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Key Points:
*The entire extracellular domain of THSD7A in the LIPS immunoassay was required to detect autoantibodies with high sensitivity in MN.

*In THSD7A seropositive MN patients, changes in antibody levels precedes a change in clinical status.
*THSD7A-antibodies were detected in some MN cases considered to be “secondary” to autoimmunity or cancer.

Abstract:

Background: Pathogenic autoantibodies against thrombospondin type-1 domain 7A (THSD7A) are present in approximately 3% of patients with
membranous nephropathy (MN). Compared to PLA2R antibodies, less is known about THSD7A autoantibodies (AB) due to the relative rarity and lack
of a commercially, available quantitative immunoassay. Methods: Here we describe the development and validation of a highly quantitative, luciferase
immunoprecipitation systems (LIPS) assay for detecting THSD7A AB and used it to study dominant THSD7A epitopes, disease associations and
monitoring disease activity. The Department of Defense Serum Repository (DODSR) was then used to analyze THSD7A AB in 371 longitudinal serum
samples collected before clinical diagnosis of MN from 110 PLA2R-negative MN subjects. Results: LIPS analysis demonstrated that a near full-length
THSD7A (amino acids 1-1656) detected robust autoantibody levels in all known seropositive MN patients with 100% sensitivity and specificity compared
to ELISA and/or Western blotting. The majority of THSD7A seropositive subjects in our pilot cohort had evidence of coexisting autoimmunity or cancer.
Moreover, three THSD7A seropositive cases undergoing immunosuppressive therapy showed longitudinal autoantibody levels that tracked clinical status.
Additional epitope analysis of two smaller protein THSD7A fragments spanning amino acids 1-416 and 1-671 demonstrated lower sensitivity of 32% and
44%, respectively. In the DODSR cohort, THSD7A seropositivity was detected in 4.5% of PLA2R negative MN cases. In one "primary" and in one
secondary MN-associated with cancer, THSD7A AB were detectable less than one month prior to biopsy-proven diagnosis. In addition, 3 cases of lupus
membranous nephropathy had detectable THSD7A AB years before hypoalbuminemia and biopsy-proven diagnosis. Conclusions: While further studies
are needed to explore the significance of THSD7A AB in lupus membranous nephropathy, this study describes a novel, highly sensitive LIPS
immunoassay for detecting THSD7A AB and adds to the existing literature on THSD7A-associated MN.
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Key points:

e The entire extracellular domain of THSD7A in the LIPS immunoassay was required to
detect autoantibodies with high sensitivity in MN.

e In THSD7A seropositive MN patients, changes in antibody levels precedes a change in
clinical status.

e Seropositive THSD7A antibodies were detected in some MN cases considered to be

“secondary” to autoimmunity or cancer.



Abstract

Background: Pathogenic autoantibodies against thrombospondin type-1 domain 7A (THSD7A)
are present in approximately 3% of patients with membranous nephropathy (MN). Compared to
PLAZ2R antibodies, less is known about THSD7A autoantibodies (AB) due to the relative rarity

and lack of a commercially, available quantitative immunoassay.

Methods: Here we describe the development and validation of a highly quantitative, luciferase
immunoprecipitation systems (LIPS) assay for detecting THSD7A AB and used it to study
dominant THSD7A epitopes, disease associations and monitoring disease activity. The
Department of Defense Serum Repository (DODSR) was then used to analyze THSD7A AB in
371 longitudinal serum samples collected before clinical diagnosis of MN from 110 PLA2R-

negative MN subjects.

Results: LIPS analysis demonstrated that a near full-length THSD7A (amino acids 1-1656)
detected robust autoantibody levels in all known seropositive MN patients with 100% sensitivity
and specificity compared to ELISA and/or Western blotting. The majority of THSD7A
seropositive subjects in our pilot cohort had evidence of coexisting autoimmunity or cancer.
Moreover, three THSD7A seropositive cases undergoing immunosuppressive therapy showed
longitudinal autoantibody levels that tracked clinical status. Additional epitope analysis of two
smaller protein THSD7A fragments spanning amino acids 1-416 and 1-671 demonstrated lower
sensitivity of 32% and 44%, respectively. In the DODSR cohort, THSD7A seropositivity was
detected in 4.5% of PLA2R negative MN cases. In one “primary” and in one secondary MN-

associated with cancer, THSD7A AB were detectable less than one month prior to biopsy-proven



diagnosis. In addition, 3 cases of lupus membranous nephropathy had detectable THSD7A AB

years before hypoalbuminemia and biopsy-proven diagnosis.

