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Résumeé

La glomérulonéphrite extra-membraneuse (GEM) est une maladie auto-
immune rénale rare (1,2/100.000 nouveaux cas par an), mais grave. C'est
la principale cause de syndrome néphrotique chez I'adulte. L'évolution clinique des
patients est variable, de la rémission spontanée a l'insuffisance rénale terminale.
Malgré les recommandations internationales (KDIGO), le traitement de la GEM
reste controversé et difficile. De meilleurs biomarqueurs sont nécessaires pour
identifier les patients a risque de développer une maladie sévere, orienter le

traitement et prédire sa réponse.

D'un point de vue physiopathologique, la GEM est caractérisée par la formation
de dépots immuns le long la membrane basale glomérulaire, associés a des lésions
podocytaires et une forte protéinurie. La double identification du récepteur des
phospholipases Az sécrétées (PLA2R1) comme l'auto-antigéne majeur de la GEM
pour environ 70% des patients puis de la thrombospondine 7A contenant des
domaines de type 1 (THSD7A) comme second autoantigéne pour un autre groupe
de 2 a 5% des patients est considérée comme une avancée majeure. Ces découvertes
ont non seulement apporté une nouvelle base moléculaire pour mieux comprendre
la pathogenése de la GEM, mais ont aussi rapidement fourni des essais cliniques
pour mieux diagnostiquer et suivre la maladie. Des titres élevés d'anticorps anti-

PLA:R1 sont associés a la gravité de la maladie et sont de mauvais pronostic.

PLA2R1 est un récepteur membranaire glycosylé de 180 kDa comprenant 10
domaines extracellulaires dont un domaine riche en cystéine (CysR), un domaine
fibronectine de type II (Fnll) et huit domaines lectine de type C (CTLD). PLA2R1
lie et inhibe l'activité enzymatique des sPLA:2 et joue un roéle dans différentes
conditions inflammatoires. PLA2R1 pourrait également agir comme suppresseur de
tumeurs. Cependant, sa fonction dans les podocytes reste inconnue. Plusieurs types
d'autoanticorps ciblant trois domaines distincts de PLA2R1 (CysR, CTLD1 et
CTLD7) ont été identifiés. Ces autoanticorps sont probablement produits par un
mécanisme d'étalement épitopique et leur présence simultanée est associée a la

gravité de la maladie et & un mauvais prognostic.

L’objectif principal de cette thése était de caractériser 1'ensemble des épitopes
PLAsR1 et d'évaluer leur pertinence clinique, en particulier comme prédicteurs
d'évolution de la maladie et de la réponse au traitement. En utilisant différents
outils de biologie moléculaire et cellulaire, nous avons montré que les autoanticorps

de patients peuvent reconnaitre jusqu'a 5 des 10 domaines PLA2R1. Le criblage par



ELISA d'une cohorte de 142 patients ayant une GEM associée a PLA2R1 pour leur
réactivité contre chacun des 10 domaines de PLA2R1 révele différentes prévalences.
Le titre des anticorps et la positivité pour certains épitopes apparaissent comme
des biomarqueurs pertinents pour prédire le devenir des patients et la réponse au
traitement. Nous avons également identifié les domaines CysR et CTLD1 comme
deux épitopes immunodominants alternatifs, suggérant que la réponse
autoimmune peut progresser de deux fagons différentes. D'un intérét clinique
potentiel, les patients présentant une immunodominance CysR semblent avoir une
évolution clinique plus favorable et une meilleure réponse au traitement que les
patients présentant une immunodominance CTLD1. En conclusion, ces travaux
permettent de mieux comprendre comment se développe la réponse auto-immune
contre PLA2R1 et pourraient contribuer au développement de nouveaux tests

diagnostiques vers une médecine plus personnalisée de la GEM.

Mots-clés: glomérulonéphrite extra-membraneuse, PLA2R1, épitopes

immunodominance, diagnostic, pronostic.



Abstract

Membranous Nephropathy (MN) is a rare (1.2/100,000 new cases per year)
but severe autoimmune kidney disease. It is also a common cause of
nephrotic syndrome in adults. The clinical outcome of patients is complex and
variable, going from spontaneous remission to end-stage renal disease (ESRD),
with persistent high levels of proteinuria. Despite international KDIGO
recommendations, MN treatment remains highly controversial and challenging.
Better biomarkers are needed to identify patients at risk of severe disease, orient

treatment decision and predict response to therapy.

From the pathophysiological point of view, MN is characterized by the formation
of immune complex deposits at the glomerular basement membrane leading to
podocyte injury and proteinuria. A major breakthrough was the identification of
phospholipase Az receptor 1 (PLA2R1) as the main autoantigen of MN for about
70% of the patients, followed by the identification of thrombospondin—type 1
domain containing 7A (THSD7A) as a second autoantigen in another group of 2-5%
of patients. These discoveries not only gave a new molecular basis to better
understand MN pathogenesis but also rapidly provided clinical assays to diagnose
MN and monitor disease activity. Anti—PLA2R1 titers correlate with disease
activity and have a prognostic value. Another major discovery was the
1dentification of three distinct epitope-containing domains in PLA2R1-associated
MN: CysR, CTLD1 and CTLD7. The severity of the disease and poor clinical
outcome were found to be associated with multiple autoantibodies targeting these
domains. These autoantibodies are likely produced by a mechanism of epitope

spreading.

PLAsR1 is a 180 kDa glycosylated transmembrane receptor with a large
extracellular region comprising 10 distinct domains: a cysteine-rich domain (CysR),
a fibronectin type II domain (FnIl) and eight different C-type lectin-like domains
(CTLDs). PLA2R1 binds sPLA: and inhibits their enzymatic activity, thereby
playing a role in immune and inflammatory conditions. PLA2R1 may also act as a
tumor suppressor in cancer. However, its biological function in podocytes is largely

unknown.

The major aim of my thesis was to characterize the full set of PLA2R1 epitopes,
and analyze their clinical relevance, in particular as predictors of clinical outcome
and response to treatment. Using different molecular and cellular biology

techniques, we have demonstrated that patients’ autoantibodies can recognize



multiple epitopes in up to 5 of the 10 PLA2R1 domains. Further screening of a
cohort of 142 PLAsR1-associated MN patients by ELISA, with each of the 10
individual domains of PLA2R1 indicated different prevalence towards each domain.
In this cohort, anti-PLAzR1 titer and epitope positivity appear as relevant
biomarkers to predict clinical outcome and response to treatment. We also
identified the CysR and CTLD1 domains as two alternative immunodominant
epitope-domains, suggesting that the driving force of the autoimmune response
may progress towards two different pathways. Of potential clinical interest,
patients with a CysR versus CTLD1 immunodominance had different response to
treatment and clinical outcome. Together, this work provides a Dbetter
understanding of the trajectory of the PLA2R1 autoimmune response within the
pathogenesis of PLAsR1-associated MN, and might contribute to the development

of specific diagnosis tests towards more personalized medicine.

Keywords: membranous nephropathy, PLA2R1, epitopes, immunodominance,

diagnosis, prognosis.
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Introduction: Autoimmune Diseases

The primary function of the immune system is to protect and defend the
host from infectious agents. This function is highly dependent on the
immune system capacity to distinguish self from non—self-molecules. A disruption
of this ability, known as breach of tolerance, can lead to an autoimmune disease
(Wang et al., 2015). Of note, autoimmune diseases can be broadly classified as organ-
specific when the autoimmune response targets a specific tissue, such as in type 1
diabetes and membranous nephropathy (MN), or systemic when the immunological
dysfunction targets multiple organs, like in rheumatoid arthritis and systemic

lupus erythematous.

The immune system produces T and B cells that can be reactive to self-antigens
producing autoantibodies. These autoantibodies can be found under physiological
or pathophysiological conditions (Figure 1.1) (Hang et al., 1997; Wang et al., 2015). In
physiological conditions, they can be found transiently without clinical signs of a
disease. Within this scenario, the autoantibodies actually help to eliminate
degraded self-antigens and maintain homeostasis. During central and peripheral
tolerance, the majority of self-reactive cells are (1) killed before becoming active
within the immune system, (2) cleared from the immune system due to over-
activation (cells are rendered anergic), or (3) removed from the immune system by
regulatory T cells (Tregs). When one of these mechanisms fails, and tolerance is
broken, self-reactive cells become functional within the immune system and an

autoimmune response followed by an autoimmune disease can be engaged.
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Figure 1.1 - Development of an autoimmune disease. Even though there are strict
control mechanisms of tolerance, autoreactive B and T cells can escape them and be found
in healthy individuals. They will remain harmless until there is a break in tolerance, due
to genetic predisposition or environmental triggers. This latter will lead to a pathological
autoimmune state from which an autoimmune disease can develop. Adapted from (Wang et
al., 2015) with copyright permission from “John Wiley & Sons”.
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1.1 Epidemiology

Overall, autoimmune diseases have been diagnosed in 3-5% of the population,
often starting during adulthood and affecting more women than men (with a 2.7:1
ratio). Certain ethnic groups are more prone to some autoimmune diseases than
others, for example lupus is more common in African-American and Hispanic
people than Caucasians (Hayter et al, 2012; Wang et al., 2015). Still, naturally, each
autoimmune disease has its own geo-epidemiological characteristics (incidence,

prevalence, age of onset, female-to-male ratio, etc.) (Table 1.1).

Table 1.1 - Geo-epidemiological characteristics of some human autoimmune
diseases. F, female; M, male. Adapted from (Wang et al., 2015) with copyright permission
from “John Wiley & Sons”™.

Incidence (per 100,000 person-years)

Onset Age Gender North Asia and

Disease (years) (F:M) Europe America Middle East
Multiple sclerosis 20-40 2:1 Uil 2115 0.7-3.6
Type 1 diabetes 6-13 1:1 > 20 10-20 <1
Primary biliary 50-60 10:1 1.4-3.1 2.7 (USA) 0.34-0.42
cirrhosis

Grave's disease 50-60 51 21-50 38 120
Systemic lupus 30-50 9:1 1.0-5.0 1.2-8.7 0.9-3.1
erythematous

Rheumatoid arthritis 44-55 2:1 936 3145 —

1.2 Diagnosis

Type 1 diabetes and autoimmune thyroid disease are the most common
conditions, but there are around 100 different autoimmune diseases. Some of them
might share certain common early symptoms such as fatigue, swelling and redness,
low-grade fever, trouble concentrating and muscle aches, which makes the initial
diagnosis by the physicians quite tricky. Some autoimmune diseases, like psoriasis
or rheumatoid arthritis, may also have what is called “flare-ups”, meaning that the
symptoms get worse or disappear, along with immunological relapse or

spontaneous remission.

As referred, diagnosis can be difficult, and usually the physician starts by
relaying on the patients symptoms and clinical history. When feasible, biopsy of the
affected tissue is performed, providing evidence of the presence or absence of
immune tissue injury (Hang et al, 1997). Advances in the understanding of the
pathophysiological mechanisms and natural history of each individual disease have

allowed the development of several tools to detect and measure specific and non-
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specific autoantibodies to better diagnose numerous specific autoimmune diseases
and in some cases even monitor them (Figure 1.2) (Ludwig et al., 2017). Indirect
immunofluorescence assay (IFA or IIFT) is one of the “gold standard” tests. In this
technique, tissue cryosections or cultured cells containing the autoantigen are
incubated with samples (usually serum) from patients that are detected with
fluorochrome-labeled secondary antibodies (Anderson et al, 1986). A semi-
quantification of autoantibody concentration can be estimated by titering out the
sample. Western blot (WB) is another technique frequently used to qualitatively
detect autoantibodies (Burnette, 1981; Towbin et al, 1979). Patients’ samples are
incubated with a membrane containing the immobilized target autoantigen
previously transferred from a gel electrophoresis. The autoantibodies can then be
detected using secondary antibodies coupled to a reporter. Another classical
method to detect autoantibodies is the ELISA (enzyme-linked immunosorbent
assay) (Engvall et al., 1971; Yalow et al., 1960). A purified antigen of interest is
immobilized on a solid phase and it is then incubated with patients’ samples
followed by the incubation with a secondary antibody coupled to reporter like an
enzymatic substrate. Of note, all of these methods can and have been used to

diagnose and monitor MN (chapter 4.3.2).
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Figure 1.2 - Detection of autoantibodies. Methods to detect and quantify
autoantibodies present in patients' samples. ELISA, enzyme-linked immunosorbent assay;
FIPA, fluorescence immunoprecipitation assay; IFA, indirect immunofluorescence assay;
RIA, radioimmunoassay. Adapted from (Ludwig et al., 2017).
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Introduction: Autoimmune Diseases

1.3 Aetiology

An autoimmune response can be triggered by environmental factors and might
be dependent on genetic predisposition. For most autoimmune diseases, the

aetiology is not well understood or is even completely unknown.

1.3.1 Environmental factors

Multiple environmental factors, including pathogenic microorganisms,
xenobiotics, air pollution, smoking, lifestyle, microbiota and diet, have been
suggested to trigger an autoimmune response (Floreani et al., 2016). For instance,
under physiological conditions, the microbiota is important for nutrient digestion,
xenobiotic degradation, vitamin production and protection from pathogens, among
others. However, changes in the microbiome content leading to disruption
(dysbiosis) of the symbiotic interaction with the host (symbiosis) have been
considered as a trigger of several autoimmune diseases (McLean et al., 2015; Shamriz et
al., 2016). Dysbiosis of the gut microbiota can be associated to inflammatory bowel
disease, type 1 diabetes and multiple sclerosis. Changes in the oral microbiota may
be linked to rheumatoid arthritis and alteration in the skin microbiota might be

connected to psoriasis.

The increased incidence of autoimmune diseases over the last decades has led to
the hypothesis that exposure to physical and environmental agents, diet and
modern lifestyle might be putative triggers of an autoimmune response (Floreani et
al., 2016). Smoking and exposure to ultraviolet light have been suggested to be a risk
factor for systemic lupus erythematous and rheumatoid arthritis. Smoking might
also promote the development of primary biliary cirrhosis, Sjogren’s syndrome and
autoimmune thyroid disease. Curiously, alcohol consumption has been investigated
for its potential role for triggering an autoimmune response although a protective
role has also been suggested. Different studies suggested a protective role of light
and moderate alcohol ingestion in systemic lupus erythematous. The alcohol
benefits were also described in a meta-analysis study for patients with rheumatoid
arthritis associated with autoantibodies against a citrullinated protein antigen.
However, until now, the deleterious effects of excess alcohol intake were only
suggested as a risk factor for psoriasis. Air pollution has also been linked to the
development of autoimmune diseases. It has been proposed that air pollution may
induce systemic inflammation, increase oxidative stress and epigenetic
modifications, all being possible triggers of an autoimmune response. Air pollution

has been proposed as a putative risk factor for the development and/or

8
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exacerbation of several diseases, including systemic lupus erythematous,
rheumatoid arthritis, multiple sclerosis and type 1 diabetes (Zhao et al, 2019).
Finally, personal care products and cosmetics that contain natural and synthetic
chemicals might be associated with the development of systemic lupus

erythematous and primary biliary cirrhosis (Floreani et al., 2016).

The environmental factors mentioned above will induce a stress or "danger
signal", with subsequent activation of host defence mechanisms, including
activation of the immune system and inflammation. Within this immunological and
inflammatory context to fight against the danger signal, different molecular
mechanisms such as molecular epitope mimicry and alterations in the post-
translational modifications (PTMs) of endogenous proteins may occur and be at the

origin of an autoimmune response.

1.3.1.1 Molecular mimicry

Molecular (or epitope) mimicry is one of the most common mechanisms proposed
to activate autoreactive B and T cells. In this scenario, the immune system
originally produces antibodies against an antigen from a pathogen or another
environmental factor (Cusick et al., 2012). However, these antibodies will cross-react
and bind to self-proteins (autoantigens), breaking self-tolerance due to similarities
between the two molecules (sequence and/or structure), leading to an autoimmune
response. This phenomenon was suggested for the development of systemic lupus
erythematous due to infection by Epstein-Barr virus (EBV) (Poole et al., 2006; Poole et
al., 2009). The EBV nuclear antigen-1 (EBNA-1) contains a peptide sequence
(PPPGRRP) that is quite similar to the Smith (Sm) autoantigen (PPPGMRPP)
targeted by the autoantibodies in systemic lupus erythematous patients. Molecular
mimicry has also been suggested to trigger several other autoimmune diseases,
such as autoimmune thrombocytopenic purpura (Helicobacter pylori), type 1
diabetes (Coxsackie B virus, rubella, rotavirus, herpes, rhinovirus, hantavirus,
flavivirus, retrovirus), multiple sclerosis (Epstein-Barr virus, measles, human

herpes virus 6) and psoriasis (Streptococcus pyogenes) (Wang et al., 2015).

1.3.1.2 Post-translational modifications

After biosynthesis, proteins naturally undergo a series of spontaneous or
enzymatic post-translational modifications (PTMs) that are necessary for their
physiological function but can eventually be also important to promote their
degradation, for instance after oxidative modifications (Ahmad et al., 2019; Kurien et al.,

2008). The enzymes responsible for such PTMs can be regulated by different
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pathological conditions such as inflammation and cancer. Therefore, it is not
surprising that deregulation of PTMs and associated enzymes after inflammation
and/or other stimuli induces and/or exacerbates autoimmunity through the
formation of neo-epitopes followed by epitope spreading and/or alteration of the T

cell signalling (Doyle et al., 2001).

One of the most common PTMs described in autoimmunity is citrullination
(enzymatic deamination of arginine to citrulline). For instance, citrullination of
different autoantigens have been associated with rheumatoid arthritis (rheumatoid
factor, filaggrin, fibrin and vimentin autoantigens), multiple sclerosis (myelin basic
protein and glial fibrillary acidic protein) and type 1 diabetes (glucose-regulated
protein 78). Interestingly, in rheumatoid arthritis, autoanti-peptidylarginine
deiminase (an enzyme responsible for the citrullination) seems to be produced; yet
they could not inhibit its activity (Anderton, 2004; Bradford et al., 2014; Darrah et al., 2018;
Martinez-Prat et al., 2019; Rondas et al., 2015; Valesini et al., 2015). Also in the context of
rheumatoid arthritis, fucosylation levels of ficolin-3 are increased, and type II
collagen can undergo several different types of PTMs: hydroxylation of proline and
lysine as well as glycosylation of hydroxylysine (Corthay et al., 1998; Myers et al., 2004;

Roy et al., 2013).

Goodpasture’s disease is another example of an autoimmune disease in which
PTMs play an important role as a trigger. In this rare autoimmune kidney disease,
patients produce circulating autoantibodies against type IV collagen, more
specifically against the a3 chain of non-collagenous domain (NC1) (McAdoo et al., 2017;
Pedchenko et al, 2010). The conformational structure type IV collagens (NC1
hexamers) is maintained by several hydrophobic and hydrophilic interactions as
well as sulphilimine bonds (S=N), a rare PTM that allows the crosslinking of
opposing NC1 domains. Lack of sulfilimine bonds unmasks the cryptic epitopes
described for Goodpasture’s disease (McAdoo et al., 2017; Pedchenko et al., 2011; Vanacore et
al., 2011). Of curiosity, autoantibodies against peroxidasin, the enzyme required for
the formation of the sulphilimine bond, can be found in patients with
Goodpasture’s disease before clinical onset as well as during active disease (McCall

et al., 2018).

As for MN, even though the aetiology remains unknown, several of the
mentioned scenarios (such as molecular mimicry and air pollution) have been

proposed as possible triggers of the disease (chapter 4.1).
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1.3.2 Genetic susceptibility

Development of autoimmune diseases due to specific gene mutations is rare, but
it can occur. For example, autoimmune polyglandular syndrome type I, a multiple
organ-specific autoimmune disease, is characterized by a mutation in the
autoimmune regulator (AIRE) gene, affecting self-antigen presentation (DeVoss et al.,
2007). Mutations in FAS, FASLG and/or CASPI0 gene(s) leads to autoimmune
lymphoproliferative syndrome, which is characterized by the accumulation of T
cells due to a defective apoptosis of lymphocytes mediated via the Fas/Fas ligand

pathway (Shah et al., 2014).

The major histocompatibility complex (MHC) locus (short arm of chromosome 6,
6p21.3), also known as human leukocyte antigen (HLA), encodes molecules
involved in antigen presentation, regulation of inflammation, complement system,
and innate and adaptive immune responses. Therefore, it is not surprising that
variants (polymorphisms) in the MHC have been associated with different
autoimmune diseases, even though the mechanisms underlying it remains poorly
understood (Matzaraki et al., 2017). For example, six amino acid variants at position 11
in the HLA-DRB1 gene have been strongly associated with rheumatoid arthritis.
The valine and leucine variants seem to confer susceptibility to the disease
whereas the asparagine, proline, glycine and serine variants appear to be
protective (Raychaudhuri et al, 2012). Many other autoimmune diseases have been
strongly associated with HLA variants: type 1 diabetes (HLA-DQ2, -DQ8, —A and
-DQB1%0602), systemic lupus erythematous (HLA-DR3, -DR2 and —DRS8; HLA-
III: SCIVaL, CFB, RDBP, DOM3Z, STL19C4A and C4B), autoimmune thyroid
disease (HLA-DR3 and —-DR4), and psoriasis (HLA-Cw*0602, —Cw1203 and
—HCP5). Non-HLA loci also have been described to be linked with autoimmune
diseases. For instance, IRF5-TNPO3 gene, which codes interferon regulatory
factor 5 and transportin 3, has been associated to susceptibility for rheumatoid
arthritis, systemic lupus erythematous, primary biliary cirrhosis, ulcerative colitis

and Sjogren’s syndrome (Wang et al., 2015).

Finally, changes in gene expression by epigenetic mechanisms have been
associated to the development of autoimmune diseases (Aslani et al, 2016). For
example, DNA hypermethylation of the insulin gene INS has been associated with
type 1 diabetes while multiple sclerosis has been linked to hypomethylation of
peptidylarginine deaminase 2 (PAD2) and Src homology region 2 domain-
containing phosphatase-1 (SHP-1). Acetylation of histone H4 regulates the gene
promoter of aquaporin-5 (AQP5) and was associated to Sjogren’s syndrome while

microRNAs, such as miR-326, were linked to multiple sclerosis and type 1 diabetes.
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In sum, specific gene mutations, HLA susceptibility, non-HLA loci and epigenetic
mechanisms have been implicated in the development of specific autoimmune
diseases. Some of these mechanisms have also been proposed to increase the

susceptibility of developing MN (chapter 2.2.6 and chapter 4.1).
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Figure 1.3 — General view of the pathophysiology of an autoimmune immune
disease. (1) Environmental factors (molecular mimicry, microbiota, air pollution, etc.)
associated or not with genetic susceptibility, activate innate immune cells (dendritic cells
(DC), macrophages (M®) and natural killer cells (NK)). (2) T-cell immunogenic peptides
generated by antigen-presenting cells (APCs) are “presented” to uncommitted T helper
lymphocytes (ThO) which will differentiate into Th2 T follicular helper (Tfh), Th17, Thl and
T regulatory cells (Tregs). (3) Th2 and Tfh cells facilitate B-cell activation, maturation and
differentiation into plasma cells leading to autoantibody production. (4) Th1l cells stimulate
development of autoreactive cytotoxic T lymphocytes (CTLs) that will induce tissue injury
through the secretion of cytotoxic granules, activation of Fas-Fas ligand and/or release of
cytokines. (5) Increased Th17 have been also described to be correlated with the progression
of the autoimmune response. (6) Tregs are responsible for maintaining tolerance by
negatively regulating innate and adaptive immunity. A decrease in Treg cells enabling loss
of tolerance has been demonstrated in several autoimmune diseases including MN. ATH,
autoimmune hepatitis; AITD, autoimmune thyroid disease; CeD, celiac disease; GD,
Graves’ disease; IBD, inflammatory bowel disease; MS, multiple sclerosis; PBC, primary
biliary cirrhosis; PSC, primary sclerosing cholangitis; SLE, systemic lupus erythematous;
SS, Sjogren’s syndrome; RA, rheumatoid arthritis; T1D, type 1 diabetes. Adapted from
(Wang et al., 2015) with copyright permission from “John Wiley & Sons”.

1.4 Pathophysiology

Beyond variations in the epidemiology and aetiology of autoimmune diseases,
the mechanisms underlying the development and progression of the autoimmune
response are also different and specific. This section will provide a short snapshot

of what is known regarding the pathophysiological mechanisms at play in some
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well-documented autoimmune diseases, which might bring new insights to

investigate the autoimmune response involved in MN (Figure 1.3).

Under physiological conditions the immune system produces T and B cells in
order to achieve one its main functions: protect and defend the host from infectious
agents. This function is highly dependent on the ability of T and B cells being able
to distinguish self- from non-self-molecules. Disruption of this ability leads to the
so-called break of tolerance, in which the B and T cells escape primary and
peripheral tolerance (described above) becoming aberrantly self-reactive towards
autoantigens (Wang et al., 2015). The causes of this disruption remain poorly
understood or even completely unknown for the majority of the autoimmune
diseases. Still several environmental factors and genetic susceptibilities or most
probably the two factors have been pointed out for the development and
progression of several autoimmune conditions. It has been proposed that antigen
overexpression, changes in antigen conformation, PTMs and/or molecular mimicry
followed by activation and maturation of antigen presenting cells (APCs) and

immune cells can lead to break of tolerance and autoimmunity (Melchers et al., 2006;
Ohashi et al., 2002).

The autoreactive B and T cells will lead to an increase production of
autoantibodies that generally results in persistent inflammation and tissue
damage through different mechanisms (Lleo et al., 2010). One of the most common
mechanisms of tissue injury occurs through complement activation and antibody-
dependent cell-mediated cytotoxicity. This mechanism usually limits the tissue
Iinjury to the primary target, thus being highly associated with the development of
organ-specific autoimmune diseases such as type 1 diabetes, autoimmune thyroid
disease mediated by anti-thyroperoxidase antibodies and likely membranous
nephropathy (Kaminitz et al., 2007; Ma et al., 2013; Rodien et al., 1996; Ronco et al., 2017). Cell
cytotoxicity will lead to a second mechanism where new autoantibodies target
nuclear and intracellular constituents, forming circulating immune complexes,
which if not eliminated (for example by phagocytosis) will cause tissue damage at
their sites of deposition (glomerulonephritis, vasculitis, cerebritis and arthritis).
The circulating immune complexes formed may accumulate in multiple tissues
besides the primary target, thus this mechanism usually leads to the development
of systemic autoimmune diseases such as systemic lupus, Sjogren’s syndrome and
rheumatoid arthritis (Derksen et al., 2017; Wahren-Herlenius et al., 2013). In addition to
complement-dependent tissue damage, autoantibodies can affect physiological
functions by direct interaction to their cognate autoantigen targets, such as by

facilitating their phagocytosis (immune thrombocytopenia), or by binding to cell
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surface receptors thereby stimulating (Graves’ disease) or blocking (Myasthenia
Gravis) different signalling pathways (Gomez et al., 2010; Li et al., 2018; Lleo et al., 2010).
Finally, a third mechanism, antibody-independent, can lead to tissue damage. In
this scenario, autoreactive cytotoxic T lymphocytes (CTLs) recognize the target
cells and induce death (apoptosis) through secretion of cytotoxic granules,
activation of the Fas/Fas ligand signalling pathway, and/or release of cytokines.
This mechanism has been associated to the development of type 1 diabetes,
autoimmune thrombocytopenia, and primary biliary cirrhosis (Kaminitz et al., 2007; Li

et al., 2018; Wang et al., 2015).

The progression and exacerbation of an autoimmune disease is characterized by
persistent inflammatory self-recognition through a continuous acquisition of new
self-recognition events (by T and/or B cells), leading to an inflammatory steady-
state condition and chronicity. These new events can occur through different
mechanisms: molecular mimicry (chapter 1.3.1.1), epitope spreading and post-

translational modifications (chapter 1.3.1.2).

1.4.1 Epitope spreading

Epitope (or determinant) spreading is an immune mechanism characterized by
the diversification of epitope recognition from an epitope initiating the
inflammatory process — immunodominant epitope — to several secondary epitopes —
subdominant epitopes. These secondary epitopes can be present within the same
antigen (intramolecular spreading), or within an antigenic molecule interacting
with the primary target (intermolecular spreading) (Vanderlugt et al., 1996). The
epitope spreading mechanism itself can occur through different mechanisms
including interaction between B and T cells, endocytic processing of antigens and

somatic hypermutation in the B cells (Cornaby et al., 2015).

