain-containing 7A.
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overall incidence of target antigens in MN. Therefore,
PLA2R was the most common antigen in sarcoidosis-
associated MN, followed by NELL1, PCDH7, and
THSD7A, respectively, thereby reflecting the overall
incidence of the target antigens in primary MN. This
contrasts with target antigens in other diseases associ-
ated with MN in which a distinctive target antigen has
been identified, such protocadherin FAT1 in hemato-
poietic stem cell transplant-associated MN, exostosin 1/
2 in autoimmune disease-associated MN, contactin-1 in
demyelinating polyneuropathy, and neuron-derived
neurotrophic factor in syphilis-associated MN.

Suggested Mechanism

Sarcoidosis is an inflammatory disorder with multi-
system involvement resulting from dysregulated anti-
genic response to unknown environmental exposures
in a genetically susceptible person.22 It primarily af-
fects the pulmonary system and, to a lesser extent,
other extrapulmonary organs such as the kidneys. It is
possible that the inflammation results from immune-
dysregulation involving CD4 type-1 helper T lympho-
cytes and antigen-presenting cells.22 We propose that
the inflammation, in turn, in susceptible individuals
results in increased expression of proteins, including
PLA2R and NELL1, that may result in MN. In other
words, a heightened immune response may be
responsible for both antigen expression and resulting
antibody response. Perhaps this is the likely reason
that no single target antigen can account for all cases of
sarcoidosis-associated MN, and the pattern of antigen
expression follows that of the overall pattern of anti-
gens seen in primary MN.

There are limitations to our study in that we used
archival tissue for identifying the target antigens.
Frozen tissue and serum were not available. The study
is a retrospective study, and clinical data, laboratory
findings, detailed treatment, and follow-up are not
available in some cases.

To summarize, our study shows a heterogeneity in
the target antigens in sarcoidosis-associated MN. The
target antigens detected in sarcoidosis-associated MN
reflects the overall incidence of target antigens in MN.
It is important to point out that specific secondary MN
target antigens such as exostosin 1/2, protocadherin
FAT1, contactin-1, and neuron-derived neurotrophic
factor are not detected in sarcoidosis-associated MN.
Finally, the significance of the causal relationship and
the clinical implication of the target antigens in
sarcoidosis-associated MN needs to be explored in
future studies.
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