Conclusions: While further studies are needed to explore the significance of THSD7A AB in
lupus membranous nephropathy, this study describes a novel, highly sensitive LIPS
immunoassay for detecting THSD7A AB and adds to the existing literature on THSD7A-

associated MN.



Introduction

Membranous nephropathy (MN) is an autoimmune disease affecting the kidneys and a leading
cause of adult nephrotic syndrome (1). In MN, autoantibodies directed against extracellular
proteins expressed by podocytes form electron dense immune deposits in the kidney (2). Before
the discovery of MN antigens, MN was classified as “primary” or “idiopathic” when an etiology
could not be identified and “secondary” when another condition (e.g., systemic autoimmune
disease, malignancy, infection) was identified as the cause. The discovery of numerous target
autoantigens has transformed how we classify patients with MN (3). The first major antigenic
target, M-type phospholipase A, receptor (PLA2R), to which 70-80% of patients with “primary”
MN develop autoantibodies, was discovered in 2009 (4). Autoantibodies against a second
podocyte protein, thrombospondin type-1 domain-containing 7A (THSD7A), was identified in
2014 (5) and are present in 2—10% MN patients (6, 7). Due to widely available PLA2R
immunoassays, autoantibody titers and trajectory have been well described before and at MN
diagnosis, as well as after treatment and relapse and now inform diagnosis, management, and
prognosis in PLA2R-associated MN (8). In contrast, fewer data exist for clinical applications of
THSD7A AB testing. This is due to a combination of low seroprevalence and lack of a widely
available commercial assays, in part due to the relatively large size of the THSD7A protein
required for autoantibody screening. Current THSD7A AB assays including Western blot and
the semi-quantitative indirect immunofluorescence assay, have limitations (5, 9, 10). A
quantitative ELISA for detecting THSD7A AB is currently not commercially available and in

limited use (6).



We previously developed highly sensitive and specific LIPS assays, based on recombinant
luciferase-tagged antigen, to detect PLA2R AB (11, 12). In the current study, a LIPS
immunoassay was developed for quantitative measurements of THSD7A AB and used to
describe the trajectory and dynamics of autoantibody levels before MN diagnosis in pre-clinical

phase, at diagnosis, after treatment, and before relapse.



Material and Methods

Clinical Trial Registration Number: NCT00977977; Registration Date: 9/16/2009

Patients and Samples

The study screened 502 patient sera for THSD7A AB from three different cohorts (Figure. 1). A
pilot cohort consisted of de-identified patient samples collected at the National Institutes of
Health, Bethesda, MD, under protocols approved by the IRB of the National Institute of Diabetes
and Digestive and Kidney Diseases. This cohort established the optimal THSD7A AB assay to
maximize assay sensitivity and specificity. The pilot cohort included a total of 96 samples, from
34 untreated PLA2R seropositive and 35 PLA2R seronegative MN subjects and 27 disease
controls with other glomerular diseases. THSD7A AB status was assigned for each sample
before unblinding. After unblinding, samples identified as THSD7A seropositive by LIPS were
confirmed by Western Blot for THSD7A AB and/or by THSD7A tissue staining of renal biopsy.
LIPS was also used for quantification of serial autoantibody levels in THSD7A seropositive

subjects in the pilot cohort undergoing immunosuppressive treatment.

A validation cohort consisted of samples provided by L. B. (Boston University) was used to
assess the diagnostic performance of the assay and contained 35 blinded serum samples from
MN subjects previously classified by Western blot as THSD7A seropositive (n=25) or
seronegative (n=10). Antibody levels based on LIPS in 24 THSD7A seropositive samples were

also compared to the [gG4 anti-THSD7A ELISA (6).

The third cohort was from the Department of Defense Serum Repository (DoDSR) (protocol

#0042, Walter Reed National Military Medical Center). We previously reported the emergence



of prediagnostic PLA2R antibody in longitudinal, DODSR biobanked, serum samples collected
before MN diagnosis (12). For the present study, samples previously identified as PLA2R AB
negative were analyzed for THSD7A autoantibodies prior to the diagnosis of MN based on renal
biopsy. In total, 371 longitudinal samples from 75 cases classified as “primary” membranous
nephropathy and 35 with “secondary” membranous nephropathy were evaluated in a single
blinded manner. For the DODSR cohort, the terms “primary” and “secondary” were used
because sample collection and classification in this database predates identification of MN
antigens. Seropositive and seronegative status was assigned for each sample before unblinding.
The measurements of serum albumin measurements were also evaluated as previously described

(12).