Indeed, B cell endocytosis and antigen presentation to T cells are important
contributors to the mechanism of epitope spreading. After activation through
intrastructural T cell help or upon antigen binding to B cells receptors (BCRs), B
cells undergo endocytosis, leading to antigen processing and presentation (Figure
1.4) (Amigorena et al., 1998; Cornaby et al., 2015). This will select what peptides will be
loaded into the MHC class II molecules and displayed on the cell surface,
ultimately determining what epitopes will be presented to T cells and will be
targeted by the immune system. Additionally, once a B cell recognizes an antigen,
it is stimulated to proliferate. During proliferation, the B cell receptor locus can
undergo somatic hypermutation, mainly at the hypervariable regions, which are

involved in the antigen recognition, contributing to epitope spreading (Figure 1.5)
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(Cornaby et al., 2015). Of note, linear epitopes (six to eight contiguous amino acids
from the primary protein structure) are recognized by T cells. These epitopes
usually are internal hydrophobic amino acid sequences that are processed and
present to T cells. On the other hand, conformational B cell epitopes reacting to the
conformational tertiary structure of the folded antigen, relies on B cells maturation

by a mechanism which is still not well characterized (Cornaby et al., 2015; McCluskey et
al., 1998).
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Figure 1.4 - The endocytic pathway as the primary mechanism of B cell epitope
spreading. (A) Antigens bind to B cells receptors (BCRs) which are composed by surface
immunoglobulin (sIg) molecules that will affect the epitope that is selected and loaded into
MHC II molecules. How the antigen binding to BCR impacts its processing and
consequently affects selection of epitopes presented to T cells remains unclear. Two
explanations have been proposed: (1) the binding stability between the antigen and slg,
and/or (2) a selective intracellular targeting by the slg cytoplasmic tail and/or the Iga/IgB
associated chains. (B) The endosome fuses with the lysosome, containing GILT (gamma-
interferon-inducible lysosomal thiol reductase), cathepsins and other proteases. These
proteases selectively digest the antigen into small peptides, providing another point for
selection of epitopes and exclusion of others. This selection is based on the cleavage sites of
the enzymes, their relative concentration and activity, which in turn is regulated by
multiple endogenous cytokines and competitive inhibitors. (C) Once CLIP (class II-
associated invariant chain peptide) dissociates, peptides are selectively into the MHC class
II molecule based on amino acid motifs, pH, the presence or absence of HLA-DM, and other
endosomal environmental factors. (D) The chosen epitope(s) that resulted from the
multiple selective processes is then displayed via the MHC II on the surface of the cell.
Adapted from (Cornaby et al., 2015) with copyright permission from “Elsevier”.,

The role of intramolecular epitope spreading for the development of
autoimmunity has been demonstrated in pemphigus foliaceus. In this cutaneous
autoimmune blistering disease, patients produce autoantibodies against an
epidermal cell adhesion molecule, desmoglein-1 (Dsg-1). This is a 160 kDa

glycoprotein comprising five extracellular domains (EC1 to EC5). A study realized
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by Li and colleagues (Li et al., 2003), using an elegant chimera production approach,
demonstrated that patients with pemphigus foliaceus start by developing non-
pathogenic autoantibodies against EC5. These autoantibodies could be detected
even before the clinical onset of the disease and in healthy donors. Transition from
the pre-clinical to the clinical stage of the disease was characterized by the
production of autoantibodies through a mechanism of intramolecular epitope

spreading from the initial non-pathogenic EC5 to the pathogenic EC1 and EC2.

Various Epitope Targets
Affinity Maturation
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©
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C:G pair targeting ‘ vV D ] C .
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Somatic Hypermutation

Figure 1.5 - Somatic hypermutation as a mechanism of B cell epitope spreading.
After B cell activation upon recognition of an antigen, in secondary lymph tissue, B cells
produce large amounts of daughter calls though the process of clonal expansion. These
daughter cells independently induce changes in the variable regions of the
immunoglobulin gene. The IgV gene will suffer single nucleotides substitutions at a
frequency of approximately 103 per base pair in each B lymphocyte generation.
Subsequently an affinity maturation process allows a selection of the B cells with the
higher affinity to the antigen, and will then differentiate into plasma cells producing
antibody and long-lived memory B cells contributing to an enhanced immune response.
The low affinity binding B cells are signalled to apoptosis. Adapted from (Cornaby et al.,
2015) with copyright permission from “Elsevier”.

Type 1 diabetes is an example of an autoimmune disease in which
intermolecular epitope spreading is associated with progression. During the
development of this condition patients can produce autoantibodies targeting
several islet proteins, including islet cell autoantibody, islet cell autoantibody-2,
insulin autoantibody and glutamic acid decarboxylase autoantibody. In a clinical

study (Brooks-Worrell et al., 2001), 25 volunteers were considered to be at risk of
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developing type 1 diabetes due to the presence of at least one of the four
autoantibodies just mentioned. Within 30 months of follow-up, 7 of the 25 subjects
developed clinical type 1 diabetes. At the initial visit 4 of these 7 subjects were
positive for one or two of the referred autoantibodies and by the end of the study
they were found positive for all four, highlighting a mechanism of intermolecular

epitope spreading in the development of type 1 diabetes.

Depending on the disease process, epitope spreading can either perpetuate
(pathogenic epitope spreading, such as in autoimmune diseases) or attenuate
(protective epitope spreading, like in tumour clearance) the disease progression. As
just exemplified above, in the majority of autoimmune diseases, epitope spreading
mechanism is associated with pathogenicity; still, in a few cases it might play a
protective role. For instance, in a rat model of rheumatoid arthritis, epitope
spreading towards the 65 kDa heat shock protein (hsp65) seems to be involved in
natural remission of acute inflammatory arthritis triggered by Mycobacterium

tuberculosis (Moudgil, 1998).

1.5 Treatment

Nowadays, the treatment options for autoimmune diseases are still quite limited
and most of them rely on the suppression of the immune system (as a whole, like
cyclophosphamide) and/or in the neutralization of autoantibody production (for
instance an anti-CD20 such as rituximab) (Tavakolpour, 2017; Vanderlugt et al., 2002). A
better understanding of epitope spreading underlying the development and
progression of the different autoimmune diseases would not only bring better
comprehension of the mechanisms of pathogenesis but would help to develop more
specific antigen-specific immunotherapies keeping the immune system functional.
However, several different mechanisms involving a multitude of different cell
populations are at play in autoimmune diseases such as systemic lupus
erythematous and rheumatoid arthritis, making their treatment more difficult and

complex, requiring a combined therapeutic approach.

17



Chapter 2
Membranous Nephropathy



Introduction: Membranous Nephropathy

Membranous nephropathy (MN) is one of the most common causes of
nephrotic syndrome in adults. This rare disease is characterized by the
accumulation of subepithelial immune deposits at the glomerular basement
membrane (GBM) and persistent high levels of proteinuria (> 3.5 g/day). The
structural changes of the podocyte due to the accumulation of immune deposits,
classifies MN not only as a glomerular disease but also as an organ-specific

autoimmune disease.

2.1 Kidney physiology and glomerular diseases

The main function of kidney is to filter blood. However, kidney is also an
endocrine gland responsible for the synthesis of different hormones (such as
vitamin D3, erythropoietin, thromboietin, renin, some prostaglandins) and exert
metabolic tasks (like formation of ammonium from glutamine and glucogenesis),
contributing to homeostasis (such as water, potassium, pH and blood pressure)
(Mitchell et al., 2018; Scott et al., 2015). These functions are achieved by approximately
one million nephrons (the functional unit of the kidney). The nephrons are
composed by the glomerulus and the attached tubular system. The blood is filtrated
in the glomerulus forming the primary urine (around 180 L/day) that is directed to
the proximal tubule, while the filtered blood returns to circulation. The size-
selective glomerular filtration barrier is composed by an innermost fenestrated
endothelium, the glomerular basement membrane (GBM), and the slit diaphragm
of podocyte foot processes (Figure 2.1-A, B) (Tryggvason et al., 2005). The foot processes
from adjacent podocytes interdigitate forming the slit diaphragm, essential for the
glomerular filtration, that is composed by several adhesion proteins (actin, podocin,
nephrin, P-cadherin, etc.) (Jarad et al., 2009). Any disruption of the integrity of the
glomerulus leads to a group of pathological conditions referred to as glomerular
diseases that are characterized by a less selective blood filtration which ultimately

leads to an important leak of proteins in the urine, referred as proteinuria.

Glomerular diseases are characterized by a dysfunction of the glomerular
barrier, accounting for about 20% of the chronic clinical cases. The most common
glomerular diseases include immunoglobulin A nephropathy, focal segmental
glomerulosclerosis, membranoproliferative glomerulonephritis, minimal change
disease and membranous nephropathy (Floege et al., 2016). There is no specific clinical
presentation. Depending on the disease and its clinical course, the signs can vary
from asymptomatic patients with urinary abnormalities to patients with oedema
and nephrotic syndrome. Nevertheless, clinical manifestation of glomerular

diseases is characterized by variable amounts of proteinuria and/or haematuria.
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Increasing amounts of urinary alpha-1 microglobulin are indicative that the
primary glomerular injury spreads to the tubular system. Kidney biopsy is the gold

standard procedure for the diagnosis of glomerular diseases (Figure 2.1-C, D).
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Figure 2.1 — Physiology of the renal glomerulus in MN. (A) Schematic representation
of the renal glomerulus and the glomerular filtration barrier. Adapted from (Tryggvason et
al., 2005) with copyright permission from “The American Physiological Society”. (B) Electron
microscopy of a normal adult glomerular filtration barrier, with a uniform glomerular
basement membrane (GBM) located between the fenestrated endothelial cells (FE) and the
podocyte foot processes (FP). Adapted from (Tryggvason et al., 2006) with copyright
permission from “American Society of Nephrology”. (C) Electron microscopy showing the
alterations of the glomerular filtration barrier due to subepithelial deposits from a
representative stage II case of MN. Adapted from (Morita et al., 2015). (D)
Immunofluorescence staining of a glomerulus showing the granular deposits along the
GBM in a representative case of PLAsR1-associated MN. Adapted from (Larsen et al., 2013)
with copyright permission from “Nature Publishing Group”.

2.2 Membranous nephropathy

Membranous nephropathy (MN) is an organ-specific autoimmune disease and
the most common cause of nephrotic syndrome in non-diabetic adults. It is a rare
disease with a worldwide annual incidence of 1.2/100,000 new cases (Couser, 2017;
McGrogan et al., 2011). Surprisingly, and contrary to what is observed for many other
autoimmune diseases, MN affects more men than women (with a 2:1 ratio). This

pathology affects patients of all ages, but is more likely to occur in adults, with a
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peak of incidence at 50’s and 60’s years old, and more rarely diagnosed in children
(0.02-0.09/100,000 new cases/year).

MN is characterized by the formation of subepithelial immune deposits with
consequent complement system activation, leading to podocyte injury and damage
of the glomerular filtration barrier (Doi et al., 1984; Farquhar et al.,, 1957; Mellors et al.,
1957). In the primary form of MN, the immune complexes consist of the target
autoantigen co-localized with autoantibodies, mainly 1gG4, the complement factor
C3 and the C5b-9 complex. A definitive diagnosis of this disease can be made after
kidney biopsy, where these complexes are best evidenced by electron microscopy or

immunofluorescence (Figure 2.1-C, D).

2.2.1 History

The term membranous glomerulonephritis (MGN) was first proposed in 1946,
but, with time, due to the lack of significant glomerular inflammation it has been
replaced by membranous nephropathy (MN). In 1957, based on the characteristic
structural changes of the glomerular basement membrane (GBM) and capillary
wall thickening, MN was recognized as a distinct clinico-pathological entity
(Figure 2.1-C) (Jones, 1957). These unique changes were later identified to be due to
the deposition of immune complexes between the podocyte and the subepithelial
aspect of GBM, leading to a dysfunction of the glomerular filtration barrier with

consequent nephrotic syndrome, a main characteristic of this disease.

Shortly after, in 1959, Heymann and colleagues (Heymann et al., 1959) established
the first animal model of MN, nowadays referred as the Heymann nephritis model
of MN in rat, providing the first major breakthrough in the understanding of MN.
In this model, Sprague-Dawley rats were repeatedly immunized with crude kidney
extract from the same rat species in the presence of complete Freund’s adjuvant
with mycobacterium extract. Six to 12 weeks after, animals developed clinical and
pathological features similar to the ones observed in human MN: proteinuria,
hypoalbuminemia, hyperlipemia and increased creatinine blood levels,
accompanied by thickening of the GBM. Initially, it was though that the
autoantibodies bound to components from the kidney extract, forming circulating
Immune complexes that then got trapped and accumulated in the glomerulus.
However, in 1978, two different groups demonstrated that autoantibodies would
bind to an autoantigen intrinsically present at the surface of podocytes of the
glomerular filtration barrier, forming in situ immune complexes (Couser et al., 1978;
Van Damme et al., 1978). The major target autoantigen in the rat Heymann model of

MN was later identified as megalin (gp330), a large 600 kDa transmembrane
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protein that belongs to the low-density lipoprotein receptor family (Kerjaschki et al.,
1982, 1983; Raychowdhury et al., 1989). Follow-up studies revealed that the megalin-
autoantibody complexes induced complement-mediated cytotoxicity (C3 and C5b-9
complex) leading to podocyte injury and proteinuria (Baker et al., 1989; Cybulsky et al.,

1986).

The identification of megalin as the autoantigen in the Heymann nephritis
experimental rat model of MN further encouraged the scientific community to
search for the autoantigen(s) in human MN. For several years, researchers tried to
identify anti-megalin autoantibodies in MN patients. However, this search proved
to be fruitless, since human podocytes do not seem to express megalin, although
this latter is abundantly expressed in human proximal tubules. Ironically, anti-
megalin autoantibodies have been recently involved in ABBA (anti-brush border
antibody disease), another rare autoimmune kidney disease affecting proximal
tubule cells (Larsen et al., 2018). After endless efforts, in 2002, Debiec and colleagues
(Debiec et al., 2002) identified neutral endopeptidase (NEP) as the first human MN
autoantigen, but in a rare neonatal form of MN called alloimune MN. In this form,
renal biopsy from newborns demonstrates a typical severe form of MN with diffuse
alterations of the glomerular capillary walls and subepithelial deposits of IgG and
complement C3 (more details on chapter 2.2.2). However, alloimmune cases of MN
are tremendously rare, and, additionally, NEP turned out not to be the autoantigen
in adult MN. Nevertheless, the discovery of this mechanism in alloimmune MN
with NEP endogenously present at the surface of podocytes led credence to the
scenario of intrinsic podocyte autoantigens targeted by free circulating
autoantibodies in human MN (Glassock, 2009). Exactly 50 years after the first
description of an experimental model of MN by Walter Heymann, in 2009, another
key breakthrough for the understanding of MN occurred, with the identification of
PLA2R1 as the major autoantigen for approximately 70% of patients with adult MN
(Beck et al., 2009). Shortly after, in 2014, thrombospondin type 1 domain-containing
7A (THSD7A) was identified as the second autoantigen for another group of 2-5% of
patients with adult MN (Tomas et al., 2014). More detailed information concerning the

autoantigens of MN is provided in chapter 2.3.

2.2.2 Clinical classification

Historically, MN has been classified as primary or secondary forms.
Approximately 20-30% of MN cases are referred as secondary since they occur as a
consequence of another systemic disease (KDIGO Guidelines, 2012; Ponticelli et al., 2014;

Ronco et al.,, 2015). In the remaining 70-80% of MN cases the exact cause underlying
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the development of the pathology remains fully unknown with no symptoms other
than proteinuria, oedema and the presence of immune deposits at the GBM. These
cases are thus classified as primary or idiopathic MN (iMN). Contrary to the
secondary forms which are more common among children and may even account for
the majority of the diagnosed cases, primary MN during childhood cases of
nephrotic syndrome are very low (1-5% prevalence among all primary MN cases),
with an incidence of 0.02-0.09/100,000 new cases/year. Primary MN 1is thus
considered an adulthood disease (KDICO Guidelines, 2012; McGrogan et al., 2011; Ponticelli

et al., 2014).

Secondary forms of MN occur as a consequence of another disease, and they may
be cured by treating the underlying cause of the primary disease. The main causes
associated with secondary MN include other autoimmune diseases (including
systemic lupus erythematous, autoimmune thyroid disease, rheumatoid arthritis
and Sjogren’s syndrome), infections (such as viral hepatitis B and C, human
immunodeficiency virus, malaria and syphilis), malignancies and medications (like
D-penicillamine, cyclooxygenase-2 inhibitors and nonsteroidal anti-inflammatory
drugs) (Couser, 2017; KDIGO Guidelines, 2012). However, some controversial cases have
been presented, such as for sarcoidosis-associated MN, since it is unclear whether
the associated disease is causal or co-incidental with MN (Stehle et al., 2015). Thus,
diagnosis of secondary MN is difficult and usually occurs retrospectively once the
primary cause is treated and a remission or cure of MN is observed. Still, renal-
biopsy might provide some insightful information suggestive of either idiopathic or
secondary MN (Huang et al., 2013; Larsen et al., 2013). For instance, even though all IgG
subclasses can be found in both forms, IgG1, IgG2 and IgG3 as well as Clq are
predominantly observed in immune deposits from secondary MN whereas the
predominant presence of IgG4 subclass as well as the absence of Clq is a good
indication for primary MN. Also, contrary to what is known and has been observed
in primary MN, immune deposits in the secondary form can be found in other

places besides the subepithelial space, such as mesangial immune deposits.

After careful examination and evaluation of the patients and after all causes of
secondary MN have been eliminated and no underlying cause can be attributed to
the development of MN, the patients are diagnosed with the primary form of MN.
Recently, PLA2R1 and THSD7A have been identified as autoantigens in
approximately 70% and 3% of the primary MN cases, respectively, linking an
autoimmune response against these specific proteins to the MN disease activity, as
in alloimmune NEP and the Heymann nephritis model (Beck et al., 2009; Tomas et al.,

2014; Zaghrini et al., 2019). Although the exact aetiology of primary MN associated with
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PLAsR1 remains largely unknown, environmental factors (such as molecular
mimicry and air pollution) and/or genetic predisposition have been suggested as
triggers of the autoimmune response underlying the development of this form of
MN (Fresquet et al, 2015; Stanescu et al, 2011; Xu et al, 2016). Additionally, the
1dentification of these autoantigens has led to the development of specific assays to
diagnose patients with PLA2R1- and THSD7A-associated MN, facilitating and/or
confirming the diagnosis provided by the renal-biopsy (more details on
chapter 2.2.4 and chapter 4.3) (Bobart et al., 2019; Dahnrich et al., 2013; Hoxha et al., 2017;
Hoxha et al., 2011; Zaghrini et al., 2019). Finally and hopefully, these identifications will
help to bring some more insights regarding the aetiology and physiopathology
underlying primary MN. And perhaps they might lead to a change in the current
classification, which will likely become serologically-based, leaving the term
1diopathic for those cases where no autoantibodies for PLA2R1 or THSD7A as well

as no evidence for a secondary cause are found (Beck, 2017).

An extraordinary rare form of alloimmune MN has been described in newborns
who presented oligoanuria (with the need or not for peritoneal dialysis), mild to
massive  proteinuria, hypoalbuminemia, hypercholesterolemia, arterial
hypertension, increased levels of serum creatinine and respiratory distress
syndrome that might require mechanical ventilation depending on the severity of
the disease. Renal biopsies performed days to few weeks after birth demonstrated
slight to marked alterations in the physiology of the glomerulus, with mainly IgG1
and/or IgG4 immune deposits. Of curiosity enlarged kidneys of the foetus can be
observed on the ultrasound scan preformed during the last weeks of gestation. In
this rare form of MN, the NEP-deficient mother (homozygous for the truncating
deletion mutation 466delC) was immunized against NEP during pregnancy or
following a previous miscarriage. During pregnancy, anti-NEP autoantibodies
produced by the mother are passively transferred through the placenta into the
foetus blood flow targeting NEP present in the podocytes of the foetus who strongly
expresses it because of heterozygosity from the father. Few days or weeks after
birth, the autoantibody titer of the newborn decreased not only due to a possible
underlying treatment but mainly because of the short life span of maternal IgG
(Debiec et al., 2002; Debiec et al, 2004; Vivarelli et al., 2015). Still, in some cases, the
glomerulus damage might be irreversible, and nephron loss can occur as well,
which might lead to chronic renal failure or MN diagnosis during adolescence or
early adulthood. Based on the study of three of the five known alloimmune cases,
two mechanisms were proposed to be involved in the pathophysiology of this form

of MN. In the first mechanism, the anti-NEP autoantibodies which are mainly
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IgG1, strongly inhibit the enzymatic activity of NEP and activate the complement
pathway leading to an extremely severe form of MN. In the second mechanism,
anti-NEP autoantibodies, which are mainly IgG4, not only weakly inhibit NEP
enzymatic activity but also do not activate the complement pathway leading to a

less severe form of MN (Vivarelli et al., 2015).

2.2.3 Clinical features, presentation and natural history

MN is considered an adulthood disease since the average age of diagnosis is
above 50 years-old with a higher prevalence in men than women, with a 2:1 ratio.
Clinically, at the time of diagnosis, patients can present nephrotic range
proteinuria (proteinuria > 3.5 g/day, 60-80%), hypoalbuminemia (60%), oedema (41-
60%), hypertension (30-55%) and hyperlipidaemia (50%), depending on the stage of
the disease. Despite heavy proteinuria at presentation, most patients seem to have
preserved renal function (eGFR > 60 mL/min/1.73 m2, 71%) (Donadio et al., 1988;
Polanco et al., 2010; Schieppati et al., 1993). In a short term, patients might manifest other
nephrotic syndrome complications such as development of thrombotic and
thrombolytic events (7%), that are wusually proportional to the degree of
hypoalbuminemia (Lionaki et al., 2012). They might also have a higher risk to develop
cardiovascular diseases and infections, the last one being mainly due to loss of IgG
In urine (Barbour et al., 2013; Lee et al., 2016). As first described by Jones, thickening of
the GBM (without proliferation) due to deposition of immune complexes is the
main histopathological feature of MN (Jones, 1957). According to the structural
changes observed in the renal biopsy, patients can be diagnosed with stages I to IV

(see next chapter for more details).

Overall, the clinical outcome is very variable, going from spontaneous remission
to end-stage renal disease (ESRD). If untreated (natural history), 30-35% of the
patients can undergo spontaneous remission within 5 years after diagnosis or
40-50% of the patients within at least 10 years of follow-up; whereas the remainder
stay in active disease or progress to ESRD with a need for dialysis and/or
transplantation (Donadio et al., 1988; Hladunewich et al., 2009; Kanigicherla et al., 2016; Polanco
et al., 2010; Schieppati et al., 1993). Ultimately, in some cases, the patient might die from
nephrotic syndrome complications (such as cardiovascular diseases, infections,
pulmonary embolism), as observed in rats in the Heymann nephritis model. Of
note, after remission, 25-40% of patients can recur at any time, and MN can also
recur in 35-40% of the transplanted patients (Cosio et al., 2017; Dabade et al., 2008;

Kanigicherla et al., 2016; Passerini et al., 2019).
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Several clinical features such as age, sex, ethnicity (African American,
Caucasian), persistent heavy proteinuria, hypoalbuminemia, persistent
hypertension and hyperlipidaemia, decrease eGFR at presentation, C3 staining in
the biopsy, and increased excretion of low molecular weight markers (like
B2 microglobulin), C3dg and C5b-9 have been associated with an increased risk for
progression of the disease (including development of ESRD) (Donadio et al., 1988;
Glassock, 2003; Polanco et al., 2010; Rozenberg et al., 2018; Schieppati et al., 1993). Still, it should
be kept in mind that different studies might present contradictory conclusions
and/or different numbers regarding risk factors and/or clinical outcome. This might
be due to the inherent limitation of retrospective cohorts, such as the number of
patients, low number of patients with less severe disease, inclusion of patients with

non-nephrotic proteinuria, age and sex bias (Glassock, 2003).

Understanding the mechanisms of the natural history of MN is important not
only for pathophysiology but also to help physicians to make the appropriate
decision for an optimized therapy and better patients' healthcare. The observations
referred above as well as physicians' daily practice have provided international
recommendations known as the KIDGO guidelines, which are followed worldwide
for management of MN (KDIGO Guidelines, 2012). Finally, the routine use of specific
diagnosis assays for the detection of anti-PLA2R1 and anti-THSD7A autoantibodies
in clinical practice has confirmed that these autoantibodies can be found at the
time of diagnosis in approximately 70% and 3% of MN patients, respectively. It also
has been demonstrated that they might have a predictive value for clinical outcome
(more details on chapter 4.3.2 and chapter 4.3.3), which is leading to a paradigm
shift in patients’ healthcare with improved KDIGO guidelines for MN (Floege et al.,
2019).

2.2.4 Diagnosis and histopathological features

The definitive diagnosis of MN relies on the detection of subepithelial immune
deposits in renal biopsy, which are best observed and characterized by electron
microscopy (Lai et al.,, 2015; Pozdzik et al., 2018). Based on the ultrastructural changes
four stages of the disease can be identified: stage I, which is characterized by small
immune complexes scattered in the subepithelial space between the GBM and the
podocytes; stage II, which is characterized by spikes of the GBM material around
the subepithelial deposits; stage III, characterized by increased spikes and
formation of a new GBM layer around the deposits; and stage IV, which is
characterized by irregular thickening of the GBM with loss of electro-dense

deposits (Figure 2.2).
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Figure 2.2 — Representative cases of the different electron-microscopy stages of
MN. (A) Stage I: small immune-complexes scattered in the subepithelial space. (B) Stage
II: spikes of the GBM around the subepithelial deposits. (C) Stage III: longer spikes
incorporate the deposits in a thickened GBM. (D) Stage IV: irregular thickening of the
GBM with the loss of electro-dense deposits. Adapted from (Morita et al., 2015) and
(Pozdzik et al., 2018).

When using light microscopy, the glomerulus will appear normal, with no
thickening of the GBM during the early stages of MN. No inflammatory or
proliferative features are observed during the course of MN. With the progression
of MN, immune complexes accumulate, leading to thickening of the membrane that
can be observed with periodic acid-Schiff staining (Figure 2.3-A) (Lai et al., 2015).
Contrary to periodic acid-Schiff and haematoxylin-eosin staining’s which do not

highlight well the immune complexes, silver methenamine stain allows a proper
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assessment of the GBM spikes that might have formed around the deposits since it
stains all the GBM components in black but not the immune complexes

(Figure 2.3—-B) (Couser, 2017).

Renal biopsy analysis by immunofluorescence will be characterized by diffuse
granular staining of the glomerulus for IgG and complement components.
Typically, IgG4 predominance and the absence of Clq will further confirm the
diagnosis of primary MN (Figure 2.3—C). Contrarily, predominance of IgG1, IgG2
and/or IgG3, as well as a full-pattern of IgG, IgM, IgA, C3 and Clqg would be

indicative of a secondary form of MN (Huang et al., 2013; Larsen et al., 2013).

Figure 2.3 — Representative cases of glomerular alteration of MN observed under
light microscopy and immunofluorescence. (A) Renal biopsy staining with periodic
acid-Schiff showing a diffuse thickening of the GBM (arrow). Adapted from (Lai et al., 2015)
with copyright permission from “Elsevier Health Science Journals”. (B) Renal biopsy
staining with silver-methenamine revealing “spikes” of basement membrane projecting
from the outer surface of the GBM (arrows). Adapted from (Couser, 2017) with copyright
permission from “American Society of Nephrology”. (C) Representative staining of IgG
observed in immunofluorescence microscopy. Adapted from (Rodriguez et al., 2012) with
copyright permission from “Blackwell Publishing”.

Historically, confirmation of MN disease by renal biopsy was solely based on
characteristic alterations of the glomerulus structure (and the GBM in particular)
and the identification of immune deposits by electron-microscopy, light microscopy,
and/or immunofluorescence. Nowadays, with the identification of MN
autoantigens, kidney staining against PLA2R1 and THSD7A became of high value
in the analysis of renal biopsies (chapter 4.3.1). Finally, even though renal biopsy is
still the gold-standard method for diagnosis of MN, detection and measurement of
serum autoantibodies against known autoantigens may become a standard

procedure in clinical practice (chapter 4.3.2).
2.2.5 Prognosis and treatment
Once a patient is diagnosed with MN, the major goal is to give an effective

treatment to lower proteinuria and restore kidney function. Since MN is an
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autoimmune disease, in which autoantigens are biological components of the
podocyte, the treatment strategy relies on the suppression of the (auto)immune
response with concomitant supportive care of the kidney function. Nevertheless,
MN treatment remains controversial mainly due to three fundamental questions:
when start treating, which therapy (or combine therapy) should be used, and how

to avoid secondary effects due to the potential use of toxic drugs?