THSD7A Luciferase Fusion Proteins for LIPS Autoantibody Testing

To study THSD7A AB, a near full-length protein (1656/1657 amino acids) along with two
protein fragments were developed as Gaussia luciferase fusion proteins for LIPS. For plasmid
construction, a clone containing the entire human THSD7A ¢cDNA clone (13) was used as
template for PCR and the cDNA was subcloned as an N-terminal fusion protein with Gaussia
luciferase. Two THSD7A fragments encompassing amino acid residues 1-416 and 1-671 were
also generated in a similar fashion. While a general protocol describing LIPS testing is available
(14), a detailed LIPS methodology used to study THSD7A antibodies is provided in
Supplemental Information 1. A small number of additional LIPS immunoassays for measuring
autoantibodies against known lupus and other autoimmune targets, including Ro52, Ro60, RNP-
A, Smith-D3, GAD65, and interferon-alpha, were tested in selected patients and have been

described previously (15).



Statistics

GraphPad Prism software (San Diego, CA) was used to analyze and plot autoantibody
measurement data. Cut-off values for determining THSD7A seropositivity was based on optimal
separation using receiver operator characteristics (ROC) analysis. The heatmap was constructed
based on Z-scores of THSD7A seropositive antibody levels based on the THSD7A seronegative

controls as described (15).



Results

Detection of THSD7A AB by LIPS in a Pilot Cohort

A near full-length THSD7A chimeric fusion protein with Gaussia luciferase was used in LIPS to
evaluate autoantibodies in a pilot cohort. After decoding, the control group (n=27) all had low
THSD7A AB levels with an average value of approximately 10,000 LU (Figure 2). Similarly
low autoantibody levels were found in 34 (out of 34) known PLA2R seropositive and 30 (out of
35) PLA2R seronegative MN subjects (Figure 2). Five PLA2R seronegative subjects showed
higher seropositive THSD7A AB levels (Figure 2). Three of these samples showed approximate
values of 215,000 LU, 220,000 LU and 313,000 LU, one had modest autoantibody levels
(125,000 LU) and one had a lower value of 35,000 LU. Western blot and/or tissue staining of the
renal biopsy from the five subjects confirmed THSD7A seropositivity. Using ROC analysis, a
tentative cut-off value of 30,000 LU was chosen and yielded 100% sensitivity and specificity for

detecting all five subjects.

Clinical data for the five THSD7A seropositive subjects revealed three females and two males
with a mean age at presentation of 42 + 8 years (Table 1). Mean proteinuria at diagnosis was
11.6 +4 grams and eGFR was 82 +30 ml/min/1.73m”. Subject 1 had onset of nephrotic
syndrome during the third trimester of pregnancy and underwent renal biopsy after delivery.
Subject 4 was diagnosed with MN shortly after delivering a baby complicated by eclampsia, but
the timing of renal disease onset was unknown. In addition, three patients had coexisting
autoimmune or inflammatory disorders: lupus, heterozygous loss-of-function TNFAIP3 gene

mutation causing A20 haploinsufficiency (HA20) and refractory pustular psoriasis.
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All five THSD7A seropositive subjects were PLA2R seronegative. To explore coexistence of
other antibodies, these subjects were tested for autoantibodies against a limited panel of other
autoantigens associated with systemic lupus erythematosus and other autoimmune diseases (15).
Subject 2 harbored Ro52, Ro60, RNP-A and high level GADG65 autoantibodies and subject 1
with HA20, harbored Ro52, Ro60, RNP-A and interferon-alphal autoantibodies. These findings
highlight the diversity of other autoantigen targets seen in these subjects (Table 1). Lastly,

treatment and outcomes of these patients are shown in Table 1.

THSD7A AB LIPS Testing a Validation Cohort

The LIPS assay was next used to assess an independent, validation MN cohort. Based on the cut-
off value above 30,000 LU, 25 cases were assigned as THSD7A seropositive and 10 cases as
seronegative (Figure 3). After unblinding, the THSD7A serological status in these samples
demonstrated 100% sensitivity and specificity as compared to Western blot analysis. Additional
comparisons revealed LIPS closely tracked (Pearson R=0.58, p=0.017) the THSD7A 1gG4 levels

determined by ELISA (data not shown).