Differentiating patients with a favourable prognosis from those with a poor
prognosis is of outmost importance to guide treatment decision. As discussed above,
histological markers, gender, age, blood pressure, urinary complement levels, and
HLA type can help to predict clinical outcome. However, these clinical markers are
not very reliable. More satisfying parameters have been used to predict diagnosis:
persistent proteinuria, initial creatinine clearance, alterations in creatinine
clearance over time and urinary low-molecular weight proteins (Reichert et al., 1998;
van den Brand et al., 2012). In fact, in 1997, Cattran and colleagues (Cattran et al., 1997)
developed a predictive model based on proteinuria and creatinemia levels during
the first 6 months after diagnosis and creatinine clearance. This semi-quantitative
model, known as the Toronto Risk Score, helps to predict patients’ progression with
an accuracy of approximately 85%. Based on this model, in general, patients can be
considered at: (1) low risk for progression if they present a normal creatinine
clearance, proteinuria below 4 g/day and a stable kidney function during a six-
months observation period; (2) medium risk for progression if proteinuria is
between 4 and 8 g/day with a normal kidney function during the 6 months of
observation, and (3) high risk for progression when they have persistent
proteinuria superior to 8 g/day independently of kidney dysfunction (Cattran et al.,
1997; KDIGO Guidelines, 2012). The Toronto Risk Score seems to be a useful tool to help

physicians to decide when to start immunosuppressive treatment.

Thanks to recent advances in the understanding of the pathophysiological
mechanisms of MN, both biochemically and immunologically, a consortium of
researchers and physicians prepared what is known as the Kidney-Disease-
Improving Global Outcomes (KDIGO) guidelines in which they propose the best
strategy to evaluate and treat MN patients. The last guidelines (KDIGO Guidelines,
2012), which are widely used worldwide, were prepared in 2012 and recommend
that physicians initiate a symptomatic treatment for an observational period of
6 months, in order to evaluate whether the patient will enter into spontaneous
remission (i.e. within the natural course of the disease) and avoid unnecessary
Immunosuppressive treatment. Immunosuppressive treatment is recommended

when patients with nephrotic syndrome present at least one of the following
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conditions: (1) proteinuria over 4 g/day and remains over 50% of the baseline value
and does not progressively decreases during an observational period of least
6 months with conservative treatment (such as anti-hypertensive and anti-
proteinuric drugs); (2) presence of severe, disabling or life-threatening nephrotic
syndrome complications; (3) increase of serum creatinine levels by 30% or more
within 6 to 12 months from diagnosis but with an eGFR not inferior than

25-30 mL/min/1.73 m? and not explained by a superimposed complication.

Nevertheless, many MN cases have a complicated clinical history and the
decision to treat or not with immunosuppressors remains awfully puzzling for the
clinicians, as one can read in clinical forums like the one from the American Society
of Nephrology. The upcoming KDIGO guidelines (Floege et al., 2019), which are taking
into account the most recent knowledge, will probably help to reply to some
questions, but many will remain unanswered. For instance, for the major form of
primary MN associated with PLA2R1, these guidelines might take into account the
improved risk assessment of MN using anti-PLA2R1 titer as a prognosis value as it
has been proposed in several studies (De Vriese et al., 2017) (more details in chapter
4.3.3). Still, prospective clinical trials with long-term follow-up are necessary to
evaluate the efficacy and safety of treatment regimens as well as identify new
biomarkers to recognize patients at risk of severe disease, to guide treatment

decision and predict response to therapy, in a more personalized approach.

2.2.5.1 Conservative treatment

Upon diagnosis of MN, patients should receive optimal conservative care during
an observational period of at least 6 months and later on if an immunosuppressive
treatment is given. The treatment should help to reduce proteinuria and clinical
complications associated to a nephrotic syndrome: decrease of blood pressure,
reduction of oedema, limitation of risks for cardiovascular events and
thromboembolism (Alfaadhel et al., 2015; Bomback et al., 2018). A combined therapy with
sodium channel blocker amiloride with loop and thiazide diuretics are suggested as
an effective approach to control oedema formation in proteinuric patients. Even
though they hardly contribute to a decrease in proteinuria, angiotensin-converting
enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) are widely
recommended to control blood pressure. For patients at high risk of cardiovascular
and/or thromboembolic events, due to the hypercholesterolemia and/or
hypoalbuminemia, statins (a 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase

inhibiter) and/or a prophylactic anticoagulant therapy is recommended.
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2.2.5.2 Immunosuppressive treatment

The first randomized controlled clinical trial in patients with MN took place in
1979 to verify the efficacy and safety of corticosteroids (such as prednisone) as first-
line therapy for MN (Anonymous, 1979). However corticosteroid monotherapy was not
better than symptomatic therapy alone, even though a Japanese study showed that
1t was associated with better renal survival (Alfaadhel et al, 2015; Xu et al., 2015).
Accordingly, KDIGO guidelines do not recommend corticosteroids monotherapy as
the first-line therapy in MN, probably due to the fact that long-term high-dose
treatments are highly toxic and alternative therapies are now available (Hofstra et

al., 2013).

A 6-month regimen known as the "Ponticelli protocol", which proposes the daily
intake of oral alkylating agents (cyclophosphamide or chlorambucil) alternating
monthly with corticosteroids, was found to be more effective than supportive
therapy in nephrotic patients with normal renal function (Ponticelli et al., 1998;
Ponticelli et al., 1984; Ponticelli et al., 1995). However, the short-term and potential long-
term side effects of alkylating agents (such as infection, infertility and increased

risk of cancer) make the physicians reluctant to use this therapy (Hofstra et al., 2010).

Calcineurin inhibitors (such as cyclosporine or tacrolimus) seem to be an
effective alternative for patients who were previously unresponsive to other
immunosuppressors including steroids and alkylating agents (Cattran et al., 2001;
Goumenos, 2008; Praga et al., 2007). Its anti-proteinuric effect is visible quite early,
therefore if within 3 months no decrease in proteinuria is observed, it is unlikely
that it will occur later (Waldman et al., 2012). Even though the rate of remission is
approximately 75%, relapse occurs in 40-50% of patients within one year after drug
withdrawal (Cattran et al., 2001; Praga et al., 2007). This might lead to a discontinued
long-term use of calcineurin inhibitors with further concerns due to risk of

nephrotoxicity associated with the prolonged use of these drugs.

More recently, rituximab, an anti-CD20 drug initially used for non-Hodgkin’s
lymphoma and rheumatoid arthritis, has emerged as new effective
immunosuppressive treatment for MN (Edwards et al., 2001; Remuzzi et al., 2002; Taylor et
al., 2008). Proteinuria decreases rapidly or slowly over time and remission occurs in
65 to 80% of patients within 1 to 5 years after therapy, while the rate of relapse is
relatively low, approximately 30% (Fervenza et al., 2010; Remuzzi et al., 2002; Ruggenenti et
al., 2012). Different randomized controlled clinical trials have recently demonstrated
the better safety and efficacy of rituximab in comparison to conservative treatment

or other immunosuppressive agents (Dahan et al., 2017; Fervenza et al., 2019). Therefore,
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rituximab may become the most recommended therapy and first-line

immunosuppressive therapy in MN (Rojas-Rivera et al., 2019).

Of curiosity and without knowledge of the underlying mechanisms, traditional
Chinese medicine seems to be often used for MN, in particular among the Asiatic
population. One study showed that prescription of Tripterygium wilfordii was
associated with a remission rate of approximately 45% within 1 year, while in
combination with a low-dose of prednisone it was approximately 75% (Xu et al., 2015).
Additionally, consumption Astragalus membranaceus was associated with
proteinuria remission and the prescription of Shengi particles (composed of 13
herbs including Astragalus membranaceus) is associated with a remission rate of
about 70% with a significant eGFR improvement within 48 weeks (Ahmed et al., 2007;

Chen et al., 2013; Leehey et al., 2010).

2.2.6 Genetic susceptibility

Autoimmune diseases have been commonly linked to variants in the MHC class
II (chapter 1.3.2). Thus, without surprise, the same was observed for MN. In 1979,
Klouda and colleagues (Klouda et al., 1979) demonstrated that the HLA-DRw3 variant
was significantly associated with MN in Caucasian patients versus the control
population (75% versus 20%), with a relative risk of 12, associating MHC class II
with MN for the first time. This observation was confirmed in other studies with
Caucasian patients, whereas it was the HLA-DR2 allele that was associated with
MN in the Japanese population (Hiki et al., 1984; Le Petit et al., 1982; Muller et al., 1981;
Tomura et al., 1984). These observations were followed by the demonstration of a

strong association of the HLA-DQA1 allele with MN (Vaughan et al., 1989).

More recently, in 2011, an independent genome-wide association study (GWAS)
with a total of 556 Caucasian patients (from three populations — French, Dutch and
British) demonstrated that among the 242,824 common SNPs (single nucleotide
polymorphisms) studied only two were strongly associated with MN (Stanescu et al.,
2011). On chromosome 6p21, which codes for HLA-DQA1, the SNP rs2187668 is
associated with a risk of 20.2; and on chromosome 2q24, which codes for PLA2R1,
the SNP rs4664308 is associated with a risk of 4.2, further confirming by a
different and independent approach the key role of PLA2R1 in MN. Importantly,
homozygosity for the four risk alleles has an additive effect, increasing the risk of
developing MN to 78.5. Interestingly, the SNP rs4664308 was significantly
associated with another coding SNP that leads to a missense mutation in the
B2-strand of CTLD1: rs3749117 (Met292Val). A follow-up study identified an

additional SNP in each chromosome that was associated with the risk of developing
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MN in the British population: rs17830558 in the PLA2R1 gene and rs9272729 in
the HLA-DQA1 gene (Sekula et al., 2017).

Other studies conducted in different populations confirmed the susceptibility
associated to the HLA-DQA1 rs2187668 SNP in Caucasian Spanish, South Asians
and Han Chinese populations, but not in the Afro-American population (Bullich et al.,
2014; Qin et al., 2017; Ramachandran et al., 2016; Saeed et al, 2014; Wang et al., 2018).
Additionally, it was observed that another SNP in this gene, rs28383345, was
associated with protection against the susceptibility to MN (relative risk of 0.4) in
the Chinese Han population (Qin et al., 2017). The risk associated to the PLA2R1
rs4664308 SNP was also observed in Caucasian Spanish and South Asian
populations, and in the South Asian population additional SNPs were associated to

the susceptibility of developing MN (rs3749119 and rs3749117) (Bullich et al., 2014;

Ramachandran et al., 2016).

HLA-DRB1 variants, and in particular HLA-DRB1*15:01 and HLA-
DRB1*03:01, were identified as independent risk alleles for the development of MN
in a GWAS of 261 patients from the Chinese Han population (Cui et al., 2017).
Another study confirmed that in the Chinese population HLA-DRB1*15:01 as well
as HLA-DRB3*02:02 alleles were independently and strongly associated with MN
(Le et al, 2017). A study with Japanese patients strongly associated HLA-
DRB1*15:01 and HLA-DQB1*06:02 with PLA:R1-associated MN among this
population (Thiri et al., 2016). In this last study, four PLA2R1 SNPs were associated to
MN in Japanese patients: rs3749119 and rs35771982, which were previously
1dentified in other populations, as well as rs2715928 and rs16844715.

Finally, different studies conducted in different populations have also suggested
that other genes, such as IL-4, IL-6, IL-10, TNF-a, MBL2, TLR-4, TLR-9, and
NPHS1 genes, were also associated with MN (Liu et al., 2019). In sum, a combination
of gene polymorphisms might predispose to disease initiation and also modulate

progression and severity of MN.

2.3 Autoantigens of human MN

In 1957, MN was recognized as a distinct clinico-pathological entity (Jones, 1957).
Shortly after, in 1959, Heymann and colleagues (Heymann et al., 1959) established the
first animal model of the disease, the Heymann nephritis rat model, providing a
major breakthrough in the understanding of MN. Indeed, most of the knowledge
we have today regarding the pathophysiology of human MN was obtained and/or
predicted from this model. Later on, in 1982, megalin (gp330, or low density
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lipoprotein-related protein 2 — LRP2, Figure 2.4) was identified as the main target
autoantigen in the rat model of MN (Kerjaschki et al., 1982). This finding further
encouraged the search for the human autoantigen. Disappointingly, megalin was
not the human autoantigen and furthermore, it is not expressed in human

podocytes.

Megalin, 4660 aa, 600 kDa

NEP, 750 aa, 90 kDa 27 aa

Active site
Il Ve T e Ny
PLA,R1, 1463 aa, 180 kDa 42 aa

THSD7A, 1657 aa, 250 kDa

O LBD (Cys-rich complement-type repeat) . TSP-1-like
Q EGF-type repeat [‘ CysR i co-like
ﬁ@) YWTD spacer region & i ) coiled coil
\ NPXY or NPXY-like motif @cro ) Proine

Figure 2.4 — Schematic diagram of the autoantigens found to be implicated in MN
until now. Megalin (gp330, LRP2) is a 600 kDa glycotransmembrane protein identified in
1982 as the autoantigen in the Heymann nephritis experimental model of MN. This protein
1s composed by a large extracellular region, a small transmembrane domain and an
intracellular domain. The extracellular region is composed by 36 cysteine-rich complement-
type repeats comprising four clusters of ligand-binding domains (LBD) and by 16 epidermal
growth factor-like (EGF-like) repeats that are separated by 8 YWTD-containing spacer
regions. NEP, a 90 kDa glycosylated zinc-dependent membrane metalloprotease, was
identified in 2002 as the autoantigen in the rare alloimmune form of MN. It consists of a
short cytoplasmic N-terminal domain, a transmembrane domain and a large extracellular
domain containing the active site. In 2009, PLA2R1, a 180 kDa transmembrane
glycoprotein, was identified as the first autoantigen in human adult MN. PLA2R1 is formed
by a large glycosylated extracellular portion, comprising a N-terminal cysteine-rich (CysR)
domain, a fibronectin type-II (Fnll) domain and 8 different C-type lectin like domains
(CTLDs), a transmembrane domain and a short cytoplasmic tail. Finally, in 2014, THSD7A
was identified as the second autoantigen in human adult MN. This 250 kDa glycosylated
protein is composed by 21 extracellular domains (thrombospondin type-1 (TSP-1) repeat
domains alternating with complement 6-like (C6-like) repeats and a coiled coil), as well as a
transmembrane domain and a short cytoplasmic tail.
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It was only in 2002, 20 years after the identification of megalin, that the first
human antigen was identified: NEP (Figure 2.4) (Debiec et al., 2002). However, NEP is
the antigen of a rare alloimmune form of MN and it is not the autoantigen in the
primary form of MN, which is predominant in adults. In 2009, exactly 50 years
after the development of the Heymann nephritis model of MN, PLA:R1 was
identified as the major autoantigen in adult MN for approximately 70% of cases
(Beck et al., 2009). This was followed by the identification of THSD7A as the second
autoantigen in another group of 3% of patients (Tomas et al., 2014). In some very rare
cases, approximately 0.3% of the patients can be positive for both PLA2R1 and
THSD7A. On the contrary, about 27% of patients are double negative for both
PLA:2R1 and THSD7A, meaning that they should have autoantibodies targeting a
different autoantigen with several hypotheses such as a third or more unknown
autoantigens, a complex of proteins, one of the already known autoantigen but in a
different conformation, etc. Indeed, more recently, exostosins 1 and 2 as well as
NELL-1 (neural epidermal growth factor-likel protein) were identified as new
autoantigens — exostosins seem to be associated with secondary MN, being mainly
present in cases of lupus nephritis while NELL-1 seems to be an autoantigen for

approximately 7% of primary MN cases (Sethi et al., 2019; Sethi et al., 2019).

2.3.1 Neutral endopeptidase (NEP)
The neutral endopeptidase (NEP, chromosome 3q25.3) is a 90 kDa glycosylated

zinc-dependent membrane metalloprotease that cleaves peptides at the amino side
of hydrophobic residues, also known by other names: neprilysin, membrane
metallo-endopeptidase (MME), enkephalinase, vasopeptidase, atriopeptidase,
cluster of differentiation 10 (CD10) and common acute lymphoblastic leukaemia
antigen (CALLA) (Maguer-Satta et al., 2011; Malek et al., 2017; Malito et al., 2008; Mishra et al.,
2016). It consists of three domains: a short cytoplasmic N-terminal domain, a
transmembrane domain and a large extracellular domain containing the active site
(Figure 2.4). NEP is highly expressed in the brush border of proximal renal tubular
cells, but also in podocytes. It can also be found in the brain, vascular endothelial
cells, smooth muscle cells, cardiomyocytes and neutrophils. It has the ability to
metabolise several endogenous peptides, such as glucagon, enkephalins, oxytocin,
natriuretic peptide and vasoactive peptides (including bradykinin, substance P,
vasoactive intestinal peptide, adrenomedullin, endothelin-1 and angiotensin-II).
Therefore, it has several regulatory effects in the cardiovascular and renal systems.
It also can degrade B-amyloid peptide, which is well known in Alzheimer’s disease.

As one of its alternative names indicates, NEP or CALLA is also an antigen in 85%
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of cases of acute lymphocytic leukaemia, and is also expressed in several other

cancers.

In 2002, Debiec and colleagues (Debiec et al., 2002) identified NEP as the first
human antigen in a rare case of MN. A baby boy was born with oligoanuria and
massive proteinuria. In addition, the biopsy revealed an atypical form of MN with
subepithelial deposits of IgG (more details on chapter 2.2.2). Since the newborn
was too young to have produced autoantibodies of his own, and having in mind the
passive Heymann nephritis model, it was hypothesized that the mother had
passively transferred the autoantibodies to her foetus (Debiec et al., 2002; Ronco et al.,
2015). Further investigation confirmed this hypothesis and identified NEP as the

autoantigen.

2.3.2 Phospholipase A: receptor 1 (PLA:2R1)

After the development of the Heymann nephritis model, for several years, many
teams worked hard to identify the human autoantigen in adult patients with MN.
It was finally in 2009, that, with a small amount of serendipity, a major
breakthrough by Beck and colleagues (Beck et al., 2009) led to the identification of
PLA:2R1 as the major autoantigen in adult MN. Their experiments consisted on
testing MN patients’ serum reactivity against human glomerular extracts by
western blot. However, contrary to the most common standard procedure, the
western blot experiments were performed under non-reducing conditions. This
apparently small but in fact major change was key to detect circulating
autoantibodies from MN patients that specifically bind to a 185 kDa glycosylated
antigen in a conformational manner. Further analysis of the reactive bands after
partial purification and by mass spectrometry provided a list of candidate proteins
that were tested by western blot, leading to the identification of PLA2R1 as the
target autoantigen. Immunoprecipitation of human glomerular extracts with
serum samples from MN patients followed by western blot with specific anti-

PLA:R1 antibody further confirmed this major and important discovery.

In the original study, 26 out of 37 MN patients (70%) recognized PLA2R1 as the
autoantigen, for both the native protein from the glomerular extract and the
recombinant protein expressed in HEK293 cells. In contrast, sera from healthy
controls, patients with secondary MN or other glomerular or autoimmune diseases
did not react with the autoantigen. Therefore PLA2R1 has been considered a
pathognomonic biomarker for MN disease. After excluding the formation of
circulating immune complexes with soluble PLA2R1, Beck and colleagues

confirmed their initial hypothesis: the immune complexes form in situ in the
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glomerulus where PLA2:R1 1s expressed, particularly in the podocyte, as
demonstrated by immunofluorescence microscopy. Additionally, PLA:2R1 co-
localized with IgG4 in the typical fine granular pattern. Even though IgG4 was the
predominant IgG subclass, different amounts of IgGl, IgG2 and IgG3 were
observed in MN patients’ serum. As referred before, PLA2R1 autoantibodies from
MN patients only recognized the autoantigen in western blot experiments
performed under non-reducing conditions, demonstrating that they recognize
conformational epitopes, partially explaining the time gap between the
identification of megalin and PLA2R1. Finally, Beck and colleagues were the first to
demonstrate that autoantibodies against PLA2R1 were associated with disease
activity, being present during disease activity and declining or disappearing during
clinical remission and before decrease of proteinuria. After this landmark study,
several other teams confirmed that PLA2R1 is the autoantigen in 70-80% of MN
cases, with IgG4 as the main subclass and anti-PLA2R1 titer associated with

disease activity.

PLAsR1 was first identified, in 1990, as a receptor for several snake venom
secreted phospholipase A2 (sPLAz2s) in rabbit skeletal muscle cells by Lambeau and
colleagues (Lambeau et al, 1990). The receptor was thus initially called M-type
(muscle-type) receptor and rabbit PLAz:R1 was cloned in 1994 as a second member
of the macrophage mannose receptor family (Lambeau et al., 1994). Shortly after, in
1995, human PLA2R1 was cloned from lung, and interestingly it was found to be
highly expressed in adult kidney (Ancian et al., 1995). This highly glycosylated
receptor is formed by an extracellular region, a transmembrane domain and a
cytoplasmic tail (Figure 2.4). My Ph.D. works focused mainly on PLA2R1-associated
MN, thus chapter 3 of this manuscript has more detail information regarding
PLA2R1 structure and functions. In this chapter and chapter 4, more detailed
information regarding PLLA2R1-associated MN can be found.

2.3.3 Thrombospondin type-1 domain containing 7A (THSD7A)
After the identification of PLA2R1 as the major autoantigen in about 70% of MN

patients, the search for the autoantigen(s) responsible for the remaining 30% of
cases continued, now having in mind that the autoantibodies may target
conformational epitopes. An international collaborative work between three teams
(Dr. Beck and Dr. Salant team from USA, Dr. Lambeau team from France and Dr.
Stahl team from Germany) led to the identification of THSD7A as the second
autoantigen in adult MN. The collaboration was essential for the identification of

THSD7A since it has a very low prevalence of about 3-5% among all MN patients.

39



Introduction: Membranous Nephropathy

Dr. Laurence Beck first identified a patient with biopsy-proven MN who had
also been diagnosed with prostate cancer two years earlier and had no evidence
suggestive of secondary MN (Beck, 2010). When analysed by western blot with
human glomerular extract, the patient’s serum reacted against an antigen with a
size similar to PLA2R1. However this latter was not the autoantigen for this
patient since in further analysis by western blot and immunoprecipitation with
recombinant PLA2R1, the serum did not show any reactivity. Additionally, in the
renal biopsy, immunofluorescence staining showed that IgG4 was present within
the immune deposits but did not co-localized with PLA2R1. Thus, the MN
autoantigen for this patient was another highly glycosylated protein with a high

molecular weight.

At the same time, the laboratory of Dr. Lambeau was also trying to identify this
new second autoantigen through a candidate approach experiment based on the
hypothesis that it might be one of the three paralogs of PLA2R1 (Tomas et al., 2014)
(more detailed information about PLA2R1 and its paralogs can be found in
chapter 3). In collaboration with the team of Dr. Stahl, they started by screening a
small cohort of biopsy-proven MN patients by western blot for the human
glomerular extract as well as for PLA2R1 and its paralogs. With this approach,
they first identified a serum from a patient from Nice (France) with MN and HIV
and 3 other patients that could also recognize a band of high molecular weight in

the human glomerular extract, but did not recognize PLA2R1 nor its paralogs.

The two teams used two different strategies to identify the new autoantigen
using mass spectrometry analysis (Tomas et al., 2014). In one approach, purification of
glomerular proteins by gel electrophoresis run in parallel with western blot
analysis, pretreated or not with N-glycopeptidase F alone or with both
N-glycopeptidase F and neuraminidase, revealed three different discrete bands
(250 kDa, 225kDa and 200kDa), that were further analysed by mass
spectrometry. In the other approach, the glomerular proteins were treated or not
with N-glycopeptidase F and partially trypsinized. After electrophoresis the bands
that were previously recognized by western blot under non-reducing conditions by
an MN patient were excised and analysed by mass spectrometry. Both mass
spectrometry analyses generated a list of potential candidates that finally led both
teams to identify THSD7A (thrombospondin type-1 domain containing 7A) as the

newly autoantigen for MN (Tomas et al., 2014).

A combined cohort of 154 PLAsR1-negative MN patients from the American,
French and German teams was assembled and screened for THSD7A. Fifteen

patients showed reactivity against the newly identified antigen suggesting a

,/1 0
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prevalence of 2.5-5%. Follow-up studies confirmed that THSD7A is the autoantigen
for 2.5-3% of the MN patients (Hoxha et al., 2017; Larsen et al., 2016; Tomas et al., 2014;
Zaghrini et al, 2019). Similar to PLA2R1, anti-THSD7A autoantibodies were
conformational and predominantly IgG4. Finally, recent studies identified some
rare cases of patients’ double positive for anti-PLA2R1 and anti-THSD7A

autoantibodies (Larsen et al., 2016; Wang et al., 2017; Zaghrini et al., 2019).

Thrombospondin type 1 domain-containing 7A (THSD7A, chromosome 7p21.3) is
a 250kDa glycosylated transmembrane protein that belongs to the
thrombospondin superfamily. It is expressed in several tissues including cerebral
cortex, testis, lung and of course, kidney. Although the overall structural
organization of THSD7A is still unclear, it is formed by a large N-terminal
extracellular region followed by a transmembrane domain and a short cytoplasmic
C-terminal tail. The extracellular region comprises a total of 21 domains:
thrombospondin type-1 (TSP-1-like) repeats alternating with complement 6-like
(C6-like or F-spondin-like) repeats (Figure 2.4) and a single highly basic coiled-coil

region (Seifert et al., 2018; Stoddard et al., 2019).

The exact function of THSD7A remains unknown. Based on its structure, it has
been hypothesized that THSD7A might act has an adhesive glycoprotein that can
interact with components of the extracellular matrix including fibronectin and
collagen, and promote cell adhesion by binding to sulfated glycoconjugates such as
heparin, sulfatides and heparin sulphates (Dardik et al., 1989; Galvin et al., 1987; Guo et
al., 1992; Stoddard et al., 2019). Studies using human umbilical vascular endothelial
cells (HUVECs) and zebrafish suggested that THSD7A may be involved in
cytoskeletal organization, endothelial cell migration and tube formation during
embryonic angiogenesis and neurogenesis (Kuo et al., 2011; Liu et al., 2016; Wang et al.,
2011; Wang et al., 2010). The overexpression of THSD7A has also been described in
several human tumours, including renal, colorectal, breast and prostate cancers
(Stahl et al., 2017). Upregulation or downregulation of THSD7A has been observed in
different tumours: low THSD7A expression in colorectal or renal cancers was
associated with adverse clinico-pathological parameters whereas THSD7A
overexpression in prostate cancer was associated with poor prognosis, suggesting
either different roles of THSD7A in different tumour contexts or that the
regulation of THSD7A is a consequence of the cancer microenvironment. It also has
been hypothesized that the expression of THSD7A is associated with vascular

Invasion, metastasis and angiogenesis (Stahl et al., 2017).

In kidney, THSD7A is expressed in the podocytes of human, rodents and

zebrafish, in particular in foot processes and split diaphragm (Godel et al., 2015; Meyer-
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Schwesinger et al., 2015; Tomas et al., 2014; Tomas et al., 2017). Studies from Tomas and
colleagues (Tomas et al., 2016; Tomas et al., 2017) support the idea that THSD7A may be
important for the maintenance of the glomerular filtration barrier since disruption
of its expression can induce rearrangement of cytoskeleton, alteration of focal
adhesion, cell detachment and apoptosis, altered podocyte differentiation and
impaired glomerular filtration barrier function. In a very recent study from the
same group, Herwig and colleagues (Herwig et al., 2019), using both murine and
immortalized culture murine podocytes, demonstrated that the expression of
THSD7A was characteristic of late stages of podocyte development. They showed
that, in murine and human, THSD7A is expressed at the basal aspect of foot
processes, in close proximity to the slit diaphragm and nephrin (Herwig et al., 2019).
The authors suggested that THSD7A stabilizes membrane dynamics of human
mature podocytes, increasing their adhesion and slowing-down cell motility, since
THSD7A expression in human podocytes was associated with increased cell size,
enhanced adhesion, reduced detachment from collagen type IV and decreased

ability to migrate.

2.3.4 Cytoplasmic autoantigens

In addition to PLA2R1 and THSD7A, other podocyte autoantigens have been
identified in adult MN patients. In 1999, a-enolase (¢ENO) was first described as
an autoantigen in MN patients (Wakui et al., 1999). Autoantibodies against this
glycolytic enzyme with multiple functions were identified by western blot and
based on its partial amino acid sequence when testing MN patients’ serum against
human and porcine renal extract. The autoantibodies were mainly IgG1 and IgG3
with a more recent study also reporting IgG4 (Kimura et al., 2017; Wakui et al., 1999). It
was also demonstrated that a ENO co-localized with IgG4 and C5b-9 in electron-
dense subepithelial immune deposits (Bruschi et al., 2011). However, oENO
autoantibodies are not exclusive nor specific for MN, since they can be detected in
other diseases such as ANCA disease, inflammatory bowel disease, primary biliary
cirrhosis and systemic lupus erythematous (Akisawa et al, 1997; Moodie et al., 1993;

Pratesi et al., 2000; Roozendaal et al., 1998).

In 2010, Prunotto and colleagues (Prunotto et al, 2010) identified (i) aldose
reductase (AR), an oxidoreductase that catalyze the reduction of aldehydes and
carbonyls, and (ii) superoxidase dismutase 2 (SODZ2), a key antioxidant enzyme, as
two other autoantigens in MN. Autoantibodies against these podocyte autoantigens
were detected in patients’ serum as well as in the glomeruli where they co-localized

with IgG4 and C5b-9 within electron-dense subepithelial immune deposits. Like
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aENO, autoantibodies against SOD2 are not specific for primary MN since they
have also been described in lupus nephritis. However, in primary MN, the
autoantibodies are predominantly IgG4 while in lupus nephritis they are mostly

Ing (Bonanni et al., 2015; Bruschi et al., 2011; Prunotto et al., 2010).

In 2012, Murtas and colleagues (Murtas et al., 2012) screened a cohort of 186 MN
patients for all the autoantigens described until then: NEP, PLA:R1, a ENO, AR
and SOD2. As expected, no patient presented reactivity against NEP, since this has
only been described in alloimmune cases. Autoantibodies against PLA:R1 were
found in 60% of patients, while anti-aENO, anti-AR and anti-SOD2 were detected
in 43%, 34% and 28% of the patients, respectively. The autoantibodies against the
cytoplasmic autoantigens were mainly IgG4 and they were significantly correlated
with the anti-PLA2R1 titer. Additionally, 20% of the patients were negative for all
autoantibodies, which was significantly associated with lower proteinuria after
1 year of follow-up. Conversely, 10% of the patients had autoantibodies against all
four autoantigens. The fact that a single patient can produce autoantibodies
against several autoantigens suggests a complex and progressive

pathophysiological mechanism in the development and progression of MN.

Of note, these cytoplasmic autoantigens are likely not the primary targets in
MN. It has been suggested that upon the formation of autoantibodies against the
primary target, ie. PLA2R1, THSD7A or other (un)known antigens, and with the
progression of the autoimmune response, podocyte injury leads to the exposure to
these neoantigens. Thereby, these cytoplasmic autoantigens may represent an

immunological marker of advanced renal damage and ESRD.

2.3.5 Exostosin 1/Exostosin 2

More recently, a study by Sethi and colleagues (Sethi et al., 2019) used a
combination of laser microdissection, mass spectrometry and
immunohistochemistry to identify exostosin 1 (EXT1) and exostosin 2 (EXT2)
(glycosyltransferases) as similar autoantigens in 21 out of 209 cases (10%) of
PLAsR1-negative MN patients. The autoantibodies targeting EXT1/EXT2 in the
immune complexes were mainly IgG1. Interestingly, the authors were not able to
detect circulating anti-EXT1/EXT2 autoantibodies. Kidney biopsy of the
EXT1/EXT2 cases revealed positive staining for C3 and Clq within the electron-
dense subepithelial immune deposits. However, these new autoantigens seem to be

associated with secondary MN, being mainly present in cases of lupus nephritis.
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2.3.6 Exogenous autoantigens

In some MN cases, mainly secondary ones, the antibodies target antigens in the
subepithelial deposits that are not intrinsically present in the podocyte, but instead
have an exogenous origin. This can occur in cases of MN secondary to infections in
which the antigen of bacterial or viral origin can be identified in the immune
deposits, such as the antigenic protein at the surface of the Hepatitis B and C virus
or Helicobater pylori (Debiec et al., 2014; Lai et al, 1991; Nakahara et al, 2010). The
exogenous antigens can also originate from drug therapy which was the case of
recombinant human a-glucosidase or recombinant human arylsulfatase B
prescribed for enzymatic replacement therapy for Pompe disease and
mucopolysaccharidosis type VI, respectively (Debiec et al., 2014; Hunley et al., 2004). Diet
can be another source of exogenous antigens, as it has been well described for the

cationic bovine serum albumin (Debiec et al., 2011).

Two scenarios that lead to the deposition of these antigens in the human
glomerulus have been proposed (Debiec et al, 2014). One suggests that due to
uncommon physiochemical properties, these exogenous antigens may be trapped in
the glomerular basement membrane (scenario of planted antigen) where they are
targeted by circulating antibodies, leading to the formation of in situ immune
complexes, as it has been demonstrated for cationic albumin (Debiec et al., 2011). The
other proposes that small circulating non-precipitated immune complexes
containing IgG4 and the exogenous antigen can deposit in the glomerular
basement membrane as it was demonstrated in the chronic serum sickness model

(Debiec et al., 2014).

2.4 Animal models of MN

In general, animal models are of great importance to better understand the
pathogenesis of human diseases. And membranous nephropathy is not an
exception, but it is a particular example of an animal model preceding knowledge of
the human molecular pathophysiology. In 1959, long before the identification of
any human MN antigen, Heymann and colleagues (Heymann et al., 1959) established
the first animal model of MN, nowadays known as the Heymann nephritis MN
model. Their pioneering work and the follow-up studies in this model greatly
contributed to a better understanding of human MN. In fact, most of the knowledge
we have today regarding the pathophysiology of MN was obtained and/or predicted

from this model. Additionally, their experimental work further encouraged the
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scientific community to search for human autoantigens that culminated with the
key identification of NEP, PLA2R1 and THSD7A (more details on chapter 2.3).

2.4.1 Heymann nephritis model in rat

In the active model of Heymann nephritis, Sprague-Dawley rats were actively
immunized with their own crude kidney extract (Fx1A) in complete Freund’s
adjuvant (containing tubercle bacillus nowadays termed Mycobacterium
tuberculosis) during 6 to 12 weeks (Heymann et al., 1959). After this period, the rats
presented clinical and immunohistological features similar to the ones described in
human MN, including proteinuria and thickening of the glomerular basement
membrane due to the presence of electron-dense subepithelial immune deposits.
Further studies (using a passive model of Heymann nephritis and perfused rat
kidneys) demonstrated that the autoantibodies bind to an intrinsic autoantigen
present at the glomerular filtration barrier to form in situ immune complexes, with
the main autoantigen later identified as megalin (Couser et al., 1978; Feenstra et al., 1975;
Kerjaschki et al., 1982, 1983; Kerjaschki et al., 1987; Raychowdhury et al., 1989; Van Damme et al.,
1978). Additional studies demonstrated that the autoantigen-autoantibody
complexes co-localized with C3 and C5b-9 complexes, and that the podocyte injury
and proteinuria observed in this model were complement-mediated (Baker et al., 1989;

Cybulsky et al., 1986; Ma et al., 2013).

In passive Heymann nephritis models, rats are actively injected with antibodies
against brush border antigens (anti-Fx1A) produced in rabbit or sheep or with

antibodies against specific antigens, such as anti-megalin (Couser et al., 1978; Feenstra
et al., 1975; Makker et al., 2006; Salant et al., 1980; Salant et al., 1988; Salant et al., 1989; Van
Damme et al., 1978). Similar to the active model, immune complexes between the
antigen and the injected antibodies can be observed in the subepithelial space and
rats develop proteinuria which again is dependent of complement activation. Of
curiosity, a study with both active and passive Heymann nephritis models
suggested that molecular rearrangement of the slit diaphragm may play a role in
the pathogenesis of MN (Nakatsue et al., 2005). Particularly, it is suggested that
dissociation of nephrin from podocin with its subsequent urinary excretion as well
as a reduced expression of both nephrin and podocin might contribute to the

development of proteinuria.

As reviewed and exemplified in chapter 1.4.1, at the beginning of an
(auto)immune response, the diversity of epitopes targeted by the immune response
1s usually limited (Vanderlugt et al., 1996). In the physiological process of maturation of

the immune response with optimization of antibodies, a mechanism of epitope
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spreading can occur. This mechanism is characterized by the diversification of the
epitope recognition pattern from an initial epitope which triggers the inflammatory
process (immunodominant epitope) to multiple secondary epitopes (subdominant
epitopes) within the same antigen (intramolecular spreading) or other(s) antigenic

molecule(s) (intermolecular spreading).

Interestingly, a mechanism of intramolecular epitope spreading has been
described in the Heymann nephritis model, in which antibodies targeting different
megalin epitopes were associated with the development of glomerular immune
deposits and nephrotic syndrome. Immunization of Lewis rats with a recombinant
protein referred to as the “L.6” fragment — consisting of the first 236 amino acids of
the N-terminal LBD-I cysteine-rich ligand-binding domain of megalin (Figure 2.4)
— generated over time a cascade of autoantibodies describing a mechanism of
epitope spreading towards the C-terminal domains and inducing severe disease
(Shah et al., 2007; Tramontano et al., 2006). Four weeks after injection, the rats produced
antibodies against the L6 fragment but not the others LBD domains and they did
not developed proteinuria. Eight weeks after immunization (with a boost at week 4)
the rats generated antibodies against the C-terminal LBD-II, LBD-IIT and LBD-IV
domains highlighting a mechanism of epitope spreading that significantly
correlated with the increase of proteinuria (Shah et al., 2007). Additionally, 12 weeks
post-injection, proteinuria levels correlated with staining for C3, C5b-9 and IgG1 in
the glomerular immune deposits (Tramontano et al., 2006). Of note, conformational
epitopes as well as post-translational modifications, in particular glycosylation,

seem to be necessary for the pathogenic role of megalin (Tramontano et al., 2004).

2.4.2 Heymann nephritis model in mice

Several groups have tried to establish similar passive models of Heymann
nephritis models in mice. Despite the enormous efforts from several groups to
achieve this goal, most models that have been established turned out to be of
limited use mainly because of the inability to induce long-term complement-

dependent proteinuria (Jefferson et al., 2010).

One example is the passive model developed by Assmann and colleagues
(Assmann et al., 1983), in 1983, in which they injected C57.B110 mice with rabbit IgG
against homologous pronase-digested renal tubular antigens. The immunized mice
developed subepithelial immune complexes containing rabbit IgG, mice IgG1 and
mice C3. However, histologically the mice presented very few differences compared
to the control: they did not present GBM “spikes” nor effacement of podocyte foot

processes, both characteristic features of human MN. Additionally, the mice only
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presented transient albuminuria without developing nephrotic syndrome. At this
time, the weak pathogenic effects were proposed to be due to the presence of mouse
IgG1 antibodies (equivalent to human IgG4) in immune deposits which do not

activate mouse complement.

Another passive model was developed by the same group, in 1992, in which they
injected mouse IgG1 antibodies against mice aminopeptidase A, hoping to induce a
more severe and persistent proteinuria (Assmann et al, 1992). Indeed, after
immunization the mice immediately developed massive albuminuria for at least 16
days. However glomerular deposition of mice C3 was absent, no glomerular lesions
were observed under light microscopy, and activation of the complement was not
required for the development of proteinuria. Moreover, even though electron
microscopy revealed fusion of the podocyte foot processes and scattered electron-
dense immune deposits, there was no thickening of the GBM, one of the main

features of human MN.

More recently, in 2011, another passive MN model was also reproduced in
C57BL/6N and BALB/c mice to which antibodies against podocyte proteins
(produced in sheep) were injected (Meyer-Schwesinger et al., 2011). The mice developed
nephrotic syndrome with severe oedema, proteinuria and hypoalbuminemia. They
presented swollen podocyte and subepithelial immune complex deposits with
effacement of the podocyte foot processes, but no disruption of the GBM.

Complement activation was not necessary for podocyte disruption.

2.4.3 ¢cBSA animal model of MN

An alternative model of MN was provided by Border and colleagues (Border et al.,
1982) based on the hypothesis that the antigen net charge could be fundamental for
the formation of subepithelial deposits. Thus, their model consisted of repeatedly
Injecting rabbits with cationic bovine serum albumin (¢cBSA) which would work as
a “planted” or exogenous antigen. Immunizations with anionic or native (neutral)
BSA mostly led to mesangial deposits while immunization with ¢cBSA led to the
formation of subepithelial deposits co-localized with IgG and C3. Further
experiments demonstrated that c¢cBSA binds to anionic heparan sulphate
proteoglycans of the GBM, which in turn induces the binding of antibodies to the
trapped cBSA, leading to in situ formation of immune complexes (Adler et al., 1983;
Border et al., 1982). This model was later reproduced and established in dogs, mice
and rats, and corresponds to the rare cases of childhood human MN with ¢cBSA

(Debiec et al., 2011).
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2.4.4 PLA2R1 animal model of MN

In 2009, a major breakthrough was achieved with the identification of PLA2R1
as the major autoantigen in human MN with expression in human podocytes.
However, PLA:2R1 is not expressed in rodent podocytes which has strongly
hampered the development of an in vivo animal model for PLA2R1-associated MN

(Godel et al., 2015; Meyer-Schwesinger et al., 2015).

In a collaborative work, several teams attempt to generate a transgenic mice
model by overexpressing human PLA2R1 in the CD1 strain, but unfortunately they

did not succeed in expressing the protein in the glomeruli (Borza et al., 2013).

During the ASN Kidney Week 2012, an abstract from Zahner and colleagues
(Zahner et al., 2012) described the generation of a tetracycline-inducible human
PLA:2R1 transgenic mice that could express the human protein in the glomeruli.
However, there was no data regarding the animals becoming proteinuric or not
upon immunization with anti-PLA2R1. And since there is no publication with such
data until today, one can assume that most probably this was another unsuccessful
model. Two years later, at the 2014 ASN Kidney week, the same group described
the generation of another transgenic mice model specifically expressing human
PLA2R1 in podocytes (Zahner et al., 2014). The mice were immunized with recombinant
human PLA2R1 developing granular subepithelial immune deposits along the GBM
which were positive for mouse IgG. Injection of serum from PLA2RI1-positive
patients’ also led to the development granular deposits along the glomerular

capillary wall.

More recently, during the 2018 ASN Kidney Week, Rhoden and colleagues
(Rhoden et al., 2018) described a transgenic mice model (BL6/J) where a flagged-
tagged N-terminal CysR-CTLD3 region of human PLA2R1 was overexpressed in
mouse podocyte as a membrane protein. These mice did not present proteinuria nor
any histological differences in comparison with wild-type mice. In future studies,
they aim to induce MN using patient IgG subclasses of anti-PLLA2R1 autoantibodies
and mouse anti-human PLAsR1 antibodies. Hopefully, this work will allow to
validate the pathogenicity of the anti-PLA2R1 antibodies and the role of immune
complex formation, complement activation and GBM thickening in causing

proteinuria.

2.4.5 THSD7A animal model of MN

In contrast to PLA2R1, THSD7A is constitutively expressed in both human and

rodent podocytes, enabling conditions to evaluate more directly the pathogenicity of
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anti-THSD7A human autoantibodies in a mouse model. Indeed, in 2016, Tomas
and colleagues (Tomas et al., 2016) established the first passive THSD7A mice model
by injecting human serum containing anti-THSD7A autoantibodies to BALB/c
mice. The human anti-THSD7A antibodies were bound to the murine THSD7A
present in the podocyte foot processes along the glomerular filtration barrier
forming electron-dense subepithelial immune deposits with effacement of podocyte
foot processes that resulted in the onset of proteinuria within 3 days. The podocyte
injury was accompanied by oxidative stress and enhanced expression of SOD2.
Histological analysis revealed positive staining for C3 in a granular subepithelial
pattern suggesting complement activation. Similar but weaker results were
observed when purified human anti-THSD7A antibodies were injected instead of
serum with antibodies. In this case, the effects were more transient, less
pronounced and without C3 deposition. Together, data from this model prove that
anti-THSD7A antibodies alone or in the presence of serum are sufficient to induce
MN.

In subsequent studies, the same group immunized BALB/c mice with purified
rabbit anti-THSD7A antibodies that were bound to the podocyte antigen along the
glomerular filtration barrier within 2 hours (Tomas et al., 2017). Fourteen days after
injection, the mice presented severe nephrotic syndrome and typical
histomorphologic signs of human MN, such as subepithelial immune complexes
deposition with effacement of podocyte foot processes. However, once again, the
anti-THSD7A antibodies did not have the ability to activate the complement in
mice. Interestingly, the results were strain-dependent since they could not be
obtained in C57BL/6 and DBA/J1 mice nor in Sprague-Dawley rats. The injected
rabbit anti-THSD7A antibodies bound along the glomerular filtration barrier but
did not induce proteinuria. These latter results suggest that the genetic
background might be a key factor for the induction of nephrotic syndrome in this
passive THSD7A animal model of MN.

2.5 Pathophysiology of MN

The characteristic histomorphologic markers of MN were first described in 1957.
Since then, researchers and physicians have been working together to better
understand the pathophysiological mechanisms underlying the development of the
disease. Experimental animal models, in vitro experiments as well as daily clinical
observations have contributed to this aim. This chapter summarizes what is known
and/or hypothesized as well as the remaining open questions concerning the

pathophysiological mechanism of MN (Figure 2.5).
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Figure 2.5 - Pathophysiology of MN. The aetiology and pathogenesis of MN is
multifactorial, involving the interplay of initiating and predisposing environmental and
genetic factors leading to the loss of immune tolerance that result in the production of
autoantibodies against podocyte autoantigens. The circulating autoantibodies form in situ
immune complexes by binding to the membrane-bound podocyte autoantigens in the
glomerular basement membrane. The autoantibody-autoantigen membrane-bound complex
is shedded into the extracellular space, escaping clearance by endocytosis and activating
complement system. Complement activation results in the formation and insertion of the
C5b-9 complex into the membrane podocyte playing a major role in sublethal podocyte
injury and proteinuria. Additionally, anti-podocyte autoantibodies can directly influence
the function of the target autoantigen contributing to podocyte injury. In parallel, distinct
cytoprotective responses can be activated over time in cells undergoing endoplasmic
reticulum (ER) stress. However, prolonged ER stress beyond some threshold results in
apoptosis of the podocyte. Adapted from (Debiec et al., 2014) and (Ronco et al., 2017) with
copyright permissions from “Springe*.
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2.5.1 Immunoregulation and initial phase of the autoimmune
response

As described in chapter 1.4, loss of central and/or peripheral self-tolerance leads
to aberrant self-reactive B and T cells that target self-antigens. The causes of this
disruption remain poorly understood in the majority of the autoimmune diseases
and in MN in particular. Nonetheless, pollution and epitope mimicry (more details
on chapter 4.1) as well as genetic susceptibility (more details on chapter 2.2.6 and
chapter 4.1) have been suggested as possible causes of the development and/or
progression of MN. Still, the initial phase of the autoimmune response in MN

remains one of the more puzzling unanswered questions.

Once an (auto)immune response is initiated, uncommitted T helper lymphocytes
(ThO) can differentiate into T helper cells (Th1, Th2, Th17, Tth) and/or T regulatory
cells (Treg). The Th1/Th2 cells facilitate B-cell activation, maturation and
differentiation into plasma cells, leading to autoantibody production. Treg cells are
responsible for maintaining tolerance by negatively regulating innate and adaptive
immunity. A recent study showed that patients with active MN have lower levels of
Treg cells, suggesting that the absence of Treg enables loss of tolerance in MN and
pathogenesis progression (Rosenzwajg et al., 2017; Wang et al., 2011). This is further
supported by the fact that patients clinically responding to rituximab treatment
present decreased levels of B cells with concomitant increase of Treg cells whereas
patients not responding to treatment maintain low levels of Treg (Roccatello et al.,

2016; Rosenzwajg et al., 2017).

MN is characterized by the presence of circulating autoantibodies, mainly IgG4
(at least at a later phase), that bind to specific podocyte autoantigens leading to the
formation and deposition of immune complexes. Therefore, it is not surprising that
a Th2-immune response plays an important role in the pathogenesis of MN, with
patients in active disease presenting elevated levels of Th2 cytokines as well as Tth
(follicular B helper T cells) and plasma cells (Hirayama et al., 2002; Kuroki et al., 2005;

Masutani et al., 2004; Zhang et al., 2017).

2.5.2 Spreading of the autoimmune response

As reviewed in chapter 1.4.1, the progression of an (auto)immune response can
occur through a mechanism of epitope spreading in which there is an extension of
the primary immune response against the immunodominant epitope to other
epitopes within the same protein (intramolecular spreading) or neighbouring
antigenic molecule(s) that may be partners of the original antigen (intermolecular

spreading). This mechanism has been observed in the Heymann nephritis model
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suggesting that it might have an important role in the pathogenesis of MN. Indeed,
as described in chapter 2.4.1, upon immunization with a fragment (L6, 1-236 aa) of
the first domain of megalin (LBD-I), Lewis rats developed antibodies against this
fragment but not towards the other LBD domains (Shah et al, 2007). With the
progression of the immune response, antibodies towards the other domains
(LBD-II, LBD-III and LBD-IV) arisen. Additionally, the onset of proteinuria
coincided with epitope spreading, suggesting that multiple antibodies effectors

might be required for the full-blown expression of the disease.

A similar mechanism of epitope spreading might occur in PLA:R1-associated
MN. A recent work from our laboratory by Seitz-Polski&Dolla and colleagues (Seitz-
Polski et al, 2016) demonstrated that patients have autoantibodies against 3
independent epitope-containing domains of PLA2R1: CysR, CTLD1 and CTLD7
(more details concerning the identification of PLA2R1 epitopes can be found in
chapter 4.2). The screen of 69 PLA2R1-positive patients for the identified epitope-
containing domains revealed that CysR was the most prevalent one, being
recognized by 99% of the patients, followed by CTLD1 and CTLD7. The patients
were then stratified according to their epitope profile into three groups: CR
(patients to whom only anti-CysR autoantibodies were detected), and CRC1 or
CRC1C7 (patients to whom additional anti-CTLD1 or anti-CTLD1 and anti-CTLD7
autoantibodies were detected). Interestingly, patients that only had anti-CysR
autoantibodies had lower proteinuria and were more likely to enter into
spontaneous remission during follow-up, suggesting that multiple antibodies might
be required for expression of a full-blown MN disease. Nevertheless, additional
studies are required to validate these findings. Evaluation of the clinical
significance of PLA2R1 epitope spreading in in vivo animal models and MN cohorts

1s of interest to better understand the pathophysiology of MN.

In contrast, in THSD7A-associated MN, epitope-containing domains have been
identified but without evidence for a mechanism of epitope spreading (Seifert et al.,
2018). Screening of 31 THSD7A-positive MN patients for fragments of THSD7A
comprising two to three contiguous domains, such as D1-D2, D3—4, ... , D19-D21,
revealed that all fragments except D3-D4 and D19-D21 were recognized by at
least three patients. Additionally, 90% of the patients recognized multiple
fragments, whereas the remainders recognized only one fragment, with different
fragments being recognized among these patients. Still, patients reacting only to
one or two fragments were more prone to have low proteinuria and were more
predisposed to reach remission in comparison with patients with reactivity to more

than two fragments, suggesting once again that multiple autoantibodies targeting
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multiple domains might be required for expression of a full-blown MN disease.
Nonetheless, further studies in in vivo animal model and with THSD7A-positive
patients with serum obtained at the early steps of the disease are needed to
demonstrate whether or not epitope spreading occurs in the early phase of the
autoimmune response for THSD7A-associated MN. Noteworthy, it has been
described that some patients produce autoantibodies towards both PLA2R1 and
THSD7A autoantigens, suggesting that in these rare cases a mechanism of
intermolecular epitope spreading might occur, as described for instance in type 1
diabetes; however this remains highly speculative. (Brooks-Worrell et al., 2001; Csorba et
al., 2010; Fresquet et al., 2019; Larsen et al., 2016; Zaghrini et al., 2019). Such a hypothesis of a
common epitope should be confirmed in an experimental animal model of MN. For
instance, injection of the common nephritogenic immunodominant epitope in
animals expressing both PLA2R1 and THSD7A may lead to the production of
autoantibodies against PLA2R1, THSD7A or both antigens, with the formation of
immune deposits, podocyte injury and proteinuria. Injection of the nephritogenic
peptide in animals deficient for either PLA2R1 or THSD7A would only lead to the
production of anti-PLAzR1 or anti-THSD7A antibodies. The dual positivity may
also suggest a physical interaction between PLA2R1 and THSD7A at the podocyte
surface and might only occur under certain conditions. Here, injection of each
recombinant protein may lead to rare events of intermolecular epitope spreading
between one or the other proteins. Such studies have been for instance performed

for megalin and RAP in the Heymann's rat model (Hiesberger et al., 1996).

2.5.3 Formation and deposition of immune complexes

Based on the knowledge obtained from different animal models (chapter 2.4) and
clinical observations, three different mechanisms have been proposed for the

formation of subepithelial immune complexes (Figure 2.6) (Ronco et al., 2015).

In the first scenario, the autoantigen is endogenously expressed at the foot
processes of the podocyte and is targeted by circulating autoantibodies leading to
formation and deposition of immune complexes in situ. This scenario was observed
in animal models of passive Heymann nephritis and THSD7A-associated MN, and
it applies for the four autoantigens identified in primary MN: megalin in the
Heymann nephritis model, NEP in the neonatal alloimmune MN and PLA2R1 and
THSD7A in adult MN (Beck et al., 2009: Debiec et al., 2002; Heymann et al., 1959; Tomas et al.,
2014; Tomas et al., 2016). The Heymann nephritis model further demonstrated that the
binding of the antibodies to megalin, present at the surface of the podocyte, is

followed by shedding of the membrane-bound protein (Kerjaschki et al., 1987). The shed
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antibody-megalin complex is not subject to clearance by endocytosis, instead it will
cross-react with circulating antibodies and/or other immune complexes already
present at the subepithelial space, gradually enlarging the immune deposits
through repeated cycles of this mechanism. The same is believed to occur in
PLA2R1- and THSD7A- associated MN, since it has been. proven that both proteins
can be shed (Dolla, 2017). The human autoantigens involved in this mechanism
(NEP, PLA2R1 and THSD7A) are further reviewed in chapter 2.3.
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Figure 2.6 — Proposed mechanisms for the formation and deposition of the
immune complexes in MN. There are three possible scenarios that can explain the
formation and accumulation of IgG immune complexes in the subepithelial space. On the
left: endogenous proteins expressed on the podocyte surface (megalin, NEP, PLA2R1,
THSD7A) would be directly targeted by circulating autoantibodies. On the middle:
circulating exogenous antigens (such as ¢cBSA, Hepatitis B antigen or enzymes used in
enzyme replacement therapy) would be “planted” in the GBM with subsequent in situ
binding of circulating antigens. On the right: preformed circulating immune complexes
would accumulate and form deposits in the subepithelial space. Autoantibodies
accumulation would activate complement pathways (classical, alternative or lectin
pathway) inducing podocyte injury and proteinuria. Adapted from (Ronco et al., 2015) with
copyright permission from “Elsevier”.

In a second scenario, a circulating exogenous or “planted” antigen, originating
from different sources extrinsic to the podocyte, is trapped into the subepithelial
space and subsequently targeted by circulating antibodies leading to formation of
in situ immune complexes. This scenario can occur in secondary cases of MN, such
as Hepatitis B virus or ¢cBSA secondary MN, and the antigen is detected in
patients’ serum (Adler et al., 1983). In these first two scenarios, in which the immune
deposits form in situ, no circulating immune complexes have been detected in MN
patients nor in any of the corresponding animal models of MN, suggesting low

affinity between the circulating autoantibodies and the corresponding antigens.
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However, one can dispute in situ formation of immune deposits in the case of
Hepatitis B virus, since these antigens are anionic it would be unlikely that they
would deposit within the subepithelial space (Gupta et al., 2015). Given their anionic
characteristic it would be expected and more likely that they would deposit within
the mesangium and subendothelial spaces. Additionally, a study from Takekoshi
and colleagues (Takekoshi et al., 1979) described two cases in which Hepatitis B virus
antigens were detected free in the serum or associated with IgG, supporting a third
scenario for the formation of the immune deposits. In this scenario, small immune
complexes can be formed and circulate in the bloodstream and then they can
deposit in the glomerular basement membrane. However, this hypothesis has not
yet been confirmed in animal models of MN. In addition, Hepatitis B antigen-IgG
antibodiy complex tend to be cationic, facilitating the accumulation of the immune
complexes (from the circulation and/or formed in situ) within the subepithelial

space (Gupta et al., 2015).

2.5.4 Pathogenic effect of the autoantibodies

Once the autoantibodies (mainly IgG subclasses) bind their target autoantigen
present at the podocyte, they not only form the immune complexes that deposit and
accumulate in the subepithelial space, but they might also induce complement-
mediated podocyte injury or directly modify podocyte biology by altering the

autoantigen function.