Immunoreactive Regions of THSD7A Protein

A previous study identified an important antigenic region located in the N-terminus of the
THSD7A molecule (14). To investigate immunoreactivity of different regions of THSD7A, two
additional smaller fragments, THSD7A-A1 (amino acids 1-416), and THSD7A-A2, (amino acids
1-671), were tested with the validation cohort and the results was compared with full-length
THSD7A protein (Figure 4A). A heat map normalized to the 10 seronegative cases was used to

visualize immunoreactivity in the 25 MN subjects (Figure 4B). The smallest fragment
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THSD7A-A1 fragment detected only 33% (8/25) of the MN samples as seropositive. The larger
THSD7A-A2 fragment was slightly more informative detecting 45% (11/25) as seropositive.
While many of the THSD7A-Al and THSD7A-A2 seropositive cases overlapped, three
seropositive subjects detected by the smaller THSD7A-A1 protein fragment were seronegative
with the larger THSD7A-A2 fragment. Overall, these results suggest there are multiple antigenic
regions within the protein, yet the near full-length THSD7A is the most informative, showing
100% sensitivity, because it likely captures important immunoreactive targets in the C-terminal

part of the molecule.

Monitoring Treatment Response by THSD7A AB Detection

THSD7A AB were next evaluated in longitudinal samples from three MN subjects (2, 4 and 5) in
the pilot cohort who receiving treatment. Before treatment all three patients had sustained high
levels of THSD7A antibody and proteinuria. Treatment of subject 2 with cyclophosphamide and
rituximab led to reduced THSD7A autoantibodies over 12 months paralleling the decrease in
proteinuria (Figure SA). By 8 months, THSD7A AB levels decreased below the cut-off value,
corresponding to partial remission of proteinuria and proteinuria nadired at 0.355 g/day by 12
months. Subject 4 responded to rituximab monotherapy and showed a similar pattern of antibody
depletion in advance of proteinuria improvement (Figure 5B). In subject 5, THSD7A AB was
fully depleted below the cut-off value by six months after rituximab and cyclosporine which
preceded complete remission (based on proteinuria) by three months (Figure SC). Autoantibody
reemergence occurred at 48 months and retreatment with rituximab led to clinical and
immunologic remission. Two additional relapses occurred in subject 5 with similar patterns in

THSD7A AB and proteinuria (Figure 5C). Immunological relapse was apparent five months in
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advance of clinical relapse. It is notable that seropositivity at the earliest time of presentation
was detectable with large THSD7A protein, as well as the two fragments, but with relapse,
autoantibodies were only detectable with near full-length protein (data not shown). Overall,
these results demonstrate that the LIPS THSD7A immunoassay is a sensitive method for

monitoring clinically informative changes in autoantibodies.

THSD7A AB Before Disease Diagnosis

The emergence of PLA2R AB was previously studied in retrospective, biobanked serum MN
samples from DODSR (12). In the current study, previously identified PLA2R seropositive
patients from the DODSR cohort were excluded, and the remainder were evaluated for THSD7A
AB. Of 371 PLA2R seronegative samples, fifteen sera were THSD7A seropositive and after
decoding, were found to comprise five subjects from screening 75 “primary” MN, and 35
secondary MN. Thus 4.5% (5/110) of the PLA2R-negative MN cohort were THSD7A
seropositive. One case was classified as “primary” MN and another was classified as “cancer-
associated secondary MN and three (2.7%) had lupus membranous nephropathy (LMN) and had
been classified at “secondary MN”. Serum albumin levels in serial samples were determined and
plotted over time with the THSD7A AB levels (Figure 6). The subjects with primary (Figure
6A) and cancer-associated MN (Figure 6B), were seropositive for THSD7A AB only in the last
longitudinal sample (also confirmed positive by THSD7A IgG4 ELISA) less than one month
prior to histologic diagnosis and showed co-occurrence of hypoalbuminemia. In contrast,
seropositive THSD7A AB were detected in three subjects with LMN up to 5 years before
histologic diagnosis (Figure 6C-E). Appearance of THSD7A AB preceded hypoalbuminemia in