2.5.4.1 Autoantibodies effect through complement activation

The complement cascade is part of the innate immunity being of most
importance for host protection against foreign pathogens. It can also be recruited
by the antibodies produced through the adaptive immune response. Briefly, the
complement system can be activated by the so-called classical, alternative and
lectin pathways, all leading to the activation of the C3 component by C3
convertases, and eventually realising C3b opsinin and C5 conversion (Figure 2.7).
In turn, C5 convertase cleaves C5 into C5b to form a stable complex with C6
(C5b-6). The C5b-6 complex recruits homologous proteins — C7, C8 and 12 to 18
copies of C9 — forming the C5b-9 complex, also known as the membrane attack
complex (MAC) (Borza, 2016; Janeway et al., 2011; Vignesh et al., 2017). Sub-lytic assembly
of the C5b-9 complex to podocytes leads to production of reactive oxygen species,
which in turn promotes peroxidation of podocyte lipids, membrane proteins and
glomerular basement membrane components. In sub-lytic quantities, C5b-9

complex can also activate several mediators including phospholipases A2, protein

1
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kinases, cyclooxygenases, transcription factors and cytokines, which will influence
podocyte cell metabolism, structure and function, such as cytoskeleton
rearrangement, destruction of the slit diaphragm and effacement of the foot
processes. Injured podocytes can also produce more extracellular matrix proteins
which lead to GBM expansion between and around the immune complexes forming
the characteristic “spikes” observed by electron microscopy or silver methenamine
staining. Additionally, activation of the C5b-9 complex can also induce DNA
damage and podocyte detachment resulting in podocytopenia through apoptosis
and insufficient proliferation. All these alterations lead to heavy proteinuria

(Nangaku et al., 2005; Ronco et al., 2017; Salant et al., 1989).
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Figure 2.7 — Mechanism of activation of the complement cascade. The complement
system can be activated by the classical, alternative or lectin pathways when triggered by
different effectors. In human MN, the classical pathway is usually activated in secondary
forms, whereas it is most probably the alternative and lectin pathways play a role in
primary MN. The three pathways converge towards the formation of C5 convertase which
cleaves C5. Cleavage of C5 leads to the formation of C5b that recruits and binds C6, C7, C8
and multiple C9 molecules, forming the C5b-9 complex also known as the membrane
attack complex (MAC). MAC insertion on the podocyte membrane, even at sub-lytic levels,
can induce cellular injury and proteinuria in the absence of inflammation. The
complement cascade is tightly regulated by circulating and podocyte inhibitors: CR1
(complement receptor-1), DAF (or CD55, decay accelerating factor), MCP (or CDA46,
membrane cofactor protein), FH (factor H) which shorten the half-life of cell surface-
assembled C3 and C5 convertase; clusterin, vitronectin and podocyte-expressed CD59
prevent insertion of MAC into the cell membrane. Adapted from (Knoppova et al., 2016).
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Experimental animal models as well as observations in MN patients have
demonstrated that complement might play a crucial role in the pathogenesis of
MN. In the Heymann nephritis model, the antibody-antigen immune complexes co-
localized with C3 and C5b-9 complex (Ma et al, 2013; Tramontano et al., 2006). In
experimental models in which one element from the complement cascade was
absent (such as C3, C6 and C8), the formation of the C5b-9 complex was prevented,
thus this latter could not be detected or was reduced in the immune deposits and/or
proteinuria could not be observed (Baker et al., 1989; Cybulsky et al., 1986; Salant et al.,
1980). In primary MN, C3, C4 and C5b-9 complex have also been detected within
the immune deposits (Ma et al., 2013). In secondary MN, Clq can also be detected in
the immune deposits, suggesting activation of the classical complement pathway.
Additionally, plasma and urinary levels of complement components — C3a, C5a and
C5b-9 complex — were found to be significantly increased in patients with primary

MN (Brenchley et al., 1992; Schulze et al., 1991; Zhang et al., 2019).

The above evidence confirms complement activation in the pathogenesis of MN.
However, a question remains: which complement pathway is mainly activated in
primary human MN and/or by which IgG subclass? Studies from Ronco and
colleagues (Debiec et al., 2012; Seikrit et al, 2018) showed that both classical and
alternative complement pathways can be activated in primary MN. Activation of
the classical pathway was demonstrated in recurrent PLA2R1-associated MN case
in which a patient produced monoclonal anti-PLA2R1 IgG3k autoantibodies that
were co-localized with Clq, C3 and C5b-9 in both native and graft kidneys (Debiec et
al., 2012). Activation of the alternative pathway was illustrated in another case of
PLAsR1-associated MN in which the patient presented high levels of IgG3
anti-CFH (complement factor H) (Seikrit et al., 2018). Complement factor H is a major
regulator of alternative pathway, thereby inhibition of its activity by the
autoantibodies led to a hyperactivation of this pathway. Despite these rare cases
and even though other IgG subclasses, mainly IgG1 and IgG3 autoantibodies, have
been frequently described in patients with primary MN, IgG4 is the predominant
IgG subclass detected in both immune deposits and among circulating
autoantibodies (Debiec et al., 2014; Doi et al., 1984; Hofstra et al., 2012; von Haxthausen et al.,
2018). The absence of Clq in immune deposits is consistent with the inability of
IgG4 antibodies to activate the classical complement pathway. Moreover, the
detection of C4d in immune deposits suggests activation of the lectin pathway,
which is supported by MBL staining in kidney biopsy from patients with primary
MN (Espinosa-Hernandez et al., 2012; Hayashi et al., 2018; Lhotta et al., 1999; Val-Bernal et al.,

2011). Still, the mechanism by which the lectin pathway might be activated remains
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unclear. Recent in vitro studies demonstrated that IgG4 anti-PLA2R1
autoantibodies from MN patients induced time-dependent degradation of
synaptopodin and neph-1 that was also dependent on anti-PLA2R1 titer, suggesting
complement activation through the lectin pathway (Haddad et al., 2017). Additionally,
it was described that the IgG4 antibodies fraction from MN patients 1is
hypogaloctosylated which might allow the direct binding of the IgG to the MBL
thus activating the complement through the lectin pathway (Haddad et al., 2017; Ma et
al., 2011). Finally, a study by Huang and colleagues (Huang et al., 2013) demonstrated
that in an early phase of MN (stage I) IgG1 was the predominant IgG subclass in
the immune deposits whereas in later stages of the disease, IgG4 becomes
predominant. These results suggest that a switch in the IgG subclasses might
occur during development of MN, with a possibly concomitant switch in the
activated pathway of complement. An IgG subclass switch has been described in
other autoimmune diseases such as endemic pemphigus foliaceus (Warren et al., 2003).
In this disease, it was demonstrated that in the early phase, before clinical onset,
the non-pathogenic autoantibodies against EC5 of desmoglein-1 are mainly IgG1.
The observed intramolecular epitope spreading mechanism seems to be associated
with an IgG isotype switch leading to disease onset with pathogenic autoantibodies
targeting the EC1/2 domains of desmoglein-1 and belonging to the IgG4 subclass. If
such switch occurs in MN, one can hypothesize that initially the IgG1 and/or IgG3
present at the immune deposits might induce the activation of the classical
complement pathway but in a later stage an IgG subclass switch may occur with
IgG4 becoming predominant and complement activation mainly occur by the lectin

pathway.

In sum, complement activation definitely plays a crucial role in the pathogenesis
of primary MN, but it remains unclear whether one or several complement
pathway(s) is/are activated and by which IgG subclasses. Several questions remain
including the following ones: Since IgG4 is the predominant IgG subclass, does it
play a pivotal pathogenic role in MN via complement activation? Or do IgG1 and
IgG3 play a crucial role to activate the complement? Does their pathogenic role
take place in an early stage of the disease before a switch to IgG4? Or even though
IgG4 is predominant in the immune deposits, the low amount of IgG1 and IgG3 are
sufficient to activate the complement? In that case does IgG4 play a pathogenic role
or its elevated levels are in fact related to a protective mechanism against the other

IgG subclasses?
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2.5.4.2 Direct effect of autoantibodies

In addition to the role of complement in MN pathogenesis, some studies have
demonstrated that podocyte injury and proteinuria can be observed in the absence
of the C5b-9 complex, suggesting that autoantibodies may directly alter podocyte
biology by changing the function of the targeted autoantigen (Kerjaschki et al., 1997;

Spicer et al., 2007; Tomas et al., 2017).

Megalin, a member of the LDL receptor superfamily, is an endocytic multiligand
receptor expressed at the sole of podocyte foot processes in clathrin—coated pits
(Kerjaschki et al., 1997). In the passive Heymann nephritis model, it was demonstrated
that anti-megalin antibodies inhibit the uptake of lipoproteins, including apoE and
apoB, which will accumulate within the immune deposits. The concomitant
accumulation of lipoproteins within the immune deposits with the production of
ROS likely promotes lipid peroxidation inducing and/or contributing to podocyte

injury (Debiec et al., 2014).

NEP, which is expressed at the surface of podocytes (chapter 2.3.1) is a
metalloprotease responsible for cleaving several peptides such as angiotensin-II,
bradykinin and natriuretic peptides, thereby participating in the regulation of
blood pressure in nephrons and diuresis. In vitro studies demonstrated that
anti-NEP antibodies obtained from immunized mothers can inhibit NEP enzymatic
activity (Vivarelli et al., 2015). Therefore, NEP inhibition may alter glomerular
haemodynamics, endothelial permeability and tubular function (Hu et al., 2013; Ronco
et al., 2017). However, the immunized mothers, from who the serum was retrieved in
order to perform the in vitro experiments, do not express NEP; still they did not
present any particular renal function impairment suggesting compensatory
mechanism in the absence of NEP(Debiec et al., 2004; Vivarelli et al., 2015). Additionally,
IgG1 anti-NEP antibodies were stronger inhibitors of NEP enzymatic activity than
IgG4 anti-NEP antibodies (Vivarelli et al., 2015). Moreover, a neonate alloimmunized
mainly with IgG1l anti-NEP antibodies seems to present a severe renal failure
whereas a baby that mainly alloimmunized IgG4 anti-NEP antibodies appears to
develop a mild renal dysfunction (Debiec et al., 2004; Vivarelli et al., 2015). All the
previous observations suggest that multiple antibodies, depending on their IgG
subclass and antibody titer, act in concert to induce podocyte injury, either directly

or via complement activation.

PLA2R1 is likely a multifunctional and multiligand membrane receptor. Even
though PLA2R1 function in the kidney, and particularly in the podocyte, remains
unknown, it has the capacity to bind sPLAss and collagen (chapter 3.2.2 and
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chapter 3.2.3), tentatively suggesting that binding of anti-PLA2R1 autoantibodies
may affect its function and promote podocyte injury. Indeed, PLA2R1 seems to
increase cell adhesion to collagen IV, which can be disrupted by anti-PLA:2R1
autoantibodies, interfering with podocyte adhesion to collagen IV (Ancian et al., 1995;
Skoberne et al., 2014). Additionally, even though no mechanism has been proposed,
in vitro studies demonstrated that, in the absence of complement, purified human
anti-PLA2R1 autoantibodies can modulate podocyte cell biology by inducing
changes in cell shape and monolayer permeability, activate free radical production
and apoptosis (Fresquet et al., 2015). Moreover, PLA2R1 has been described to be
involved in cellular senescence (chapter 3.2.3.2). However, podocytes are aberrantly
senescent in glomerular renal diseases, including in MN patients, thus it is
conceivable that anti-PLA:R1 autoantibodies might reinforce the pro-senescent
activity of PLA2R1 contributing to podocyte impairment (Augert et al., 2009; Debiec et
al., 2014; Sis et al, 2007). Furthermore, in vitro studies demonstrated that
upregulation of PLA2R1 in the presence of sPLA2-IB increases apoptosis rate in
human podocytes through the PLA2R1-ERK1/2-p53 signalling pathway (Pan et al,
2014). Since, 1) PLA2R1 has been described to be overexpressed in podocytes from
MN patients, 11) serum levels of sPLAz-IB might be elevated in MN patients and
11) PLA2R1 and serum sPLA2.IB levels correlated positively to kidney apoptosis in
MN patients, one can also hypothesize that autoantibodies against PLA2R1 might
modulate podocyte apoptosis in MN (Hoxha et al., 2012; Pan et al., 2014; Svobodova et al.,
2013). Finally, the ligands and partners of PLA2R1 also remain unknown; therefore
the anti-PLA2R1 autoantibodies might not only interfere with the biological
function of PLA2R1 but might also disrupt the function of the potential partners
contributing to the pathogenesis of MN.

Like for PLA:2R1, the physiological role of THSD7A in podocytes remains
unclear, even though significant advances have been made since its identification
as an autoantigen of primary MN (chapter 2.3.3). In vitro and in vivo studies have
demonstrated a pathogenic effect of anti-THSD7A autoantibodies on podocytes by a
mechanism independent of complement activation (Tomas et al., 2016; Tomas et al., 2017).
In fact similar to PLA2R1, anti-THSD7A autoantibodies might directly alter focal
adhesion leading to cytoskeleton rearrangement and/or by interfering with
THSD7A adhesion to collagen resulting in podocyte detachment. Similar to
PLA2R1, the ligands and partners of THSD7A remain unknown, leaving open the
possibility that anti-THSD7A autoantibodies promote podocyte injury by

interfering with one or more components of the THSD7A network.
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2.5.5 Protective mechanisms

As reviewed above, activation of the C5b-9 complex leads to podocyte damage,
while feedback mechanisms may be activated to promote podocyte recovery. An
important protective mechanism is the clearance of the C5b-9 complex from the
podocyte membrane by endocytosis and exocytosis being expelled into the urinary
space (Debiec et al., 2014; Kerjaschki et al., 1989). This mechanism seems to be activated
in patients with primary MN, with elevated urinary excretion of the C5b-9 complex
(Brenchley et al., 1992; Kon et al., 1995). The urinary levels of C5b-9 complex correlated
with disease activity, thus it can be considered as a useful dynamic marker of the
ongoing immunological injury. Additionally, activation of the complement might
also upregulate the adaptive unfolded protein response and the ubiquitin-
proteasome in response to endoplasmic reticulum (ER) stress due to the
accumulation of misfolded proteins in the ER of the injured podocyte (Debiec et al.,
2014; Wiebke et al., 2018). However, sustained ER stress might activate pro-apoptotic
pathways that will result in the destruction of the podocyte. Finally, IgG4
antibodies have the ability to exchange Fab arms by swapping half of the molecule
(a heavy chain and its associated light chain) with another molecule of I1gG4
resulting in a bispecific antibody (Ma et al., 2013; van der Neut Kolfschoten et al., 2007). This
ability for each IgG4 arm to recognize a different antigen might limit the formation
of immune complexes as well as the cross-linking of antigens. IgG4 antibodies also
have a non-traditional rheumatoid factor-like activity in which the Fc fragment
from IgG4 can interact with the Fc segment from another IgG (Kawa et al., 2008; Ma et
al., 2013; Rispens et al., 2009). This atypical IgG4 activity might prevent the binding of
IgG1 and/or IgG3 to Clq, thus downregulating the activation of the classical
complement pathway. Therefore, besides their potential pathogenicity, IgG4

autoantibodies might also have a protective role in MN.

A better understanding of these and other protective mechanism would be of
most interest for the treatment of MN patients and it would help to reply to one of
the most intriguing questions: how approximately 30% of the MN patients enter

into spontaneous remission?
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Originally, lectin referred to non-immunoglobulin agglutinins that have the
ability to distinguish erythrocytes from different blood groups. With time,
lectin became a broader term referring to proteins that can bind carbohydrates —
carbohydrate-binding proteins or glycan-binding proteins. In the late 1960’s, the
hepatic asialoglycoprotein receptor (ASGPR) was the first mammalian lectin to be
1dentified (Anonymous, 2008; Rigopoulou et al., 2012). After that, more than hundred lectin
receptors have been described. Based on protein sequence motifs that are
associated with sugar-binding activity (carbohydrate-recognition domains — CRDs)
and their 3D structure, glycan-binding receptors can be classified in four different
groups: (1) siglecs (I-type lectin), (2) galectins (S-type), (3) R-type lectins (ricin-like)
and (4) C-type lectins (Taylor et al., 2019). In this chapter, I will focus my attention on
PLA:R1, a particular member of the C-type lectin superfamily, describing some of

its features.

3.1 C-type lectin superfamily

Initially, “C-type lectin” was the term created to identify the group of animal
lectins that were structurally similar to the asialoglycoprotein receptor (ASGPR)
and had a calcium-dependent carbohydrate-binding activity (Drickamer, 1999; Zelensky
et al., 2005). Biochemical studies demonstrated that these proteins structural
homology in their carbohydrate-recognition domains (CRDs), with conserved
consensus amino acid residues and secondary structural motifs that are required
for carbohydrates binding in a calcium-dependent manner. The first
crystallographic studies of C-type lectins confirmed that the CRDs shared a unique
similar compact globular structure, not observed in any other known protein at
that time. With time, it became evident that being a protein containing CRDs is not
synonymous of possessing lectin and/or calcium-dependent activities (Drickamer,
1999; Kilpatrick, 2002). In fact, it is frequent to find animal lectins that can bind other
structures besides carbohydrates through a protein-protein (e.g.: tumour necrosis
factor-a), protein-lipid (such as the mannose-binding lectin (MBL) (Kilpatrick, 1998;
Kuroki et al., 1997)) or protein-nucleic acid (e.g.: serum amyloid P component (Pepys et
al., 1987)) interactions. Therefore, these domains are no longer classified based on
their molecular function, but instead on their structural characteristics, being
currently designated as “C-type lectin-like domain” (CTLD). The most recent
classification proposed by Drickamer organizes the proteins containing CTLD(s)
into 14 different groups (Drickamer et al, 2002). In 2004, Zelensky and colleagues
(Zelensky et al., 2004) identified a new set of proteins containing CTLDs, updating the

latest classification into 17 different groups, as shown in Figure 3.1, including
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PLA2R1 that belongs to the macrophage mannose receptor family (group VI)
(Zelensky et al., 2005). More details concerning the macrophage mannose receptor
family and PLA2R1 are presented below in chapter 3.1.1 and chapter 3.2
respectively. Of note, the C-type lectins are involved in several biological processes,
including intracellular trafficking, cell-adhesion, cell signalling, endocytosis and
innate immune response (Taylor et al., 2019). Interestingly, a few of them have also
been identified as autoantigens in autoimmune diseases such as calreticulin in
Sjogren’s Syndrome, ASGPR in autoimmune hepatitis and more recently PLA2R1

in membranous nephropathy (MN) (Beck et al., 2009; Kilpatrick, 2002).

A CTLD consists of 110 to 140 amino acids characteristically folded in a loop
with two antiparallel B-sheets and two a-helices maintained by 2 to 3 disulphide
bonds (Figure 3.2) (Drickamer, 1999; Zelensky et al., 2003, 2005). The overall structure can
be divided in two lobes: upper and lower. The lower lobe contains a vertical B-sheet
formed by the B1-, B5- and B1’-strands that are flanked by both al- and a2-helices.
A long loop region (with approximately 40 amino acids) and the second antiparallel
B-sheet formed by B2-, B3- and B4-strands constitute the upper lobe. The long loop
region is involved in calcium-dependent carbohydrate binding determining the
glycan-binding specificity of the CTLDs with lectin activity. Depending on the
presence or absence of this region, the CTLDs can also be classified into two
structural groups: canonical (Figure 3.2-A) and compact (Figure 3.2-B),
respectively. Importantly, the N- and C-terminal ends interact with each other at
the bottom of the structure, with the interaction stabilized by a conserved
disulphide bridge between the al-helice (C1) and the B5-strand (C4). Another
highly conserved feature of the domain is a second disulphide bridge between
B3- (C2) and B5- (C3) strands. Of note, some CTLDs have an additional B-strand
(B1’-strand) in the extremity of the N-terminal forming a B-hairpin with the
B1-strand that is stabilized by a third disulphide bridge (C0-C0’). The presence or
absence of this extra B1’-strand allows another subdivision of CTLDs into “long
form” or “short form”, respectively. As detailed in chapter 3.2, PLA2R1 comprises 8
different CTLDs; six of them are long forms while two are short forms (CTLD5 and
CTLD7).

Some crystallographic studies show the calcium ions within the CTLD structure,
revealing four possible calcium binding sites (Zelensky et al., 2005). Depending on the
particular protein sequence and on the crystallization conditions, the CTLD could
contain no or up to three calcium ions. Three calcium binding sites localize in the

upper lobe, whereas the fourth binding site is located in the lower lobe. Figure
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3.2—C shows the four typical calcium-binding sites in two representative CTLDs, as

described in (Zelensky et al., 2005).
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Figure 3.1 — The C-type lectin domain (CTLD) superfamily. Schematic illustration of
the structures of the 17 different CTLD groups: 10 groups comprising transmembrane
proteins and 7 groups containing soluble proteins. I -lecticans; II — the ASGR
(asialoglycoprotein receptor) group; III — collectins; IV — selectins; V — NK (natural killer)
receptors; VI — the macrophage mannose receptor group; VII — REG (regenerating)
proteins; VIII — the chondrolectin group; IX — the tetranectin group; X — polycystin 1; XI —
attractin; XII — EMBP (eosinophil major basic protein); XIII — DGCR2 (integral membrane
protein DGCR2/IDD); XIV — the thrombomodulin group; XV — Bimlec (or CD302); XVI —
SEEC group, XVII CBCP group. Adapted from (Zelensky et al., 2005) with copyright
permission from “John Wiley and Sons”.
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CTLD1 from Endo180 (PDB: 5A05)
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Figure 3.2 — Ribbon diagrams of representative CTLDs. (A) Representative 3D
structure of a canonical long CTLD: CTLD1 from Endo180 (PDB: 5A05). The long loop
region is represented in blue, the a-helices in red, the B-sheets and the disulphide bridges in
yellow. (B) Representative 3D structure of a compact long CTLD from intimin (PDB: 1F00).
Adapted from (Zelensky et al., 2005) with copyright permission from “John Wiley and Sons”.
(C) Ribbon diagram of two representative CTLD structures: the human asialoglycoprotein
receptor 1 (ASGR-1) on the left, and the rat mannose-binding protein-A (MBP-A) on the
right, showing the four typical calcium-binding sites within the CTLD structure. The black
spheres represent the calcium ions, and the numbering of the binding sites is according to
(Zelensky et al., 2005) Adapted from (Zelensky et al., 2005) with copyright permission from
“John Wiley and Sons”.
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3.1.1 The macrophage mannose receptor family

PLA2R1 belongs to the macrophage mannose receptor family, the group VI
within the C-type lectin superfamily, along with mannose receptor 1 (i.e. the
founding member of this lectin group: macrophage mannose receptor or MRC1 or
CD206), the mannose receptor 2 (MRC2 or Endo180 or CD280) and the lymphocyte
antigen 75 (LY75 or DEC-205 or CD205) (East et al., 2002). This is a unique group of
four proteins within the C-type lectin superfamily since these are the only proteins

that contain multiple CTLDs within a single polypeptide backbone.

All the members from the mannose receptor family are characterized by an
extracellular region containing a N-terminal cysteine-rich (CysR) domain followed
by a fibronectin-like type-II domain (Fn-II) and 8 different CTLDs (except DEC-205
with 10 CTLDs). They also possess a transmembrane domain and a short
cytoplasmic tail. The cytoplasmic domain comprises an endocytic motif that
promotes receptor internalization by clathrin-coated vesicles. However, despite

having the same overall structural organisation, the four proteins have a low level

of sequence identity, down to 40%. For instance, the amino acid sequence identity
of the extracellular regions of Endo180 and MRC1 with PLA2R1 is 37% and 31%,

respectively.

CysR from MRC1 (PDB:1DQG) FnII from Endo180 (PDB:5A05)

Figure 3.3 — Structure of the CysR and Fnll domains from members of the
macrophage mannose receptor family. (A) Ribbon diagram of the CysR domain from
MRC1 (PDB: 1DQG). The lobes I, IT and III are represented in blue, dark green and
magenta, respectively; the disulphide bridges are in yellow. (B) Ribbon diagram of the FnIIl
domain from Endol80 (PDB: 5A05). The B-strands and the disulphide bridges are
represented in yellow.
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The CysR domain was first described in the ricin toxin. In addition to proteins
from the macrophage mannose receptor family, it can also be found in fibroblast
growth factors (FGFs), interleukin-la (IL1-a) and interleukin-18 (IL1-8). The
crystallographic structure of the CysR domain from MRC1 at a 1.7 A resolution
reveals a globular protein comprising 12 antiparallel B-strands folded into a
B-trefoil structure with a pseudo threefold symmetry (Liu et al., 2000), similar to what
was previously observed for the ricin-B chain (at a 2.5 A resolution) (Rutenber ct al.,
1991). The CysR domain is composed by three lobes: (a) lobe I containing the B1-4-
strands, (b) lobe II comprising the B5-8-strands and (c) lobe III having the B89-12-
strands (Figure 3.3—A). The overall structure is maintained by three disulphide
bridges. The first binds the B2-strand with the loop between B3- and B4-strands.
The second connects the B6-strand and the loop between B7- and B8-strands. The
third disulphide bridge, which has only been reported in the MRC1 and PLA2R1
CysR domains, links the B8-strand to an extended region after the B12-strand.

The Fnll domain, best known within the fibronectin glycoprotein, can be found
in a variety of other proteins including the blood coagulation factor XII, insulin-like
growth factor 2 receptor (IGF2R) and the matrix metalloproteinases 2 and 9
(MMP2 and MMP9). The solution structure of the Fnll domain reveals a total of 4
B-strands, containing several highly conserved aromatic residues, folded into two
double-stranded antiparallel B-sheets, approximately perpendicular to each other
(Figure 3.3-B) (Pickford et al., 1997). The overall structure is maintained by two highly
conserved disulphide bridges (between Cys15-Cys41 and Cys29-Cys56). The Fnll is
the most conserved domain within the mannose receptor family with a 44-63% of
sequence identity, while the CTLDs have only 30-45% of identity and the CysR
domain 1is the least conserved, having only 25-30% of sequence identity.

Chapter 3.1 presents a detailed description of the CTLD structure.

3.1.1.1 Biological functions of PLA:2R1 paralogs

All members of the macrophage mannose receptor family share the same
domains in their extracellular region (CysR, Fnll and CTLDs), however they are
not close paralogs based on amino acid sequence identity. Even though their
molecular biology and biological functions are not yet well-defined, they appear to
have different ligands, different partners and different patterns of tissue
expression; therefore they should have different biological roles. Still some
functions seem to be conserved between some members, such as collagen binding.

Although some ligands and partners have been identified, it is likely that many of
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them remain to be discovered, which should lead to a better understanding of the

functions of the mannose receptor family members.

MRC1 (180 kDa) was first identified in rabbit alveolar macrophages and then
cloned from human placenta (Stahl et al., 1980; Taylor et al., 1990). It is also expressed in
the lymphatic, hepatic and retinal pigment endothelium, tracheal smooth muscle
cells and kidney mesangial cells. It recognizes sulphated glycoproteins through the
CysR domain, whereas the CTLD4 domain is able to bind in a calcium-dependent
manner glycan chains terminating in mannose, fucose or N-acetylglucosamine.
These glycans are usually found at the membrane surface of several
microorganisms but not in mammalian glycoproteins, allowing MRC1 to
distinguish between self- from non-self-partners, thereby playing a role in the
innate and adaptive immune system. Like PLA2R1 and Endo180, the Fnll domain
of MRC1 can bind collagen. Finally, like PLA2R1, a soluble form of MRC1, produced
by protease cleavage, has been identified in human and mouse serum, and might

play a role in different pathological conditions (Martinez-Pomares, 2012).

DEC-205 (205 kDa) was identified and cloned from dendritic cells (Jiang et al.,
1995). It is also expressed in pulmonary and intestinal epithelia as well as in T and
B lymphocytes. DEC-205 is involved in the internalization of antigen for processing
and presentation to T lymphocytes. DEC-205 also seems to have a modulatory
effect on interleukin-4 receptor signal transduction which is involved in the
maturation of epithelial cells and anti-proliferating effects on T lymphocytes.
Finally, some studies suggested that it might have a tumour suppressor role by
enhancing differentiation as well as inhibiting cell division of epithelial cells (East et

al., 2002).

Endo180 (180 kDa) was originally cloned from mouse and human heart (Wu et al.,
1996). It 1s expressed in endothelial cells (hence Endol80) but also in some
fibroblasts, and macrophages, as well as foetal bone and cartilage cells, being
important for bone development and homeostasis. It is able to recognize ligands
containing residues of fucose, mannose and N-acetylglucosamine through the
CTLD2 domain. Additionally, Endo180 can interact with matrix metalloproteinase-
13 (MMP-13) and urokinase-type plasminogen activator (uPA). It can also bind,
uptake and degrade collagen as well as promote fibroblast adhesion and migration
in collagen matrices. Endo180 is therefore involved in extracellular matrix
degradation and remodelling in physiological and pathological conditions such as

cancer, in which it is overexpressed (Engelholm et al., 2009; Melander et al., 2015).
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3.2 The phospholipase A2 receptor 1 (PLA:2R1)

PLA:2R1 (180 kDa) was first identified in 1990, thanks to its binding properties
for venom secreted phospholipases Az (sPLA2s) (Lambeau et al., 1990). sPLA2s (13-
15 kDa) are enzymes that catalyse the hydrolysis of the sn-2 ester bond of
phospholipids releasing free fatty acids (like arachidonic acid) and
lysophospholipids (like lysophosphatidylcholine) (Lambeau et al, 2008). They are
major components of snake and insect venoms, being responsible for their multiple
toxic effects — neurotoxicity, myotoxicity, pro-inflammatory and/or cardiovascular
toxic effects (Gutierrez et al., 2013; Kini et al., 1989). The different sPLA2s toxicities seems
to be mediated by their enzymatic activity and/or direct binding to soluble and
membrane-bound proteins (Kini et al., 1989). In mammals, sPLA2s are also involved in
multiple physiological and pathophysiological conditions, such as lipid metabolism,
inflammation, reproduction, metabolic syndrome, cancer and many others (Dennis et

al., 2011; Lambeau et al., 2008; Murakami et al., 2015; Murakami et al., 2011).

During their search for proteins with binding capacities to sPLA2s, Lambeau
and colleagues (Lambeau et al., 1989; Lambeau et al., 1990) identified two new protein
receptors using the neurotoxic sPLA2 OSz present in the venom of the Australian
Taipan snake Oxyuranus scutellatus scutellatus. The first receptor was called N-
type phospholipase A2 receptor because it was identified in rat brain neurons
(Lambeau et al, 1989). Despite this early identification and several attempts in
Lambeau team, the N-type receptors have not been yet cloned and little advances
have been made to characterize their physiological and/or pathophysiological
function(s), especially after snake venom envenomation or in neurodegenerative
conditions associated to mammalian sPLA2s (Kolko et al., 1999; Pungercar et al., 2007;
Sribar et al., 2014; Villanueva et al., 2012). The second sPLA: receptor was called the
M-type phospholipase Az receptor (now called PLLA2R1 and one of the focus of this
thesis work), because it was first identified in rabbit skeletal muscle (Lambeau et al.,
1990). Shortly after that, the rabbit, human, mouse and bovine PLA2R1s were
purified, sequenced and cloned (Ancian et al., 1995; Higashino et al., 1994; Ishizaki et al.,
1994; Lambeau et al., 1994). The amino acid identity of human PLA2R1 (hPLA2R1) with
its mammalian orthologs is not very high: hPLA:2R1 has 74%, 85% and 86% of
identity with mouse PLA2R1 (mPLA2R1), bovine (bPLA2R1) and rabbit (rbPLA2R1),
respectively. Furthermore, the homology between hPLA2R1 and other orthologs in
vertebrates is even lower with for instance a percentage of identity between
hPLA2R1 and chicken PLA2R1 (FcRY) as low as 55%, and decreasing to 45% and

41% when compared to xenopus or zebrafish PLAsR1 receptors, respectively.
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Finally, PLA2R1 is not expressed in C. elegans or in Drosophila. Such low levels of

identity are getting close to those observed between PLA2R1 paralogs.

3.2.1 PLA:R1 structure and expression

Human PLA:R1 (hPLA2R1, UniProt Q13018) is a 180kDa type 1
transmembrane glycoprotein of 1463 amino acids encoded by a 131 kbp gene
mapped into the q23-q24 bands of chromosome 2 (Entrez gene: 22925) (Ancian et al.,
1995). It contains a signal peptide of 20 amino acids, followed by a large
extracellular region, a single transmembrane segment and a short C-terminal
cytoplasmic tail (Figure 3.4—-A). The extracellular region contains a N-terminal
cysteine-rich domain (CysR) followed by a fibronectin type-II domain (Fnll) and 8
different C-type lectin-like domains (CTLD1-CTLDS8) separated by short linker
regions of 5 to 16 amino acids. The cytoplasmic region of 42 amino acids comprises
the endocytosis motifs “NP(X)Y” and “LI” or “LL” which allows the internalization
of ligand-receptor complexes via clathrin-coated vesicles, suggesting a function of
hPLA2R1 in the clearance of circulating sPLA2s (Ancian et al., 1995; Zvaritch et al., 1996).
The main structural characteristics of PLA2R1 indicate that it belongs to the
C-type lectin superfamily (chapter 3.1), particularly to the macrophage mannose
receptor family (chapter 3.1.1). Detailed information concerning the individual
structure of PLA2R1 extracellular domains are shortly presented in chapter 3.1
(CTLDs) and chapter 3.1.1 (CysR and FnlI).

While cloning membrane-bound hPLA2R1, Ancian and colleagues (Ancian et al.,
1995) identified a second mRNA coding for a soluble secreted form. This soluble
form is truncated within the CTLD8 domain, and it is generated by a non-usual
alternative splicing within an intron. Similar amounts of mRNA coding for
membrane-bound and soluble forms were found in human kidney, suggesting that
they have an important physiological role (and share the same binding activities).
Besides humans, it is unknown if this splice variant mRNA also exists.
Furthermore, in mouse species, another form of soluble PLA2R1 can be generated
by proteolysis of the membrane form (Dolla, 2017; Higashino Ki et al., 2002; Yokota et al.,
2000). This is in line with our recent yet unpublished data. Indeed, after
transfecting HEK293 cells with the membrane-bound form of PLA:2R1, we could
detect the membrane-bound form in cell lysates as well as a soluble form in culture
medium. This observation and additional unpublished data from our laboratory,
mainly obtained by Guillaume Dolla, supports the hypothesis that a soluble form of
human PLA2R1 is also produced by proteolysis of the membrane form through a
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proteolytic mechanism commonly called shedding and that operates for many type

I and type II receptors (Dolla, 2017).

Figure 3.4 — The phospholipase Az receptor 1 (PLA2R1). (A) Schematic diagram of
the domains of PLA2R: an N-terminal cysteine-rich domain (CysR), a fibronectin type-II
domain (Fn-II) and 8 different C-type lectin-like domains (CTLD1-CTLDS8), followed by a
transmembrane segment and a short C-terminal cytoplasmic tail. (B) Low resolution 3D
modelling of the ectodomain structure of the hPLLA2R1 obtained after transmission electron
microscopy (Cryo-EM) and proposed by (Fresquet et al., 2015). Adapted from (Fresquet et
al., 2015) with copyright permission from “American Society of Nephrology”. (C) 3D
modelling of the extracellular region of the hPLA2R1 obtained by cryo-EM and proposed by
(Dong et al., 2017). Adapted from (Dong et al., 2017) with copyright permission from
“Elsevier”.

Although PLA2R1 was first identified almost 30 years ago, little is known about
its detailed structure, with models mainly extrapolated from its paralogs, with only
one high resolution structure until now. In 2015, Fresquet and colleagues (Fresquet
et al., 2015) proposed the first low resolution (20 A) structural model for the entire

extracellular region (CysR—CTLD8) of human PLA2R1 using transmission electron
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microscopy and single-particle averaging. They suggested that the CysR and
CTLD3 domains are close together to form a ring-like configuration, with the
overall hPLA2R1 3D structure resembling the Greek character “o” (pi, Figure 3.4-
B). Shortly after, Dong and colleagues (Dong et al., 2017) proposed a different and
more detailed 3D modelling of the ectodomain of hPLA2R1 (Figure 3.4-C). The 10 A
resolution cryo-electron microscopy revealed that the overall PLA2R1 structure can
be divided into a head and a tail. The head region is formed by two rings almost
parallel (a smaller and a larger one), with one on the top of the other. The smaller
ring comprises the CysR, Fnll, CTLD1 and CTLDZ2 domains, while the larger ring
1s formed by Fnll and CTLD1-6. The tail region contains the CTLD7 and CTLD8
domains. Bio-layer interferometry binding assays suggested inter-domain
interactions between (1) CysR and CTLD2, (ii) FnIl and CTLD6 and (iii) CysR and
CTLD4. Interestingly, both studies (Dong et al., 2017; Fresquet et al., 2015) demonstrated
that the hPLA2R1 structure may be pH-dependent, with a more compact structure
at acidic pH and an extended conformation at neutral to basic conditions, thereby
adopting a similar pH-dependent behaviour to that described for its paralogs
(Boskovic et al., 2006; Cao et al., 2015; Llorca, 2008; West et al., 2004). Additionally, the inter-
domain interactions above described between CysR-CTLD2 and FnlI-CTLD6 were
pH-dependent, further supporting the pH-dependent extended and bent
conformational changes. Furthermore, as observed for its paralogs (Boskovic et al,
2006; Cao et al., 2015; West et al., 2004), mPLA2R1 ligand-binding was also described to
be pH-dependent (Dong et al., 2017). These results suggest that the pH-dependent
conformational change might be important for the physiological and/or
pathophysiological role(s) of PLAzR1, including its role in internalization and
degradation or presentation of antigen, similar to the original macrophage

mannose receptor (Cao et al., 2015; Napper et al., 2001; West et al., 2004).

In addition to the kidney, but depending on species, PLA2R1 is also expressed in
placenta, lungs, skeletal muscle, spleen, liver, pancreas, colon, thyroid, ovaries and
testis (Ancian et al., 1995; Cupillard et al., 1999; Granata et al., 2005; Higashino et al., 1994). It is
noteworthy that its tissue distribution is variable among species. For example,
PLAsR1 is constitutively expressed in human kidney at relatively high levels,
including podocytes, while in rat and mice, podocytes do not express PLA:2R1, even
though it is present in the kidney but in other cells (Ancian et al., 1995; Beck et al., 2009;
Cupillard et al., 1999; Meyer-Schwesinger et al., 2015). The absence of PLA2R1 in rodent
podocytes has been a major step-back in the development of a small animal model

of PLA2R1-associated MN (chapter 2.4.4).
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3.2.2 PLA:R1 ligands

As mentioned previously, PLA2R1 was first identified as a receptor for snake
venom sPLAZ2s, in particular OS1 and OS2 (Lambeau et al., 1990). It has been shown
that PLA2R1 can bind several venom and mammalian sPLAs2s, with (1) CTLD5
domain playing a central role (yet CTLD3, 4 and 6 are required for stabilization of
the interaction and high affinity), (i1) N-glycosylation being required for high
affinity binding, and (ii1) calcium being quite surprisingly dispensable despite the
fact that both sPLA2s and CTLDs have calcium-binding sites and sPLAZ2s bind to
PLA:R1 via residues of their calcium-binding loop (Cupillard et al., 1999; Lambeau et al.,
1995; Nicolas et al., 1995; Rouault et al., 2007). PLA2R1-sPLA2 interactions might display
opposite regulatory functions for sPLAss. In one hand, sPLA:2 binding to PLAzR1
can neutralize the sPLA2 biological function by inhibiting their enzymatic activity
or by favouring their clearance and degradation through PLA2R1 endocytic activity.
On the other hand, binding of sPLA2 to PLA2R1 might activate several signalling
pathways explaining some sPLA: physiological functions, but these possibilities

have never been confirmed using PLA2R1 knock-out mice (Hanasaki et al., 2002).

In addition to the protein-protein interaction with sPLA2s, CTLDs from PLA2R1
might also have carbohydrate-binding activity. In particular, PLA2R1 can bind
mannose- and galactose-residues in a calcium-independent manner via its CTLD4
domain, even though CTLDs 5-8 are required to provide a full affinity (Lambeau et
al., 1994; Nicolas et al., 1995). PLA2R1 also has the capacity to bind collagen through its
Fnll and CTLD1-2 domains, suggesting that it may play a role in cell adhesion and

collagen-dependent cell migration (Ancian et al., 1995; Takahashi et al., 2015).

Recently, the annexin A2-S100A10 complex was identified as a new binding
partner of hPLA2R1 in the podocyte, regulating its cellular trafficking, and with a
possible role of PLAsR1 in actin cytoskeleton reorganisation and tight junction
assembly (Fresquet et al., 2017). No specific binding-site was identified, but the
interaction occurs through the CysR-CTLD3 domains. This region contains at least
two epitope-containing domains targeted by anti-PLA2R1 autoantibodies
(chapter 4.2), but whether binding of autoantibodies to PLA2R1 alters the
interaction of PLA2R1 with annexin A2-S100A10 is still unknown (Fresquet et al.,
2015; Seitz-Polski et al., 2016). Despite advances in the identification of some PLA2R1
ligands and their putative physiological roles, the complete set of ligands for
PLA2R1, in particular in humans, is still unclear. For instance, while it is clear
that in the mouse species, PLA2R1 can bind seven out of 12 sPLAss, the binding
profile of human sPLA2s to human PLA2R1 needs to be characterized in more

details (Rouault et al., 2007). Also, an unbiased search for ligands of hPLA2R1 and
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partners should be done, for instance using a PLA2R1 affinity column and several

body fluids or tissues where human PLA2R1 is expressed.

3.2.3 Physiological and pathophysiological roles of PLA:2R1

PLA2R1 is likely a multifunctional and multiligand receptor with diverse ligand-
associated biological functions. It has been shown that PLA2R1 can bind, inhibit
and act as an endogenous receptor for several sPLAss. Since its discovery, PLA2R1
has been successively proposed to have a role in inflammation, in cellular
senescence, apoptosis and finally as the major autoantigen in the primary form of
MN. However, in all of these settings, the physiological and pathophysiological

roles of PLA2R1 are still not well-defined at the molecular level.

3.2.3.1 PLA:R1 role in inflammation

Some key lipid mediators such as eicosanoids, which can be tightly regulated by
sPLA2 enzymatic activity, are involved in multiple physiological and
pathophysiological conditions of sPLA2s including pathogenesis of airway
inflammation such as asthma (Murakami et al., 2013; Murakami et al., 2015). For instance,
sPLA2-X was found to play an important role in asthma in the well-known
ovalbumin mouse model of asthma. Knockout mouse for sPLA2-X had reduced
levels of eicosanoids and T helper type 2 cell cytokines in comparison with wild-
type mouse (Henderson et al., 2007). Additionally, several sPLA2s (in particular sPLAs-
X) and PLA2R1 have been identified and overexpressed in the airways of patients
with asthma (Hallstrand et al., 2007; Hallstrand et al., 2012; Hallstrand et al., 2011; Nolin et al.,
2016). These findings and the fact that PLA2R1 might participate in the clearance of
sPLA:s led to the investigation of the role of PLA2R1 in the disease using the same
mouse model of asthma (Nolin et al., 2016; Tamaru et al., 2013). PLA2R1 knockout mice
had a stronger inflammatory response, characterized by a higher infiltration of
inflammatory cells around the airways and blood vessels, compared to the wild-
type mice. Additionally, bronchoalveolar lavage fluid from PLA2R1 knockout mice
presented higher levels of group IB and group X sPLA:zs, eicosanoids and T helper
type 2 cell cytokines in comparison with the fluid obtained from wild-type mice.
These results support the idea that PLA2R1 might have an anti-inflammatory role
in asthma by inhibiting and facilitating the clearance of sPLAss such as group IB

and X which might be pro-inflammatory mediators in the lung.

Contrary to its anti-inflammatory role in asthma, PLAsR1 appears to promote

inflammation during sepsis. In a model of endotoxic shock, PLA2R1 exacerbates
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lipopolysaccharide (LLPS)-induced lethality, with wild-type mice having a lower rate
of survival than knockout mice after injection of a lethal or sublethal dose of LPS
(Hanasaki et al., 1997). The injection of sPLAz-IB, a ligand of PLA:2R1, induced a lower
rate of survival after inducing endotoxic shock with a sublethal dose of LPS in wild-
type but not PLA2R1 knockout mice, confirming a possible role of PLA2R1 in sepsis.
Additionally, LLPS injection induces the production of several pro-inflammatory
cytokines and inflammatory factors, such as tumour necrosis factor-a (TNF-a) and
interleukin-1-8 (IL1-B), however their plasma levels were significantly lower in
PLA2R1 knockout mice than wild-type mice. Finally, an up-regulation of PLA:2R1
expression in lung alveolar type II epithelial cells and in spleen was observed in
LPS-treated wild-type mice, followed by a delayed transient increase of circulating
soluble PLAsR1 (Higashino Ki et al., 2002: Yokota et al., 2000). Overall, these results
suggest that in the inflammatory model of endotoxic shock, PLA2R1 might have a
dual antagonistic effect. A sPLA2s-PLA2R1 interaction (or interaction of PLA:2R1
with other unknown ligands) may lead to the production of pro-inflammatory
factors, such as TNF-a and IL1-B, favouring the progression of sepsis. During
endotoxic shock and progression of the inflammatory response, increased levels of
circulating PLA2R1 may counterbalance the effects evoked by the cell surface
PLA:R1.

The above studies revealed that PLAz:R1 might play both anti- and pro-
inflammatory roles, modulating various inflammatory conditions, such as asthma
and endotoxic shock. It is tempting to speculate that its opposite anti- and pro-
inflammatory roles might be tissue-dependent (and species), ligand/partner-
dependent and/or microenvironment-dependent. More studies are required to

better understand its role in inflammation.

3.2.3.2 Role of PLA:R1 in cellular senescence and cancer

In 2009, it was shown for the first time that PLA2R1 could play an anti-
tumoural role. Oncogene-induced cellular senescence (OIS) is a tumour suppression
mechanism that is activated in the early stages of tumourigenesis arresting
permanently the cell-cycle. On their search for new tumour suppressive genes,
Augert and colleagues (Augert et al., 2009) initially found that knockdown of PLA2R1
in normal primary human fibroblasts or mammary epithelial cells delayed the
onset of replicative senescence, i.e. increasing cell lifespan, while forced
overexpression of PLAsR1 during cell proliferation induces premature cellular
senescence. Similarly, experiments using cellular models of oncogene-induced

senescence and cancer cells confirmed the role of PLA2R1 as a potential gene
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suppressor (Augert et al., 2013; Vindrieux et al., 2013). For instance, PLA2R1 ectopic
expression in normal breast epithelial cells challenged with oncogenes triggers
premature senescence whereas PLA:R1 ectopic expression in PLA:2R1-negative
cancer cells leads to apoptosis (Augert et al., 2009; Augert et al., 2013). In line with these
findings, PLA2R1 expression is increased at replicative cellular senescence while it
1s decreased in cancer cell lines compared to normal cells (Augert et al., 2009; Augert et
al., 2013). In vivo experiments confirmed the anti-oncogenic properties of PLA2R1
(Vindrieux et al., 2013; Vindrieux et al., 2014). PLAsR1 knockout mice were more sensitive

to RAS-induced skin tumours due to decreased ability to enter into senescence.

The mechanism by which PLA2R1 induces cellular senescence and in particular
the role of sPLA2s or other possible ligands are still elusive. The role of sPLAszs in
the effect of PLA2R1 on senescence and cancer cell death (apoptosis) is not clear.
On one hand cellular knockdown of sPLA:-ITA in human normal fibroblasts also
induces replicative senescence, an effect also observed in dermal human fibroblasts
(Augert et al., 2009; Kim et al., 2009). On the other hand, addition of sPLAss to cells
expressing PLA2R1 and undergoing cellular senescence does not trigger an
additional effect (unpublished data). During cellular senescence, PLAz:R1 appears to
regulate the production and accumulation of reactive oxygen species (ROS) that (1)
in normal cells, due to DNA damage, will activate the p53 pathway promoting
senescence, and (i1) in cancer cells, due to mitochondrial increase content, will
promote cell death (apoptosis) through the JAK2/STAT5/ERRa pathway (janus
kinase 2 / signal transducer and activator of transcription proteins / estrogen-
related receptor alphal pathway) (Augert et al., 2009; Augert et al., 2013; Griveau et al., 2016;

Vindrieux et al., 2013).

Finally, a study by Vindrieux and colleagues (Vindrieux et al., 2014) suggested that
in human renal cell carcinoma (RCC), PLA2R1 expression is regulated by the Von
Hippel-Lindau gene (VHL). RCC occurs due to the loss of function of VHL, which
will stabilize HIFa proteins (hypoxia-inducible factor alpha), in particular HIF2a.
HIF2a will increase ¢-MYC transcriptional activity, leading to methylation of
PLA:2R1 promotor. This result in the repression of PLA2R1 expression promoting
cancer growth, probably through the mechanisms previously described. These
results are in line with previous studies on the regulation of the PLAsR1 gene in
cancer cells by Menschikowski and colleagues (Menschikowski et al., 2015; Menschikowski
et al., 2012) and Denizot and colleagues (Amin et al., 2011; Fiancette et al., 2009) showing a
tight regulation of PLA2R1 expression in mammary and lymphoma cancer cells by

epigenetic mechanisms and cytokines.
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Senescence is not only a tumour suppressive mechanism, but it is also involved
in the pathogenesis of chronic obstructive pulmonary disease (COPD) (Barnes, 2017).
mRNA and protein levels of PLAsR1 were increased in the pulmonary vessels of
COPD patients (Huang et al., 2016). Additionally, cultured primary endothelial cells
and pulmonary smooth muscle cells from COPD patients expressed elevated levels
of PLA2R1 mRNA and protein, inducing senescence. Therefore, PLAzR1-mediated

senescence seems to be key for the development of COPD.

3.2.3.3 Other roles of PLA2R1

Recently, a potential protective role of PLAz:R1 after myocardial infarction (MI)
was proposed using knockout mice (Mishina et al., 2014). After inducing MI, PLA:2R1
knockout mice present impaired healing of the infarcted region probably due to
reduced recruitment of myofibroblasts contributing to a significant lower survival
rate after cardiac rupture. Additionally, myofibroblasts from PLA2R1-deficient mice
showed reduced collagen-dependent migration and proliferation in response to
sPLA2-IB. The regeneration effect observed after MI seems to be independent of the
catalytic activity of sPLA:-IB, and it might be mediated by the interaction sPLAs-
IB-PLA2R1-integrin B1.

Additionally, expression of PLA2R1 in HEK293 cells increases cell adhesion to
collagens type I and IV, as well as mediates collagen internalization (Ancian et al.,
1995; Takahashi et al., 2015). Moreover, podocyte adhesion to collagen is decreased in
the presence of anti-PLA2R1 autoantibodies (Skoberne et al., 2014). These data suggest
that PLA2R1 might modulate cell adhesion and be implicated in extracellular

matrix remodelling.

A referred before, PLA2R1 is expressed in podocytes and likely in other cells in
the kidney where its physiological and pathophysiological role remains largely
unknown. It was showed that podocyte adhesion to collagen is decreased in the
presence of anti-PLA2R1 autoantibodies (Skoberne et al., 2014). Also, sSPLA2-IB seems
to induce human podocyte apoptosis through PLA:R1-ERK1/2—cPLA20a—AA-—p53
signalling pathway (Pan et al., 2014). Additionally, anti-PLA2R1 autoantibodies in the
absence of complement activation seemed to alter podocyte shape and permeability,
and activate free radical production and apoptosis (Fresquet et al., 2015). These data
allows us to hypothesise that PLA2R1 might modulate podocyte cell biology and
adhesion to the GBM, being of importance for the structure of the glomerular
filtration barrier. Moreover, both in vitro and in vivo studies in a model of rat

glomerulonephritis suggest that sPLA2-IB, sPLAz-ITA and PLA2R1 may be involved
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in inflammatory conditions in the kidney (Beck et al., 2006; Beck et al., 2003; Scholz-

Pedretti et al., 2002).

Finally, as further discussed in chapter 2 and chapter 4, in 2009, PLA2R1 was
identified as the major autoantigen in primary MN with 70% of patients having
circulating autoantibodies (Beck et al., 2009). PLA2R1 is expressed at the podocyte
surface from where it is likely shedded to form immune-complexes with anti-
PLA:2R1 IgG4 autoantibodies at the GBM. The identification of PLA2R1 as the
major autoantigen in MN not only contributed to a better understanding of MN
pathogenesis but also rapidly provided clinical assays to better diagnose and

monitor this disease.
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PLA:R1-associated MN
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The identification of PLA2R1 as the autoantigen in adult primary
membranous nephropathy (MN) was considered as a milestone in the MN
field. It has provided a molecular basis to better understand MN pathogenesis. For
instance, to better understand the autoimmune phase of the disease, from aetiology
with pollution as a possible environmental factor or infection and a possible
mechanism of epitope mimicry impacting on PLA2R1 as the initial target up to the
identification of PLA2R1 epitopes targeted by autoantibodies. At the clinical level,
the identification of anti-PLA2R1 autoantibodies and then of epitope-containing

domains have contributed to a better management of patients’ healthcare.

4.1 Aetiology of PLA:R1-associated MN

Long before the identification of the autoantigens involved in MN,
polymorphisms in MHC class IT genes have been linked to the development of the
disease (Klouda et al., 1979) (chapter 2.2.6). More recently, an independent genome-
wide association study (GWAS) showed that the SNP rs4664308 in the gene coding
for PLA2R1 was associated with the development of MN (a risk of 4.2) (Stanescu et al.,
2011). Additionally they showed that homozygosity for the four risk alleles in the
PLA2R1 (SNP rs4664308) and HLA-DQA1 (SNP rs2187668) genes increased the
odd-ratio for MN to 78.5. Interestingly, sequence variants were described in regions
that later on were identified as containing epitopes: SNP rs4665143 (S87S in the
CysR domain), SNP rs3749117 (Met292Val in the CTLD1 domain), SNP rs3577182
(His300Asp in the CTLD1 domain) and SNP rs3828323 (Gly1106Ser in the linker
region between CTLD6 and CTLD7) (Coenen et al., 2013; Kim et al., 2011; Liu et al., 2010;
Stanescu et al., 2011). These polymorphisms were frequent and are insufficient to
explain MN by themselves; however, we simply do not know how they might affect
PLA2R1 biological properties and/or antigenicity and/or progression of the
autoimmune response. Of note, until the moment there is no genetic evidence

supporting THSD7A as an autoantigen in MN.

Molecular mimicry (chapter 1.3.1) has been suggested as a possible initiation
factor of PLA2R1-associated MN. Following their work on the identification of
PLA:R1 epitopes (chapter 4.2), Fresquet and colleagues (I'resquet et al., 2015) observed
that a seven amino acid peptide (LTLENCK) - within the identified
immunodominant epitope peptide of 31 amino acids — shares complete sequence
1dentity with the enzyme D-alanyl-D alanine carboxypeptidase present in the cell

wall of many bacteria including Clostridium species. Therefore, they proposed that
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a mechanism of molecular mimicry could lead to loss of tolerance, explaining

Immunization against the immunodominant epitope of PLA2R1.

More recently, Fresquet and colleagues (Fresquet et al, 2019) claimed to have
identified an immunodominant epitope in THSD7A-associated MN within the first
domain of THSD7A (TSR1 or D1): T28mer. This T28mer peptide would share some
conserved amino acids with the immunodominant epitope of PLA2R1-associated
MN (31-mer) which was identified in their previous work and is now referred to as
P28mer. It was shown that the mature anti-PLA2R1 and anti-THSD7A
autoantibodies were able to recognize both P28mer and T28mer peptides, but not
each entire autoantigen (i.e. anti-PLA2R1 autoantibodies do not recognize THSD7A
and anti-THSD7A autoantibodies do not recognize PLA2R1). Thus, the authors
suggested that P28mer and T28mer share a common immunodominant epitope
that triggers the autoimmune response in both PLA2R1- and THSD7A-associated
MN. Interestingly, P28mer (SVLTLENCKQA) and T28mer (TLHTNCKQA)
peptides contain a C-terminal sequence which shares sequence homology with
Clostridium peptidase S11 (LTENCK) and other organism (such as Saccharomyces
cerevisiae and Pseudomonas HrcC Type II containing the sequence SVLTLEN)
supporting the authors’ hypothesis published in previous works of molecular
mimicry playing an important role in the development of MN (Fresquet et al., 2015;
Fresquet et al., 2019). However, this study remains under debate as the level of
sequence identity between P28mer, T28mer and the bacterial peptide is small and
on short sequences, with in fact no significant p-values between proteins when
tested in a blast search, suggesting a random sequence alignment. Furthermore, it
remains to be demonstrated that these peptides can be "nephritogenic" by injecting
them into animals and inducing an autoimmune response with antibodies
targeting either PLA2R1 and/or THSD7A and triggering MN, as shown in other
diseases such as encephalomyelitis or ANCA diseases or in experimental

autoimmune glomerulonephritis (Land et al., 2014; Venkatesha et al., 2015).

The increase in incidence of autoimmune diseases over the last decades had led
to hypothesize that exposition to physical and environmental agents might be
putative triggers of an autoimmune response. Interestingly, a study from Xu and
colleagues (Xu et al., 2016) analysed the association between long-term exposure to
fine particulate matter with less than 2.5 pm in diameter (PMz5 particles) with the
incidence of glomerulopathies. By studying 17,151 cases of biopsy-proven
glomerular diseases obtained from 2004 to 2014 across 282 Chinese cities, they
observed that the frequency of MN increased over time, while the frequency of

other major glomerulopathies remained stable. Thus, the authors attributed the
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increased incidence of MN to an increased exposure to air pollution, in particular to
PMo:s particles (Xu et al, 2016). Even though the mechanism by which prolonged
exposure to air pollution might increase the risk of MN remains to be elucidated, it
1s hypothesized that it might be due to environmental and genetic interactions with
the production of inflammatory cytokines (Zhang et al., 2018). In this scenario,
cytokines production in the airways in response to air pollution could upregulate
PLA:2R1 expression (and/or change its conformation) which could potentiate an
interaction with the antigen presenting cells in the inflamed airways culminating
in an autoimmune response to PLA2R1 expressed in the podocytes (Ritz, 2010; Salant,

2019).

In sum, even though the overall aetiology of MN remains to be completely
elucidated, almost certainly it is multifactorial, involving the interplay of initiating

and predisposing environmental and genetic factors.

4.2 PLA:R1 epitopes and epitope spreading

After the identification of PLA2R1 as the major autoantigen in MN and eager to
bring new insights into the pathophysiology of the disease, several teams have
worked hard to identify the epitopes that are targeted by the anti-PLA:2R1
autoantibodies. This has led to the publication of four articles in this topic within

three years.