LMN subjects 8 and 10. In LMN subject 9, THSD7A seropositivity fluctuated over time (Figure
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6D) appearing to show a subclinical presentation of LMN manifesting as emergence of THSD7A
AB with hypoalbuminemia, followed by immunologic and clinical remission and then “relapse”
prior to biopsy diagnosis of LMN. Autoantibodies against three lupus-associated autoantigens
were assessed in subjects 8-10 (Figure 7). In subject 8, Ro52, Ro60 and THSD7A AB were
present at the first time point and remained positive. Subject 9 was seronegative for Ro52 and
Ro60 autoantibodies at the first measured time point, but seropositive in the second and last time
point concurrent with the appearance of THSD7A AB (Figure 7). Subject 10 was seronegative

for the three circulating lupus autoantibodies.
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Discussion

In this study, we developed and validated a LIPS THSD7A AB immunoassay based on luciferase
fusion proteins. A near full-length THSD7A recombinant protein was chosen for the
immunoassay after detailed investigation. While the exact form, intact versus proteolyzed and
immunoreactive regions of THSD7A are not well-established, mapping revealed that multiple
regions are targeted by autoantibodies. An N-terminal THSD7A fragment containing the first
416 amino acid showed only limited sensitivity (33%) for detecting seropositivity and a larger N-
terminal fragment only improved sensitivity marginally to 45%. The highest sensitivity of 100%
required the entire extracellular domain. These findings are partly consistent with Seifert et al.
(16), which used Western blotting and found 87% of subjects had autoantibodies that recognized
amino acids 48—192 of THSD7A. One potential explanation for this discrepancy is the more
denaturing methods such as Western blot or ELISA may expose epitopes not available to
antibody binding to the native THSD7A molecule. Further evidence for the importance of the C-
terminus region in LIPS testing was detected in a THSD7A treated patient, in which
autoantibodies were present early in the course of the disease against near full-length and two
protein fragments, but later in the course of disease, immunoreactivity was only seen against the
full-length protein. These results suggest that epitope spreading may occur during disease

progression and/or response to treatment.

THSD7A AB showed similar dynamics to PLA2R AB, in which levels declined with
immunosuppressive treatment, disappeared with clinical remission, and reappearance preceded
proteinuria and predicted relapse indicating that THSD7A AB levels are a good clinical marker

of disease activity consistent with other studies (6, 17, 18). By analyzing longitudinal DODSR
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samples, we provide the first description of the natural history of THSD7A AB emergence
before diagnosis of MN. THSD7A AB was detected only within one month of the diagnosis for
both “primary” MN and malignancy-associated MN, but the limited patient number and timing
of samples precludes firm conclusions. In contrast, THSD7A AB were detected in three patients
with LMN years before diagnosis and were elevated prior to prediagnostic hypoalbuminemia. In
two LMN cases, the appearance of THSD7A AB was concurrent with other lupus-associated
antibodies. In one subject, subclinical disease “flare” manifesting as transient THSD7A
seropositivity and hypoalbuminemia was evident years before formal diagnosis. We previously

reported similar episodes of undiagnosed subclinical flares in PLA2R-associated MN (12).

THSD7A seropositivity was 5.2% in the pilot cohort and 4.5% of PLA2R seronegative patients
in the DODSR cohort. Among these ten THSD7A seropositive MN cases, 70% had evidence of
a secondary comorbidity or systemic autoimmunity. There was one case of MN (0.9%)
associated with malignancy in the DODSR cohort. THSD7A-MN has been associated with an
increased risk of cancer compared to PLA2R-associated MN (19). It is notable that THSD7A AB
were not detected earlier in this case of cancer-associated MN, which might have been expected

if a link existed between a THSD7A-expressing tumor and autoantibody generation.

THSD7A positive MN has been associated with a variety of other diseases (20, 21). In the pilot
cohort, several MN cases were considered secondary to another disease. We report the first case
of THSD7A-associated MN potentially related to haploinsufficiency in A20 (HA20), an
autoinflammatory condition manifesting as genital, oral and/or gastrointestinal ulcers (22),

related to enhanced NF«B (23). Treatment of the underlying disease led to remission of
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proteinuria supporting a link between HA20 and development of MN. One subject also had
psoriasis, which has been associated with MN. Treatment of the underlying skin disease did not
lead to improvement in proteinuria. This may reflect the severe, refractory nature of the skin
disease or suggests coincidental occurrence of two diseases. In support of the latter, a study of 24
MN cases with psoriasis did not show evidence of glomerular expression of PLA2R or THSD7A
or circulating autoantibodies (24). Interestingly in the pilot cohort, two cases of THSD7A-
associated MN were diagnosed shortly after pregnancy. THSD7A-associated MN during
pregnancy has been reported (25). Since THSD7A is expressed in placental vasculature and
umbilical vein endothelial cells (13), these sites could be a source of extrarenal expression

leading to autoantibody production, but this is purely speculation.