In 2013, using a peptide array scanning approach and SPOT technology,
Behnert and colleagues (Behnert et al., 2013) first proposed that patients’ serum could
recognize up to 7 putative epitopes suggesting that a mechanism of intermolecular
epitope spreading could occur during the course of the disease. The authors
synthesized on nitrocellulose membrane 276 peptides, each comprising 15 amino
acids overlapping by a window of 5 amino acids and covering the full extracellular
region of PLA2R1. Serum from 7 different PLA2R1-positive MN patients presented
reactivity against 7 peptides: one present in the CysR domain, one within CTLD1,
one within CTLD2, two within CTLD6, one within CTLD8 and one between CTLD8
and the transmembrane segment. However, ELISA screen using these peptides as
coated antigens did not confirm the screening results since the ELISA signal was
not significantly different between sera from PLA2R1-positive MN patients and
various controls (PLA2R1-negative MN patients, unrelated inflammatory disease
controls and healthy donors). Such results can be explained by the fact that the
authors used linear peptides whereas anti-PLA2R1 autoantibodies are known to

recognize only conformational epitopes, meaning that the recognized epitope motif
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may comprise several amino acids in a discontinuous primary structure (Beck et al.,
2009). In addition, the sequence of one putative epitope supposed to be within the
CysR domain was actually within the signal peptide which is absent in the mature
form of PLA2R1 (membrane-bound or soluble forms) and thus has a small chance to

be presented as an autoantigen (Ancian et al., 1995).

In 2015, Kao and colleagues (Kao et al., 2015) suggested that an immunodominant
epitope is comprised within the CysR-FnlI-CTLD1 region, and that the absence of
either CysR or CTLD1 domains prevents autoantibodies recognition of the triple
domain. The authors expressed a series of recombinant soluble proteins in which
they successively removed one by one the PLA2R1 domains from the C-terminal
region. The autoantibodies of one patient serum presented reactivity towards all
recombinant proteins except for the constructs in which CTLD1 was absent (CysR-
FnlI and CysR). To further investigate the possibility of CTLD1 being an epitope-
containing domain, they tried to express the CTLD1 domain alone but were
unsuccessful. Thus, the authors expressed the triple domain CysR-FnII-CTLD1
introducing a thrombin cleavage site between the CysR and Fnll domains or
between the Fnll and CTLD1 domains. They observed that the patient serum
reacted to the three-domain construct before but not after thrombin digestion, with
no reactivity towards the proteolyzed fragments, leading them to conclude that the
CysR-FnlI-CTLD1 region contained a single intramolecular epitope overlapping
between at least two domains. However, as further detailed in chapter 6.1, this
apparently elegant strategy was weakened by the erroneous insertion of the
thrombin cleavage site, leading to inappropriate conclusions. Nevertheless, using a
western blot competition assay, the authors were able to demonstrate that the
CysR-FnlI-CTLD1 region contained the immunodominant epitope, in other words
the autoantibodies present in the 10 patients’ sera analysed mainly target this

region.

Also in 2015, using a pool of serum from five different patients and then a cohort
of 43 patients, Fresquet and colleagues (Fresquet et al., 2015) proposed that the CysR
domain contains the immunodominant epitope. They confirmed that the identified
epitope within CysR was sensitive to reduction and suggested that it might also be
sensitive to SDS denaturation due to contrasting reactivity between western blot
and slot blot. The approach they followed was based on partial trypsin digestion of
the CysR-CTLD3 region of PLAsR1 followed by identification of the resulting
fragments reactive to patients' sera by mass spectrometry. Mass spectrometry
analysis of the reactive fragments of about 14 kDa after standard

reduction/alkylation of the fragments and full proteolysis to generate peptides for
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MS/MS led to the identification of 8 peptides spanning the different domains
within the CysR-CTLD3 region, but with more peptides in the CysR domain. The
identified peptides were thought to be part of the immunodominant epitope, thus
the authors synthetized them to evaluate their potential to inhibit the binding
between the autoantibody and PLA2R1. Among the eight identified peptides, 2 of
them (39GIFVIQSESLKKCs1 and 57SVLTLENCKss, both within the CysR domain)
appeared to compete with the CysR-CTLD3 for recognition of anti-PLA2R1
autoantibodies obtained from a serum pool of 5 patients. By extending peptide 1 to
peptide 2, the authors designed a new N-terminal peptide of 31-mer
(3sWQDKGIFVIQSESLKKCIQAGKSVLTLENCKes5) that could inhibit 85% of
autoantibodies recognition to the CysR-CTLD3 region. These results were in
agreement with competition assay where the CysR-CTLD3 region inhibits most of
the reactivity of the anti-PLA2R1 autoantibodies to the complete extracellular
domain of PLA3R1, suggesting that the 31-mer comprises most of the
immunodominant epitope of PLAsR1-associated MN. Finally, the competition assay
with the CysR-CTLD3 region led the authors to conclude that the CysR domain
contained the immunodominant epitope (31-mer peptide) but also allowed them to
suggest that patients’ serum could have autoantibodies towards other epitopes

present in the distal region of PLA2R1.

Indeed, in 2016, Seitz-Polski&Dolla and colleagues (Seitz-Polski et al., 2016)
suggested that CysR, CTLD1, and CTLD7 are three epitope-containing domains.
The authors expressed a series of recombinant membrane proteins in which they
successively removed one by one the PLA2R1 domains from the N-terminal end.
Screening by western blot with 50 individual patients led to the conclusion that
patients’ sera can differentially recognize one, two or three distinct epitope-
containing domains: CysR, CTLD1 and CTLD7. Following the same strategy from
Kao and colleagues, the authors also expressed the N-terminal triple domain CysR-
FnlI-CTLD1 and inserted a thrombin cleavage site either between the CysR and
Fnll domains or between the Fnll and CTLD1 domains. However, after proteolysis
with thrombin they showed that the patients’ serum presented reactivity towards
the individual fragments thereby confirming that the two domains are recognized
by distinct anti-PLA2R1 autoantibodies. The contradictory findings were due to the
insertion of the thrombin cleavage site at different amino acid positions, a key
point that is further discussed on chapter 6.1. An ELISA screen with a cohort of 69
patients against the three individual domains confirmed the previous results and
revealed that CysR was the most prevalent epitope-containing domain followed by
CTLD1 and CTLD7. These findings led the authors to hypothesize that the anti-
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PLA:2R1 autoantibodies might be initially raised against CysR with progression of
the autoimmune response towards the CTLD1 and/or CTLD7 domains by a

mechanism of epitope spreading (chapter 2.5.2).

In sum, the above works provide a better view of the epitope-containing domains
and/or discrete epitopes present within the complex structure of PLA2R1 that
might be targeted by anti-PLA2R1 autoantibodies. They all converge to the notion
that anti-PLA2R1 autoantibodies target one or more predominant epitope(s)
present within the CysR-FnlI-CTLD1 region (Fresquet et al., 2015; Kao et al., 2015; Seitz-
Polski et al., 2016). Furthermore, studies by Fresquet and colleagues (Fresquet et al.,
2015) and Kao and colleagues (Kao et al, 2015) demonstrated that the CysR-Fnll-
CTLD1 region contains one or more immunodominant epitopes. Nevertheless,
controversies remained regarding the exact number and location of the epitopes, in
particular, whether the CysR-FnllI-CTLD1 region can contain a single
"interdomain" epitope or two independent epitope-containing domains (Kao et al.,
2015; Seitz-Polski et al., 2016). To lend credence to the mechanism of epitope spreading
proposed by Seitz-Polski&Dolla and colleagues (Seitz-Polski et al., 2016) which involve
individual reactivities from CysR to CTLD1 and/or CTLD7, it was important to
clarify this last, as I did during my PhD (chapter 6.1).

As for THSD7A, several groups have also tried to identify the conformational
epitopes. Initially, Ma and colleagues (Ma et al., 2015) tested patients’ serum
reactivity against N- and C-terminally truncated forms of recombinant THSD7A as
well as constructs containing single or multiple adjacent domains by western blot,
dot blot and immunoprecipitation. The majority of patients’ sera presented
reactivity towards 2 or more distinct domains in the C-terminal region, but a few
patients also had additional autoantibodies targeting epitopes in domains at the N-
terminal end. Later, the works from Seifert and colleagues (Seifert et al., 2018)
confirmed that anti-THSD7A autoantibodies present reactivity towards multiple
domains. By screening 31 patients’ serum against several recombinant constructs
comprising two to three adjacent domains of THSD7A (D1-D2, D3-D4, ... , D19-
D21) the authors showed that all domains, except D3—D4 and D19-D21, comprised
epitopes recognized by at least three patients. These results were confirmed by
Stoddard and co-workers (Stoddard et al., 2019). Using an in silico structural model of
THSD7A and epitope prediction algorithms, they suggested that THSD7A contains
up to 18 domains comprising epitopes whereas 3 domains were predicted to have
no immunogenicity. Finally, as reviewed in the previous chapter, Fresquet and

colleagues (Fresquet et al., 2019) proposed that PLA2R1 and THSD7A share a common
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epitope motif within the T28mer present in the D1 domain of THSD7A and the
P28mer present in the CysR domain of PLA2R1.

4.3 Diagnosis and prognosis of PLA:R1-associated MN

Historically, confirmation of MN disease was solely based on renal biopsy
diagnosis ("biopsy-proven MN"), with (i) the characteristic alterations of the
glomerular structure (i1) the detection of immune deposits by electron-microscopy,
light microscopy, and/or immunofluorescence, (iii) the detection of different
predominant IgG subclasses as a possible indicator of primary (mainly 1gG4)
versus secondary MN (mainly IgGs other than IgG4) and (iv) no detection of any of
the possible different autoantigens, which were unknown until 2009 in adult MN
(chapter 2.2.4). In addition, prognosis was mostly predicted through the Toronto
Risk Score which 1s based on variation in proteinuria levels and creatinine
clearance over at least six months after diagnosis (chapter 2.2.5). If available,
clinicians could also use urinary excretion of B2-microglobulin or al-microglobulin
to predict prognosis. If the nephrotic syndrome persisted beyond the 6 months
observational period and/or the renal function got deteriorated, the patient would
recelve immunosuppressive treatment otherwise symptomatic conservative
therapy would be maintained. However, this approach was not ideal for patients'
follow-up and healthcare. Indeed, approximately 30-35% of patients reach
spontaneous remission within 5 years after diagnosis, i.e. without receiving
Immunosuppressive therapy, meaning that they might have been overtreated if
recommendations were to give immunosuppressors at 6 months with apparent
signs of disease worsening at early stages. Conversely, for some patients with a
strong overt disease observed at diagnosis, the 6 months observational period
might be too long, and once the immunosuppressive treatment would be prescribed
at 6 months, the disease may be too advanced, and the patient may no longer

respond.

The identification of both PLA2R1 and THSD7A as autoantigens in MN led to
the development of specific tests to detect the autoantibodies. These tests not only
allow a better diagnosis of MN, in addition to a renal biopsy, but they also have
prognostic and theragnostic values. In a few years, these tests may change (i) the
classification of MN forms which may become based on serology, (i1) the diagnosis
of patients (with less need for an invasive kidney biopsy) and (iii) patients'
healthcare based on serological levels of autoantibodies to monitor disease activity

and treatment efficacy.
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4.3.1 Biopsy staining of the PLA2R1 autoantigen

Renal biopsy of healthy individuals shows a very weak stain for PLAzR1 at the
external side of the GBM with a typical fine granular pattern (Figure 4.1),
contrasting with a stronger pseudo-linear staining along the GBM for THSD7A
(Figure 4.1) but also NEP, suggesting different expression levels of the three
autoantigens in normal podocytes (Hoxha et al., 2012; Larsen et al., 2016; Svobodova et al.,
2013; Tomas et al., 2014; Vivarelli et al., 2015). Typically, biopsies from patients with
PLAsR1-associated MN present a specific enhanced PLA2R1 staining with a more
granular pattern in the sub-epithelial deposits along the glomerular capillary loops
but not enhanced staining for THSD7A (Figure 4.1). Conversely, biopsies from
patients with THSD7A-associated MN show enhanced diffuse global granular
staining of THSD7A along the capillary loops but no enhanced staining for PLA2R1
(Figure 4.1). Biopsies from patients with both PLA2R1- and THSD7A-associated
MN presented enhanced staining for both antigens (Larsen et al., 2016; Zaghrini et al.,
2019). The increased staining, and therefore the presence of higher amount of
autoantigenic protein, does not seem to be due to an increase of transcription, and
no real explicative (patho)physiological mechanism has been proposed, except the
likely shedding of the membrane-bound protein that accumulates in immune
deposits over time because of cross-linking with autoantibodies (Hoxha et al., 2012;

Kerjaschki et al., 1987).

THSD7A

PLA2R1

Normal Anti-THSD7A-Positive Anti-PLA2R1-Positive

Figure 4.1 — Renal biopsy staining for PLA:R1 and THSD7A autoantigens. Renal
immunohistochemical staining for THSD7A (upper panels) and PLA2R1 (lower panels)
in healthy individuals (A,B), in patients with THSD7A-associated MN (C,D) and in
patients with PLA2R1-associated MN (E,F). Adapted and reproduced with permission from
(Tomas et al., 2014), “Copyright Massachusetts Medical Society”.
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The renal biopsy staining can be used in the daily clinical practice to
differentially diagnose patients with PLA2R1- or THSD7A-associated MN, as well
as to document retrospective diagnosis (Pourcine et al., 2017; Svobodova et al., 2013). This
technique is more sensitive than the detection of circulating autoantibodies, which
is of particular interest for patients presenting very low or undetectable
autoantibody titer (Debiec et al., 2011; Qin et al., 2016; Svobodova et al., 2013). The
discrepancies can be explained by (1) an initial rapid clearance of the
autoantibodies from the blood to the glomeruli in a phenomenon known as the
“kidney sink hypothesis” (the kidney serves as a sponge); (i1) detection of antibodies
during immunological remission, since there is a time lag between immunological
and clinical remission and (iii) irreversible podocyte injury even though there is no
longer immunological response, which leads to later referral of patients due to
persistent high proteinuria. Nonetheless, an increased staining for the autoantigen
in the glomeruli can correlate with the presence of circulating autoantibodies in the
serum (Debiec et al., 2011; Hoxha et al., 2012). On the contrary, detection of circulating
autoantibodies is not always associated with immune deposits of the autoantigen,
yet patients have MN disease. Several explanations are possible: (1) serum and
biopsy were not collected and analysed at the same time, explaining the apparent
discrepancy, (i1) some circulating autoantibodies are not highly nephritogenic and
do not form strong immune deposits as revealed by staining of increased amount of
the PLA2R1 autoantigen, and not by the actual presence of those autoantibodies in
the biopsy, and (ii1) immune deposits are in fact formed but the specific PLA2R1
epitope recognized by the commercial antibody used to detect enhanced PLA2R1
staining i1s not accessible in these particular kidney biopsies and the detection
method used (Debiec et al., 2011). Therefore, sometimes assessment of both
autoantigen in the kidney biopsy and circulating autoantibodies might provide
complementary information for diagnosis, treatment follow-up and relapse (Debiec et

al., 2014; Pourcine et al., 2017; Qin et al., 2016).

4.3.2 Autoantibodies detection

Historically, anti-PLA2R1 circulating autoantibodies were detected by western
blot which was in fact the same technique used for the identification of the
autoantigen (Beck et al., 2009). It is still currently used and considered as the most
sensitive technique, especially when using IgG4 detection; however, it is only semi-
quantitative and the procedure is just too long for the daily clinical practice. The

1dentification of PLA2R1 as a specific autoantigen of MN quickly led to the
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development of commercial assays for the detection of circulating autoantibodies:
ITFT and ELISA.

The commercial IIFT is a semi-quantitative cell-based assay (Chapter 1.2) that
measures the anti-PLA2R1 titer against the membrane-bound protein using total
IgG (Hoxha et al., 2011). The assay was validated with a cohort of 117 patients with
MN, 90 patients with non-membranous glomerulonephritis and 153 healthy
donors, and showed 100% specificity and 52% sensitivity compared to biopsy. A
commercial standardized ELISA is also available for the quantification of anti-
PLA:R1 antibodies targeting the full extracellular region of the receptor using total
IgG (Dahnrich et al., 2013). The assay was validated with a cohort of 200 patients with
primary MN, 230 patients with other glomerular diseases, 316 patients with other
autoimmune diseases and 291 healthy donors, and presented 99.9% specificity and
96.5% sensitivity with respect to the IIFT. Additional homemade ELISAs have also
been developed with detection of anti-PLA2R1 antibodies using different species of
PLA:R1 as antigen source and different secondary antibodies to detect either total
or IgG4 specific antibodies (Hofstra et al., 2012; Seitz-Polski et al., 2015). Despite the
disadvantages of the IIFT assay (semi-quantitative and observer-dependent/bias)
versus ELISA assay (use of different positivity threshold for anti-PLA2R1 or use of
total IgG versus IgG4), both commercial ITFT and ELISA are currently widely use
on the daily clinical practice, and are now important for diagnosis, monitoring and

prognosis of PLA2R1-associated MN.

As for the detection of anti-THSD7A antibodies, the same techniques can be
used. A commercial IIFT assay is currently available and used on the clinical
practice. The assay was validated with a cohort of 1276 patients with MN from
whom 40 were THSD7A-associated MN, and it presents 92% specificity and 100%
sensitivity in comparison to western blot (Hoxha et al., 2017). A homemade ELISA has
been developed and may be commercially available soon, since similar to PLAzR1,
the detection of anti-THSD7A antibodies is important for diagnosis, monitoring

and prognosis of THSD7A-associated MN (chapter 7).

4.3.3 Clinical value of anti-PLA:2R1 autoantibodies
Anti-PLA2R1 autoantibodies have been detected in approximately 70% of MN

patients and they have not been described to be present in any other disease nor in
healthy individuals, thus emerging as pathognomonic biomarker for MN. The

assays to detect anti-PLAsR1 antibodies are highly sensitive (78%) and specific

94



Introduction: PLAsR1-associated MN

(99%) which is leading the clinicians to re-evaluate the need to perform renal

biopsy, especially when there is contra-indications (Du et al., 2014).

In fact, a new diagnosis method and a new algorithm for patient management,
both based on serological analysis of antibody and titer were recently suggested for
diagnosis and monitoring of MN (Bobart et al., 2019; De Vriese et al., 2017). The serology-
based diagnosis method proposes to determine the presence of circulating anti-
PLA:R1 in addition to a thorough screen for possible secondary causes. If anti-
PLA:2R1 autoantibodies are positive with no evidence for secondary causes, the
patient should be treated for PLA2R1-associated MN according to the KIDGO
guidelines. If anti-PLA2R1 autoantibodies are undetectable, kidney biopsy should
be performed, with staining for PLA2R1 and IgG subclasses. If the renal biopsy
reveals positivity for PLA2R1 antigen with predominance for IgG4 over other IgG
subclasses, the patient should be treated for PLA2R1-associated MN. Furthermore,
if the patient is negative for PLA2R1 while IgG4 is predominant, staining for
THSD7A and detection of circulating autoantibodies should be performed. Finally,
if the renal biopsy is PLA2R1 negative while IgG1, IgG2 and/or IgG3 subclasses are
predominant, then secondary causes of MN due to other antigens (including the

most recent ones) should be considered.

Once MN patients have been diagnosed with PLA2R1-associated MN, the new
algorithm method for patient management proposes to determine anti-PLA2R1
titers during follow-up to monitor disease activity and help for the decision to treat
with conservative versus immunosuppressive treatments (Figure 4.2). Indeed, anti-
PLA2R1 autoantibodies titer reflects the immunological activity of the disease, thus
being useful to monitor disease activity and predict clinical outcome and/or relapse
(Bech et al., 2014; Beck et al., 2009; Beck et al., 2011; Hofstra et al., 2011; Seitz-Polski et al., 2014). It
has been shown that circulating anti-PLA2R1 autoantibodies can disappear at least
9 months before clinical remission of the nephrotic syndrome (spontaneous or
treatment-induced) and become detectable before clinical relapse, reflecting the
time lag between immunological and clinical remission. Thus, accurate follow-up of
patients’ anti-PLA2R1 titer can avoid unnecessary immunosuppressive treatment
since reduction of autoantibody titer in untreated patients might indicate
spontaneous remission (Francis et al, 2016). Similarly, in patients under
immunosuppressive therapy, treatment withdrawal can be considered if no
autoantibodies are detected. Additionally, anti-PLA2R1 antibodies are prognostic
biomarkers since high anti-PLA2R1 titers have been associated with lower chance
for spontaneous remission, higher risk for renal function deterioration and/or

longer time to reach remission (Dahan et al., 2017; Hoxha et al., 2014; Kanigicherla et al.,
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2013; Pourcine et al., 2017; Rodas et al., 2019; Ruggenenti et al., 2015; Timmermans et al., 2015).
Finally, close follow-up of anti-PLA2R1 titer up to non-detectable levels after
Immunosuppressive treatment may be needed to avoid relapse (Dahan et al.,, 2018;

Georges et al., 2019).

‘ PLA2R Ab titer, proteinuria, serum creatinine

High PLA2R Ab titer/any level of proteinuria ,| Moderate to low PLA2R Ab titer:
Follow PLA2R Ab titer monthly Follow PLA2R Ab titer/proteinuria bimonthly

v

¥ v v
‘ Titer=or T | | Titer | ‘ Nephrotic syndrome | Non-nephrotic range proteinuria ‘

Titer '= orT Tite'r N Titer =or 4 Titer T
rta] [

L '

Start IS* Follow PLA2R Ab titer/proteinuria bimonthly

Until titer is negative or remission of proteinuria

*unless:

-SCreat > 3.5 mg/dl (>309 pmol/1)
-eGFR < 30 ml/min/1.73 m2
-kidney size < 8 cm

-concomitant severe infections

Figure 4.2 — Monitoring and prognostic algorithm as proposed by De Vriese and
colleagues (De Vriese et al., 2017). The temporal relationship between anti-PLA2R1
titer and disease activity is well established, however there is a time lag of months
between immunological and clinical response that should be taken into account during
managment of patients healthcare. Measurment of the anti-PLA2R1 autoantibodies levels
may avoid the 6 months observational period recommended by the KDIGO guidelines and
allow more rapid treatment decisions. Similarly, serial measurements of the anti-PLAz:R1
titer may guide decision to start immunosuppressive therapy (IS). Patients with initial
high anti-PLA2R1 titers should be followed monthly, whereas those with moderate to low
anti-PLA2R1 levels should be re-evaluated bimonthly. This recommendation does not
apply to patients with rapidly declining renal function, in whom prompt initiation of
iImmunosuppressive treatments may be warranted. Anti-PLA2R1 autoantibody levels as
measured by the commercial Euroimmun ELISA: low=14-86 RU/mL; moderate=87—
204 RU/mL; and high 204 RU/mL. SCreat, serum creatinine. Adapted from (De Vriese et
al., 2017) with permission from, “American Society of Nephrology”.

Beyond measuring anti-PLA2R1 titers, epitope spreading defined by the
presence of multiple autoantibodies at presentation or before treatment has also
been associated with disease severity and poor outcome (Seitz-Polski et al., 2018; Seitz-
Polski et al., 2016). However, its usefulness to help predict clinical outcome is under
intensive debate and more prospective clinical studies are required to validate its

usefulness, as also further demonstrated during my PhD.

Finally, anti-THSD7A autoantibodies seem to present similar clinical value as
anti-PLAsR1 (chapter 7); however more clinical studies are required to validate

their clinical usefulness.
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It is clear that detection of anti-PLAsR1 autoantibodies is important for
definitive diagnosis of PLA2R1-associated MN, but the techniques and methods of
detection vary between the different departments of immunology and nephrology
around the world. For the commercial ELISA, different cut-off values are now used
around the world, which might be a problem to define the severity of MN, once
diagnosed (De Vriese et al., 2017; Liu et al., 2018; Tampoia et al., 2018). It is also clear that
the determination of anti-PLA2R1 titer is important to evaluate clinical outcome
and adapt treatment, but there are pitfalls. Low-titer is better associated with
clinical spontaneous remission and high chance of response to immunosuppressors,
but there are cases with worsening of the disease during follow-up. Conversely,
there are patients with high anti-PLA:R1 titer who will reach spontaneous
remission but the tendency is to treat those patients. In addition, similar
observations can be made regarding the clinical usefulness for the evaluation of
epitope spreading to predict clinical outcome, yet more studies are required.
Indeed, some non-spread patients may stay in active disease while spread patients
may be able to reach remission. Finally, we talk about "low" versus "high" titers of
anti-PLA2R1 autoantibodies, but actually we do not have a precise idea of what
that means. Despite standardization, titer values measured around the world may
not be identical as the current commercial ELISA has not been validated between
different immunological laboratories worldwide, and we don't know what cut-off
values should be considered for weak (or even smouldering), mild or severe MN
disease, and what threshold may be considered to start immunosuppressive
therapy, and up to what upper value there is a high chance for efficient therapy
with one or another immunosuppressor. For instance, what are the thresholds
tertiles for anti-PLA2R1 titer? Is it a titer of 100 or 200 RU/mL? And what about
50 RU/mL when the detection threshold titer is supposed to be 20 RU/mL according
to the manufacturer's protocol, but can be re-defined to 14 RU/mL and as low as
2 RU/mL for anti-PLA2R1 positivity in various laboratories around the world (Liu et
al., 2018; Tampoia et al., 2018)? Is anti-PLA2R1 titer or epitope spreading enough by
themselves to predict outcome or would it be better a combined assessment? Which
other biomarkers in addition to the ones already considered (age, sex, proteinuria
levels, anti-PLA2R1 titer) may be used to better stratify patients and provide the

best clinical care, towards personalized medicine?
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As reviewed in the introduction, in 2009, PLAsR1 was identified as the
major autoantigen in membranous nephropathy (MN). Quickly after,
specific diagnosis tests for the detection of anti-PLA:R1 autoantibodies were
developed and are currently used in daily clinical practice. In addition to being a
specific biomarker for the diagnosis of MN, anti-PLA2R1 titer is important for
monitoring disease activity, prognosis and evaluation of response to therapy.
Finally, at the time I was starting my PhD, several studies had been just published
regarding the epitopes targeted by anti-PLA2R1 autoantibodies and their possible
clinical value. However, there were a lot of controversies and intensive debate
regarding the exact number and location of the epitopes as well as their clinical

significance.

Therefore, the major goal of my thesis was to identify in details the PLA2R1
epitopes and analyse their clinical relevance in MN in a step-by-step approach. To
do so, the first aim of my project was to clarify the number of epitope-containing
domains within the CysR-FnlI-CTLD1 region at the N-terminal end of PLA2R1.
Towards this goal, several soluble recombinant proteins containing the CysR-FnlI-
CTLD1 region as well as chimeras between PLA2R1 and its paralog MRC2 were
produced and tested with serum from different PLA2R1-associated MN patients.
Additionally, among the remaining 7 PLA2R1 domains (CTLDZ2-CTLDS8), only
CTLD7 was known to contain epitopes. Thus, my second aim was to further
investigate the distal region of PLA2R1 for additional epitopes. Collectively, the
work realized towards these two objectives led us to identify 5 epitope-containing
domains spreading from the N-terminal to the C-terminal ends of PLA2:R1. The
next step aimed to determine the prevalence of each epitope-containing domain, to
1dentify which one(s) was (were) the driving-force of the humoral autoimmune
response (immunodominance) and provide a comprehensive view for the
association between anti-PLA2R1 titer, epitope positivity, immunodominance and
disease activity including prognosis. In order to reach this goal, a multicenter
French cohort of 142 PLA2R1-positive MN patients was established. All the serum
samples were investigated for anti-PLA2R1 titer, epitope-containing domain
reactivity against the 10 individual domains of PLA2R1 and immunodominance of
epitope-containing domains. This work contributed to (1) a better understanding of
the pathophysiological mechanism in MN associated with the development of the
humoral autoimmune response and i1) unveiled immunodominance as a possible

new biomarker to predict response to treatment, in particular to rituximab.