Four of the ten THSDA seropositive cases were LMN. THSD7A antibodies have only rarely
been associated with class V LN (5), whereas exostosins 1 and 2, NCAMI1, and TGF-J3 receptor
3 are well recognized target autoantigens in MLN (26-28). Reasons for the higher-than-expected
prevalence of THSD7A AB in LMN in our study are unclear but may be due to misclassification
of cases in the DODSR cohort or differences in detection method (THSD7A renal antigen
expression versus LIPS), as well as assay error. Nevertheless, the simultaneous appearance of

lupus autoantibodies with THSD7A AB supports the validity of our findings.

There are several limitations of this study mainly due to inherent drawbacks of the DODSR
cohort (12). As it relies on historical charting, there is potential for misclassification of MN
cases as primary versus secondary and misattribution to the secondary cause. The time intervals

between samples and diagnosis were variable for each case and limited, which may have led to
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underestimation of seropositive cases. Another limitation is the small percentage of detectable
THSD7A seropositive cases, similar to previous reports. Further studies are needed to better
understand THSD7A AB contribution to primary MN, LMN, and other secondary forms of MN,
as well as describe how genetics and the dynamics of the autoantibody may impact disease
presentation and outcome. Overall, the LIPS technology appears well-suited for the development
of a panel of MN autoantigens in a high-throughput format that could serve as non-invasive
biomarkers to facilitate diagnosis without a kidney biopsy, an approach currently supported by
the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines for PLA2R associated

MN.
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Luciferase Immunoprecitation Systems (LIPS) Methodology

Fig 1A. Schematic of the construction and expression for generating the THSD7A-luciferase
recombinant protein.

Fig. 1B Schematic overview of the LIPS assay.
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Table

Table I Characteristics of THSD7A AB seropositive subjects

Subject | Age | Gender | Race SCr eGFR Proteinuria | THSD7A | Coexisting | Selected Treatments/Outcome
(yrs) mg/dl | ml/min/ | g/day AD titer Disorders serologies
1.73m’ LU (LIPS)*
(LIPS)*
1 29 F White | 0.7 120 42 35,036 *HA20 Ro52 anakinra,
Ro60 tofacitinib
RNP-A PR; relapse after self
IENG, discontinuation of
medications
2 48 M Black | 1.1 83 16.9 215,884 Lupus Ro52 cytoxan, rituximab,
Ro60 corticosteroids;
RNP-A PR
GADG65
3 46 M White | 0.8 111 13.4 221,519 refractory Negative cyclosporine,
generalized anakinra
pustular NR, died
psoriasis
4 36 F Black | 1.3 55 13.7 135,806 eclampsia Negative | Rituximab
CR, sustained
5 51 F Asian | 1.5 42 9.8 313,858 - Negative rituximab +
cyclosporine;
CR, followed by
relapse

F: female; M: male; SCr: serum creatinine; eGFR: CKD-EPI Creatinine (2021); #: cut-off value for LIPS assay seropositivity: 30,000 LU;

*HA20: haploinsufficiency of A20 due to heterozygous loss of function mutation in TNFAIP; A: Selected serologies performed by LIPS: Ro52,
Ro060, RNP-A, GADG65, IFN-alpha(a); PR: partial remission defined as >50 % reduction in peak proteinuria and <3.5 grams/day; CR: complete
remission defined as proteinuria <300mg/day; NR: no response.
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Figure Legends

Figure 1. Characteristics of the three cohorts screened for THSD7A AB by LIPS.

This study screened 502 patient serum samples for THSD7A AB from three different cohorts.
The characteristics of each cohort is shown above. THSD7A AB status was assigned for each
sample before unblinding. Three THSD7A seropositive cases from the pilot cohort who were
treated were also monitored longitudinally for changes in autoantibody levels and clinical

response.

Figure 2. LIPS detection of THSD7A AB in MN subjects and kidney disease controls.
Kidney disease controls (Kidney CTRLS), PLA2R seropositive and seronegative MN subjects
were tested by LIPS with the near full-length THSD7A-Gaussia fusion protein. Each circle
represents the antibody level in light units (LU) in individual serum sample and were plotted on
the Y-axis using a log;o scale. The cut-off value for the assay for determining THSD7A

seropositive and seronegative status is shown by the dotted line.

Figure 3 Validation of the LIPS assay for detecting THSD7A AB in an independent cohort.
LIPS detection of THSD7A AB were evaluated in a validation cohort of blinded samples from
known seronegative and seropositive MN patients. Classification status of seronegative (-) or
seropositive (+) was based on THSD7A ELISA antibody testing and/or Western blot analysis.
Each circle represents antibody levels in light units (LU) derived from individual subjects plotted
on the Y-axis using a logj scale. The cut-off value is shown by the dotted line and LIPS testing

showed 100% sensitivity and specificity.

24



Figure 4 Detection of patient seropositivity against multiple epitopes of THSD7A.

A. Schematic of THSD7A-Al, THSD7A-A2 and near full-length THSD7A (FL) chimeric
Gaussia luciferase (Luc) fusion proteins used for testing the different MN serum samples. The
location of the transmembrane region (amino acids 1608-1628) of THSD7A is shown in
THSD7A-FL by the blue box. B. A heat map is shown of the autoantibody responses to the
three different THSD7A proteins from the validation cohort, in which each row represents a
different MN sample. To construct the heatmap, the autoantibody values for the 10 seronegative
controls (not shown) and the THSD7A seropositive MN subjects were color-coded based on a Z-
score scale shown on the right representing the number of standard deviations above the mean of
the controls for that antigen. Coloring in the heat map indicates that the relative antibody levels
are at least greater than the mean of the controls plus three standard deviations. The signal
intensities range from white to dark red indicating low and high autoantibody levels,

respectively.

Figure 5. Association between THSD7A AB and clinical disease activity in three MN
subjects receiving immunosuppressive treatment. THSD7A AB levels (blue circles and
lines) and proteinuria (black squares and lines) are shown over time. The red arrow denotes the
start of treatment, in which all three patients had sustained high levels of THSD7A AB and
proteinuria for months before treatment. The X-axis is the time in months after initiation of
immunosuppressive treatment. The left Y-axis represents the scale of the autoantibody levels in
LU determined by LIPS with the near full-length protein. The right Y-axis denotes the level of

urinary protein excretion expressed as grams per day. The blue dotted line represents the
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seropositive cut-off value for LIPS; the black dotted line represents complete remission status

(proteinuria <300 mg/day).

Figure 6. Prediagnostic appearance of THSD7A AB before diagnosis. Autoantibody analysis
of DODSR cohort identified five THSD7A seropositive subjects. The five cases included one
with “primary” MN (A), one cancer-associated MN (B) and three with lupus membranous
nephropathy (C-E). THSD7A autoantibody levels in LU derived from serial samples of the
seropositive cases are plotted in blue. The blue, horizontal dotted line is the cut-off for
determining THSD7A seropositivity. The right Y-axis denotes the serum albumin levels, and the
cut-off value for determining hypoalbuminemia is shown by the black dotted line. Time zero

represents biopsy-proven diagnosis of MN.

Figure 7. Prediagnostic appearance of THSD7A AB relative to appearance of Ro52 and
Ro060 AB. From testing the three subjects with lupus membranous nephropathy, two (Pt 8 and Pt
9) were also seropositive for Ro52 and Ro60 AB. THSD7A autoantibody levels are plotted in
blue. The Ro52 and Ro60 AB are shown in black, and the approximate cut-off value for
seropositivity is shown by the red dotted line. The cut-off value for THSD7A AB seropositivity

is shown with the dotted blue line.
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Figure 1

27 Glomerular disease controls 25 THSD7A positive DODSR longitudinal Cohort (blinded)
34 PLAZR positive MN 10 THSD7A negative from 75 PLA2R negative “Primary “ MN

35 PLA2R negative MN and 35 “Secondary” MN

Pilot Cohort (blinded) n=96 Validation Cohort (blinded) n=35 Third Cohort (blinded) n=371
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One Supplementary File-
Supplementary Material 1
Luciferase Immunoprecitation Systems (LIPS) Methodology

LIPS assays were designed to detect 1gG autoantibodies that can precipitate THSD7A protein.
The general methodology in a 96-well plate format performed at room temperature has been
described previously and in the corresponding video (1). In our current study of autoantibodies
against THSD7A, we first generated mammalian vectors to express the full-length or fragments
of THSD7A as luciferase fusion proteins (Fig. 1A). For constructing plasmids, a clone
containing the entire human THSD7A cDNA (1) was used as the template. PCR with restriction
enzyme adapter primers was used to generate two THSD7A fragments, encompassing amino
acid residues 1-416 (THSD7A-A1) and 1-671 (THSD7A-A2). Those N-terminal THSD7A
fragments included the start methionine and signal peptide and were subcloned into the pPGAUS3
vector (2) positioned N-terminal to Gaussia luciferase (GLuc). Due to the large size of THSD7A,
the near full-length coding sequence for the THSD7A protein (1656 of 1657 amino acids
designated THSD7A-FL) was cloned into the pGAUS3 vector using a combination of PCR and
fragment subcloning. High quality DNA was then prepared from each plasmid construct using a
Qiagen Midiprep Kkit.

THSDTA
Luciferase (GLuc)
[

TTTTTTT

Harvest with lysis buffer
and obtain clarified supernatant

Gluc
A —> Test Luciferase Activity
THs)
[
THSD7A-GLuc extract

Fig 1A. Schematic of the construction and expression for generating the THSD7A-luciferase recombinant
protein. DNA sequences encoding the THSD7A protein are genetically fused to the N-terminus of Gaussia
luciferase (GLuc). These recombinant plasmids are then used to transfect Cos1 cells and cell lysate is harvested 48
hours later without purification.

Using Lipofectamine 2000 (Invitrogen), Cos-1 cells were transfected with the plasmids to
produce recombinant light-emitting fusions of full-length THSD7A protein and fragments.
Forty-eight hours post-transfection, crude lysates containing the recombinant proteins were
harvested (Fig. 1A). This was performed by rinsing the adherent cells once with room
temperature PBS before scraping and harvesting the monolayer in cold lysis buffer A (20 mM
Tris, pH 7.5, 150 mM NaCl, 5mM MgCl,,1% Triton X-100 containing protease inhibitors). The
lysates were centrifuged two times at 13,000xg to remove particulate matter. The clarified
supernatants were collected and either processed immediately or stored frozen at -80° C in buffer
A containing 50% glycerol. A tube luminometer (20/20 from Turner Scientific) was used to



measure the luciferase activity in the lysates with a coelenterazine substrate mix (Promega,
Madison, W1).

AAAA

,], Sera

Incubate

> Add substrate and
measure light units

i 1 - R f THSD7A-GI
Add sera to THSD7A-GLuc extract Formation of Antibody emove free ue
THSD7A-Gluc complex

Fig. 1B Schematic overview of the LIPS assay. The LIPS assay is initiated by adding THSD7A-GLuc
fusion protein extract directly to serum samples. The THSD7A-GLuc immunoglobulin complex is then
captured by protein A/G beads. After washing the beads, bound THSD7A-GLuc is measured in a
luminometer using coelenterazine as the substrate.

A 96-well “master plate” is first set up with patient sera by diluting sera 1:10 in assay buffer A
containing 0.001% bromophenol red dye as tracker. For measuring antibody levels, a separate
“working plate” is set up that contains 40 ul buffer A, 10 ul diluted serum (1 ul equivalent) and
50 ul 2 X 107 mix of the THSD7A-Gaussia luciferase extract in each well. Next, 7 ul of a 30%
suspension of Ultralink protein A/G beads (Thermo Scientific) in PBS was added to the bottom
of each well of a 96-well filter HTS plate (Millipore, Bedford, MA). The 100-ul antigen-
antibody reaction mixture was then transferred to this filter protein A/G bead plate and incubated
for 1 hour at room temperature on a rotary shaker. The protein captured by the beads was then
washed using a vacuum manifold via an automated Tecan Hydroflex plate washer. After the final
wash, luminescence was measured in light units (LU) on a Berthold LB 960 Centro microplate
luminometer (Berthold Technologies, Bad Wilbad, Germany) using a coelenterazine substrate.
All data represent the average of at least two independent experiments. Selected THSD7A
seropositive serum samples from the pilot cohort (cohortl) were used to standardize the assay
and for determining cut-off values for the validation cohort and cohort 3.
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