Finally, I also participated in a collaborative study that aims to evaluate the

added value of anti-PLA2R1 titer and epitope spreading to predict clinical outcome
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in PLA2R1-positive MN patients. To do so, quantitative homemade ELISAs to
determine anti-PLA:2R1 titer as well as titers of single epitope-containing domains
were established and used to screen a cohort of 318 MN patients (baseline samples
and available follow-up samples). The cohort included both PLA2R1-positive and
PLAsR1-negative MN patients. Finally, I also screened these patients for THSD7A
positivity and found 9 novel THSD7A-positive patients. These samples were
included in an ongoing parallel study from the laboratory to establish a
quantitative ELISA assay to screen patients for anti-THSD7A autoantibodies and
to assess the usefulness of anti-THSD7A titer to evaluate disease activity, response

to treatment and prediction of clinical outcome.
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Results: PLA2R1 autoantibody response in MN and clinical association

While the identification of PLA2R1 as an autoantigen of MN provided a
rapid paradigm shift for clinical care one "hot" question, more
biochemical at first sight, was about the location of PLA2R1 epitopes within the
complex structure of PLA2R1, with the fact that autoantibodies purely recognize
conformational epitopes. Just before arriving to the laboratory, different works had
been published regarding the identification of PLA2R1 epitopes: (i) Behnert and
colleagues (Behnert et al., 2013) identified several linear peptides as potential epitopes
spanning the full extracellular region of PLA2R1, (i1) Kao and colleagues (Kao et al.,
2015) suggested that CysR and CTLD1 domains form an unique overlapping epitope
region, (iil) Fresquet and colleagues (Fresquet et al., 2015) proposed that the CysR
domain contains the immunodominant epitope, whose conformation would depend
on assisted folding by neighbouring domains and (iv) Seitz-Polski&Dolla and
colleagues (Seitz-Polski et al., 2016), our laboratory, identified CysR, CTLD1 and
CTLD7 as three independent epitope-containing domains. Additionally, we
proposed that the multiple autoantibodies were produced through a mechanism of
epitope spreading which also presented a predictive clinical value: reactivity
limited to the CysR domain was associated to lower proteinuria and a higher
chance to enter into spontaneous remission during follow-up, whereas additional
reactivity towards CTLD1 and/or CTLD7 was an independent risk factor for poor
prognosis. However, controversies regarding the exact number and location of the
PLA2R1 epitopes do exist and the predictive value of epitope spreading versus anti-
PLA2R1 titer is under intensive debate. Indeed, Hoxha and colleagues (Hoxha et al.,
2018) and Reinhard and colleagues (Reinhard et al.) claim that C-terminal epitope
recognition and/or PLA2R1 domain-specific antibody level no longer predict clinical
outcome of patients with MN, especially after adjustement for the total anti-
PLA:2R1 titer.

Considering the above points, the first aim of my project was to identify in detail
the PLA2R1 epitope-containing domains in a step-by-step approach. Subsequently,
by screening a cohort of PLA2R1-positive MN patients, we wanted to (i) determine
the prevalence of each epitope-containing domain, (i1) identify which epitope-
containing domain(s) comprise(s) the immunodominant epitope(s) driving the
humoral autoimmune response, (iil) better understand the relationship between
anti-PLA2R1 titer, epitope positivity and immunodominance, and (iv) analyse the
clinical association with each of the different features of anti-PLA2R1
autoantibodies (anti-PLA2R1 titer, epitope profile and immunodominance) to
evaluate their potential value as biomarkers for monitoring and/or prognosis of
PLA2R1-associated MN.
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6.1 Epitope-containing domains in the N-terminal region
CysR-FnII-CTLD1

To clarify the controversial findings regarding the epitope-containing domains in
the N-terminal CysR-FnlII-CTLD1 region, we followed the strategy previously
described by Kao and colleagues (Kao et al., 2015). Briefly, we expressed several
recombinant proteins containing the triple domain CysR-FnlI-CTLD1 with tags at
both ends (construct A) in which we inserted different protease cleavage sites at
different positions (constructs B to G). Then, we tested the WB reactivity of a set of
MN patients’ sera with known epitope profiles as determined by ELISA (Figure S1

from article 1) on the different constructs before and after protease cleavage.

We started by introducing a thrombin cleavage site between the CysR and Fnll
domains (construct B, Figure S2A from article 1) as well as between the Fnll and
CTLD1 domains as described in Kao and colleagues (Kao et al., 2015) (construct C,
Figure S3A from article 1). However, we realized that in construct C, Kao and
colleagues did not introduce the thrombin cleavage site between the Fnll and the
CTLD1 domains at the proper position to allow release of the fragments after
proteolysis. Indeed, the cleavage site was inserted within the first disulphide
bridge of the CTLD1 domain. To further demonstrate this was the basis of the
controversy between the two studies, we prepared constructs D and E (Figure S5A
from article 1). In construct D, we maintained the thrombin cleavage site within
the CTLD1 domain but inserted a factor Xa (Fxa) cleavage site at the appropriate
place in the linker region between the Fnll and the CTD1 domains, whereas in
construct E we added only the Fxa cleavage site in the linker region between the
Fnll and CTLD1 domains. The 7 soluble constructs were stably expressed in
HEK293 cells.

While constructs A and B were well expressed and actively secreted (as
expected), constructs C and D were barely detectable in the culture medium and
cell lysates (Figure S4B from article 1), which was quite unexpected since the work
from Kao and colleagues did not mention this as a limitation. Analysis of the cell
lysates further demonstrated that most of the recombinant protein was present in
the solubilized detergent fraction with no detection in the soluble cell fraction,
indicating serious misfolding of the protein, most probably due to poor pairing of
the cysteines forming the CTLD1 disulphide bridge. The folding and the associated
low level of expression were partially rescued by lowering the temperature of cell
growth to 30°C (Figure S4B from article 1) (Cestele et al., 2013; Farinha et al., 2013; Morello

et al., 2000; Syam et al., 2016) and/or by adding chemical chaperones to cell culture (Chen

108



Results: PLA2R1 autoantibody response in MN and clinical association

et al., 2011; Chen et al., 2013; Frump et al., 2013; Morello et al., 2000) (Figure S4C from
article 1). No additive/synergistic effect was observed (Figure S4D from article 1).
Lowering the temperature was the most cost-effective approach to rescue folding
and expression, yet it was not sufficient to produce large amount of proteins
(Figure S3B from article 1). Culture medium containing the proteins of interest
was thus obtained in large volumes and the proteins were purified by affinity
chromatography on His-tag resin and concentrated to perform the proteolysis

experiments.

Cleavage of construct B by thrombin followed by western blot analysis with
serum from 7 different PLAz:R1-positive MN patients (Figure 1B from article 1)
revealed that, according to their epitope profile determined by ELISA, patients had
reactivity towards the CysR or the CTLD1 domain or both domains, suggesting two
independent epitope domains. To further confirm this finding, we wanted to verify
the presence of a possible overlapping epitope that might be more sensitive to
cleavage between the Fnll and the CTLD1 domains. Despite low expression level,
cleavage of construct C by thrombin was validated and both fragments could be
separated under reducing conditions. However, under non-reducing conditions, the
fragments were still maintained by the disulphide bridge surrounding the
thrombin cleavage site, and they were thus not dissociated despite actual cleavage
(Figure S3C from article 1). Consequently, serum from eight different PLA2R1-
positive MN patients recognized the full triple domain instead of any digested
fragments (Figure 1C from article 1). Afterwards, we tested the cleavage of
constructs D and E with Fxa. Unfortunately, we were unsuccessful, even when
using different partially denaturing conditions for construct E which was well
expressed and folded (Figure S5B from article 1). Cleavage of construct D with Fxa
was also ineffective, even when preceded by thrombin digestion. Thus, we
expressed construct F, which was already available in the laboratory and contains
a TEV (Tobacco Etch Virus) cleavage site in the extended linker region between the
Fnll and the CTLD1 domains. However, once again, protease cleavage of this
construct with different sources of enzyme was ineffective (Figure S5D from
article 1). These negative results were most probably due to limited access of the
proteolytic site between the FnIl and the CTLD1 domains with a highly packed
structure and steric hindrance by the globular domains preventing the access of the
different proteases to the recognition site. Therefore, since these experiments were
by far too time-consuming, we decided to give a last chance to this approach
through the production of construct G in which we inserted a thrombin cleavage

site within an artificially extended linker region between the Fnll and the CTLD1
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domains (Figure S3 from article 1). Although the yield of cleavage was not 100%,
we were able to confirm that the serum reactivity of 5 different PLA2R1-positive
patients presented independent reactivity towards the CysR and the CTLD1

domain (Figure 1D from article 1).

To further demonstrate that CysR and CTLD1 contain independent epitopes in
the context of a full-size molecule such as PLA2R1, we prepared two membrane-
bound MRC2-PLA2R1 chimeras. By introducing either the CysR or CTLD1 domain
of PLA2R1 into the MRC2 backbone, we could definitely show that serum from
eight different PLA2R1-positive MN patients recognize independently CysR and/or
CTLD1 domains, depending on their epitope profile, and in line with ELISA data

on single epitope domains (Figure 2 from article 1).

In sum, using two different approaches, we could clearly demonstrate that the
CysR and CTLD1 domains are two independent epitope-containing domains
recognized by distinct anti-PLA2R1 autoantibodies. The FnIl domain was also
investigated as a possible epitope-containing domain, using different techniques,
but none of the sera tested could recognize this latter. Demonstrating this was
time-consuming but important, as the CysR and CTLD1 turned out to be the two

key immunodominant epitope-containing domains (see below).

6.2 Epitope-containing domains in the CTLD2-CTLDS
region

The CTLD2-8 region is known to contain epitopes in the CTLD7 domain (Seitz-
Polski et al., 2018; Seitz-Polski et al., 2016). However, CTLD6-7 appeared to be more
reactive than CTLD7, particularly by western blot analysis, suggesting assisted
folding of the CTLD7 conformational epitope by CTLD6 or the presence of
additional epitopes in CTLDG6. Additionally, preliminary results obtained in the
laboratory prior to my arrival indicated that CTLDS8 could be another epitope-
containing domain. Thus, we dissected the CTLD6-8 region by producing individual
domains as well as by expressing soluble chimeras between MRC2 and PLA2R1 for
the CTLD6-7 double domain. Moreover, to further investigate the presence of other
epitope-containing domains, we also prepared the recombinant protein CTLD2-
CTLDG6. A preliminary screen by ELISA of 28 randomly selected PLAsR1-positive
MN patients demonstrated that 36% of them were able to recognize CTLD7 but not
CTLD6. Additionally, 7% presented reactivity against CTLD8 and interestingly
25% against CTLD2-6 (Figure S6 from article 1). To further confirm CTLDS8 as an

epitope-containing domain and better identify the epitope-containing domain(s) in
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the CTLD2-6 region, we expressed additional isolated soluble constructs from each
domain and tested them by ELISA. These experiments confirmed CTLD7 and
CTLDS8 as epitope-containing domains, but also allowed to identify CTLD5 as a
new fifth epitope-containing domain (Figure 3 from article 1). Additional slot blot
and immunoprecipitation experiments confirmed CTLD5 and CTLD8 as new
independent epitope-containing domains (Figure S7 from article 1). Interestingly,
CTLD5 was found to be reactive by ELISA but not by WB, explaining why this

epitope domain was not detected before, despite its high prevalence (see below).

6.3 Epitope prevalence and correlation with anti-PLA:R1
titer

To evaluate the prevalence of each epitope-containing domain, we build up a
multicenter French cohort of 197 MN patients and screened patients against
PLAsR1 as well as each of the 10 individual domains by ELISA with IgG4
detection. From these patients, 24 did not present circulating autoantibodies
towards any of the antigens when detected with I1gG4 subclass nor towards PLAzR1
when detected with other IgG subclasses. In parallel to the screening, we were
collecting clinical data to correlate the autoimmune response of patients with their
clinical characteristics and history (such as treatment and outcome). The lack of
clinical information or the fact that patients received immunosuppressive
treatment before sampling led to the exclusion of another 31 patients, leaving us
with a final cohort of 142 PLA2R1-positive MN patients. To better compare our
results and observations with other studies, and with the aim to possibly translate
novel biomarkers to clinical practice, we also measured anti-PLA2R1 titer using the

commercial Euroimmun ELISA kit which is commonly used in clinical practice.

In our cohort, anti-PLA2R1 autoantibodies could recognize up to 5 different
epitope-containing domains with different prevalence and epitope profiles (Figure 4
from article 1). The CysR domain was clearly the most prevalent, recognized by
100% of patients, unexpectedly followed by CTLD5, then CTLD1, CTLD7 and
CTLDS8. By ranking patients according to their Euroimmun ELISA titer, we
observed that the CTLD5-positive patients were equally distributed over the full
range of anti-PLA2R1 titers while the CTLD1-positive patients were more present
at high titer, in the last tertile range, even though some are present in the lower
tertiles. The CTLD7-positive patients were mainly present in the medium and high
tertiles of anti-PLAsR1 (Figure 5A from article 1). Additionally, as expected by
nature of an autoimmune response, the anti-PLA:2R1 titer increased as the

positivity for epitope-containing domains increased (Figure S10 from article 1).
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Similarly, when we ranked patients according to epitope prevalence and positivity
or not to CTLD1, we could observe a relationship between the complexity of the

epitope profile and the increase in anti-PLA2R1 titer (Figure 5B from article 1).

6.4 Immunodominant epitopes and correlation with anti-
PLA:R1 titer

After identifying the most prevalent epitope-containing domains and the
relationship to full anti-PLA2R1 titer, we wanted to determine which epitope-
containing domain(s) is(are) the driving force of the humoral autoimmune
response, meaning which one(s) is(are) the major contributor(s) to the anti-PLA2R1
titer. For this, we set-up competition assays in which we tested the ELISA
reactivity of patients’ serum towards the entire PLA2R1 receptor as antigen after
preincubation of serum with saturating amounts of different recombinant soluble

proteins including the individual epitope-containing domains CysR and CTLD1.

Our competition assays clearly demonstrated that for the majority of patients,
the immunodominant epitope(s) was/were comprised within the CysR-FnlII-CTLD1
region, which was in agreement with previous studies (Fresquet et al., 2015; Kao et al.,
2015). By integrating the full set of competition assays and the epitope profile, we
stratified the patients into three different groups: immunodominant CysR (iCR),
immunodominant CTLD1 (iC1) and non-immunodominant (non-iDom) (Figure 6
from article 1). The iCR group represented 55% of the cohort while iC1 and non-
1Dom represented 36% and 9% of the cohort, respectively. By ranking the patients
according to their anti-PLA2R1 titer as before, we observed that the iCR patients
were more distributed in the first and second tertiles of anti-PLA2R1 titer whereas
the i1C1 patients were more present in the high tertile, yet both types of
immunodominance could be observed in the different tertiles (Figure 7A from
article 1). Interestingly, all non-iDom patients had similar middle range anti-
PLA2R1 titer, indicating that the absence of "positive immunodominance" to either
CysR or CTLD1 prevents patients to reach a maximal humoral response with the

highest measurable titers.

6.5 Clinical relevance of anti-PLA:R1 titer, epitope
positivity and immunodominance

With immunodominance as a new factor in the humoral autoimmune response,
we analysed the association between the immunodominant profile and patients’

clinical characteristics at presentation (Table 1 from article 1). iC1 patients had
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higher anti-PLA2R1 titer compared to iCR and non-iDom patients. Proteinuria
levels were also significantly higher in iC1 patients than iCR patients, but all the
remaining clinical parameters were comparable. Interestingly, a majority of iCR
patients reached remission whereas it was the opposite for iC1 patients, staying in

active disease or progressing to ESRD during follow-up.

Anti-PLA2R1 titer is known to reflect the immunological activity of MN and low
levels are usually associated with a higher chance to reach remission. Thus, we
wanted to verify if we could make the same observation in our cohort. Indeed,
patients who reached remission had a significantly lower anti-PLA:R1 titer
(Table 2 from article 1). Additionally, as expected from our previous findings on
epitope spreading, these patients were significantly less spread on CTLD1 and/or
CTLD7 epitope-containing domains and were more often iCR (Seitz-Polski et al., 2016).
In univariable analysis and in an adjusted model, anti-PLA2R1 titer was
significantly associated with clinical outcome after first-line therapy, with patients
having anti-PLA2R1 titer above the median also having a reduced chance of

reaching remission, irrespective of treatment (Table 3 from article 1).

We then observed that immunodominance was also significantly associated with
clinical outcome after first treatment in a univariable analysis, where iCR and non-
1Dom patients had similar features and outcomes (Table 3 from article 1). In
adjusted models, 1C1 patients had a lower chance to reach remission in comparison
with the pooled group of iCR/non-iDom patients (Table 3 and Table S3 from
article 1). In particular, iCR/non-iDom patients treated with rituximab had 6-fold
more chance to enter into remission than iC1 patients (OR=5.99 [1.77-20.31]). We
and others have shown that high anti-PLA2R1 titer (such as above 200 RU/mL as
proposed by Ruggenenti and colleagues (Ruggenenti et al., 2015) and De Vriese and
coworkers (De Vriese et al., 2017)) 1s associated with poor prognosis and a reduced
response to rituximab. Moreover, we demonstrated that iC1 patients have a
significantly higher titer. Therefore, one could argue that the previous observations
might be due to the fact that the anti-PLA2R1 titer was significantly higher for iC1
patients. Thus, since our multivariable model cannot include anti-PLAsR1 and
immunodominance, which are two variables likely linearly correlated, while
selecting only patients treated with rituximab or conservative treatment, we
compared the clinical outcome for patients with an anti-PLA2R1 titer below
200 RU/mL at presentation and analysed whether immunodominance might help
to refine the likelihood of response overall or after rituximab (Table 4 from
article 1). We observed that for patients with an anti-PLA2R1 titer below

200 RU/mL, a vast majority of iCR patients reached clinical remission while most
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1C1 patients remained in active disease or progressed to ESRD. This was especially
true among those treated with rituximab, with 90% of iCR reaching remission as
compared to only 39% for 1C1. Interestingly, when comparing the clinical outcome
of patients with an anti-PLA3R1 titer above 200 RU/mL, we observed that the
majority of patients had a poor outcome, independent of their immunodominant
profile (Table S4 from article 1).

In sum, we showed that anti-PLA2R1 autoantibodies can target up to five
distinct epitope-containing domains (CysR, CTLD1, CTLD5, CTLD7 and CTLDS),
with CysR and CTLD1 harboring the immunodominant epitopes and acting as the
drivingforce of the humoral autoimmune response for the majority of patients
(more than 90% in this cohort). We demonstrated that anti-PLA2R1 titer, epitope
spreading towards CTLD1 and/or CTLD7 as well as a switch of immunodominance
are all significantly associated with clinical outcome after first-line therapy. In
particular, we propose that immunodominance combined to anti-PLA2R1 titer
might be a potential new biomarker to identify patients who will best respond to
rituximab treatment versus patients who will need a stronger immunosuppressive

treatment or higher doses of rituximab (Seitz-Polski et al., 2019; van de Logt et al., 2018).
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ABSTRACT

Background: Membranous nephropathy (MN) is a rare autoimmune kidney disease in
which 70% of patients have circulating autoantibodies against phospholipase A2
receptor 1 (PLA2R1). These autoantibodies are useful biomarkers for diagnosis and
prognosis. However, there are controversies regarding the number of epitopes and
relationships to titer. This study provides a comprehensive analysis of the anti-PLA2R1
humoral response, from characterization of epitope-containing domains with different

prevalence and immunodominance features to their clinical relevance.

Methods: We tested the serum reactivity of 142 patients against multiple PLA2R1
recombinant proteins and identified conformational epitopes spreading all over the
extracellular region of PLA2R1. We determined their prevalence and immunodominant
features by ELISA and analyzed their association with clinical characteristics and

outcome.

Results: Anti-PLA2R1 autoantibodies target independent epitopes in five of 10
domains: CysR, CTLD1, CTLDS, CTLD7 and CTLDS. Epitope prevalence decreases
from N-terminal to C-terminal ends while the two N-terminal CysR and CTLDI1
domains are immunodominant and drive the anti-PLA2R1 humoral response, thereby
stratifying patients into three groups: iCR, iC1 and non-iDom. Patients with high anti-
PLA2R]1 titer or a CTLD1 immunodominant profile (iC1) have worse clinical outcome
and reduced likelihood of response to rituximab, one of the main immunosuppressors

used to treat MN.

Conclusion: Combined evaluation of anti-PLA2R1 titer and immunodominance helps
to predict clinical outcome and response to rituximab in PLA2R1-associated MN, as a

further step towards personalized medicine.

Funding: Fondation Maladies Rares, Agence Nationale de la Recherche, Fondation de
la Recherche Médicale, Direction Générale de I’Offre de Soins and European Research

Council.



INTRODUCTION

Membranous nephropathy (MN) is a rare but severe autoimmune kidney disease (1-3).
It is a common cause of nephrotic syndrome in adults affecting both native and
transplanted kidneys. The clinical evolution is complex, ranging from spontaneous

remission to persistent proteinuria and end-stage renal disease (ESRD).

In 2009, Beck and colleagues identified the M-type phospholipase A2 receptor
(PLA2R1) as the major autoantigen in MN, with approximately 70% of patients having
circulating anti-PLA2R1 autoantibodies, associated with in situ immune complex

deposits in the glomerulus, podocyte injury and high proteinuria (4).

PLA2R]1 is a 180 kDa type I transmembrane glycoprotein consisting of an extracellular
region comprising 10 domains: a N-terminal cysteine-rich domain (CysR), a fibronectin
type II domain (Fnll) and eight distinct C-type lectin-like domains (CTLDs) (5, 6).
Several studies demonstrated that anti-PLA2R1 autoantibodies recognize multiple
conformational epitopes within PLA2R1. Behnert and colleagues first identified several
linear peptides as potential epitopes, but this was not confirmed on the native PLA2R1
protein (7). Kao and colleagues then proposed an overlapping epitope between the CysR
and CTLD1 domains (8). Next, Fresquet and colleagues showed that the CysR domain
contains a major epitope, whose conformation would depend on assisted folding by the
neighboring domains (9). Finally, Seitz-Polski&Dolla and colleagues identified CysR,
CTLDI and CTLD7 as three distinct epitope-containing domains that may be linked by
a mechanism of epitope spreading (10). Despite the above advances in the identification
of PLA2RI1 epitopes, the total number of epitopes and the ones most prevalent and

immunodominant are still uncertain.

Commercial assays based on the detection of anti-PLA2R1 autoantibodies are now used
in clinical practice for PLA2R1-associated MN diagnosis, prognosis and theragnosis
(11-15). Anti-PLA2RT1 titer at presentation helps to predict clinical outcome, with low
titer associated with spontaneous remission, and high titer associated with progression
to severe disease and ESRD (16-20). Likewise, the presence of anti-PLA2RI1
autoantibodies against multiple epitopes is associated with disease severity and poor
clinical outcome (10, 21). Furthermore, anti-PLLA2R1 titer and epitope profiling help to
predict response to immunosuppressive therapy including treatment of severe MN cases
with rituximab (21-27). However, the relationship between anti-PLA2R1 titer and
epitope profiling, and their respective usefulness at predicting clinical outcome are

debated (26, 28-30). Treatment options with conservative treatment or various



immunosuppressors based on anti-PLA2R]1 titer or epitope analysis are also not well-
defined (14, 21, 23, 25-27, 31-34). For instance, despite recent studies to better diagnose
and predict outcome in patients with PLA2R1-associated MN based on levels of anti-
PLA2R1 autoantibodies as measured with the standardized commercial assay (14, 15,
34), there is no definitive studies to establish low and high cut-off values that might
help to guide treatment with immunosuppressors and predict the likelihood of a
response. Thus, better biomarkers based on the nature of the anti-PLA2R1 circulating
autoantibodies are required to identify patients at risk of poor clinical outcome and to

monitor the efficacy of therapy.

The aim of this study was four-fold: 1) to investigate in more detail how many PLA2R1
domains are targeted by patients' autoantibodies, 2) to identify which of these epitope-
containing domains are immunodominant and drive the humoral response, 3) to provide
a comprehensive analysis of the relationships between anti-PLA2R]1 titer, epitopes and
immunodominance, and 4) to analyze the clinical association with full titer, epitope
profiling and immunodominance in a well-defined cohort of 142 PLA2R1-positive MN

patients.



CONCISE METHODS

Patients — Baseline serum samples from 142 patients with biopsy-proven primary MN
were collected from eight French Departments of Nephrology (10, 21, 26, 35-37). We
analyzed the clinical outcome of patients according to the 2012 KDIGO
recommendations from baseline to first-line therapy outcome (median follow-up of 12
months, IQR: 6 — 22 months). Partial remission was defined as proteinuria below
3.5 g/day and less than 50% of baseline value, accompanied by an increase or return to
normal albuminemia and stable creatininemia. Complete remission was defined as
proteinuria lower than 0.5 g/day and normal albuminemia and creatininemia.
Remissions were considered as spontaneous if they occurred without administration of
immunosuppressive drugs during follow-up. Clinically active disease was defined as
proteinuria above 3.5 g/day and/or serum creatinine increase over 30% compared to
baseline in the absence of any other cause. The study was approved by institutional
review boards and conducted according to the principles of the Declaration of Helsinki.

Written informed consent was obtained from all participants.

Production of PLA2R1 mutants and membrane-bound chimeras of PLA2R1-
MRC2 — Soluble, membrane-bound and chimera constructs of PLA2R1 with N-
terminal Flag and/or 6xHis tags and a C-terminal HA tag were generated as described in
the supplementary methods. All constructs were transfected into HEK293 cells using
Ca/PO4 (10). The expression of recombinant proteins was validated by WB and/or
ELISA using anti-HA, anti-Flag antibodies and MN patients’ sera, as described in
supplementary methods. Protease digestion of the triple domain CysR-Fnll-CTLDI1

constructs is also described in supplementary methods.

Immunoblotting and immunoprecipitation of PLA2R1 recombinant proteins —
Recombinant proteins were analyzed by western blot under reducing or non-reducing
conditions or by dot-blot as described in supplementary methods. Primary antibodies
(mouse monoclonal anti-HA antibody (1:5,000, Sigma-Aldrich, St. Louis, USA), mouse
monoclonal anti-Flag antibody (1:1,000, Sigma-Aldrich, St. Louis, USA) and MN
patients’ serum (1:100 unless stated otherwise) were all diluted in 0.5% low-fat milk in
PBS-Tween 0.05% while secondary antibodies (anti-mouse antibody (1:20,000,
Cambridge, UK) and anti-human IgG4 (1:7,500, Southern Biotech, Birmingham, USA))
were diluted in PBS-Tween 0.05%. Immunoprecipitation of PLA2RI1 epitope-

containing domains is described in supplementary methods.

ELISA assays — For HA-based antigen capture ELISA assays, 96-well microplates
(Thermo Fisher Scientific, Waltham, USA) were coated with anti-HA antibody



(1:5,000, Sigma-Aldrich, St. Louis, USA) diluted in 20 mM Tris pH 8.0 overnight at
4°C. Plates were blocked with SeramunBlock (Seramun Diagnostica GmbH, Heidesee,
Germany) for two hours and then washed with PBS-Tween 0.05%. HA-tagged PLA2R1
antigens (10-100 pl of cell culture medium diluted in PBS) were captured by incubation
for two hours and then washed. Patients' sera diluted in 0.1% (m/v) low-fat milk in PBS
were added to wells and incubated for two hours. Plates were then washed and
incubated for one hour with anti-human 1gG4 horseradish peroxidase (HRP)-conjugated
secondary antibody (1:7,500, Southern Biotech, Birmingham, USA) diluted in
SeramunStab ST (Seramun Diagnostica GmbH, Heidesee, Germany). After three
washes, tetramethylbenzidine peroxidase substrate (TMB, Interchim, Montlugon,
France) was added and developed for 15 minutes before stopping the reaction with
1.2 N HCI. Optical density (OD) was read at 450 nm using a Multiskan FC plate reader
(Thermo Scientific, Waltham, USA). Serum-free medium from mock-transfected
HEK?293 cells was used as a negative control for each patient, providing individual
background. Cut-off OD values were determined as twice the background value for

each individual patient.

Autoantibody titers for full PLA2R1, CysR and CTLDI1 domains were determined by
performing ELISA in which a standard curve was added. The standard curve consisted
of seven dilutions of a highly PLA2R1-, CysR- or CTLD1-positive serum allowing the
conversion of optical density into RU/mL using a 5-parameter logistic curve (GraphPad
Prism 7 Software, San Diego, USA). Anti-PLA2R]1 titer was also measured with anti-
total IgG using the commercial ELISA from Euroimmun (Medizinische

Labordiagnostika AG, Liibeck, Germany).

For ELISA competition assays, microplates (Thermo Fisher Scientific, Waltham, USA)
were coated with the purified full extracellular domain of PLA2R1 expressed as a
recombinant secreted protein from HEK293 cells (12) (10 ng diluted in 20 mM Tris
pH 8.0) overnight at 4°C, then blocked with SeramunBlock (Seramun Diagnostica
GmbH, Heidesee, Germany) for two hours and washed with PBS-Tween 0.05%.
Patients’ sera were preincubated for 30 minutes with cell culture medium containing
saturating amounts of different recombinant proteins (PLA2R1, CysR-FnlI-CTLDI,
CysR, CTLDI, CTLDS, CTLD7, CysR+CTLD2-8, CTLD1+CTLD2-8, or mock as a
negative control), then added to the wells containing full PLA2R1 antigen and
incubated for two hours. Preliminary dose-response experiments were performed to
determine the appropriate patients’ serum dilutions as well as the volumes of cell

culture medium sufficient to ensure full competition for each recombinant protein (data



not shown). The plates were then washed, incubated with secondary antibody and
revealed as described above. Results of competition assays are expressed as the
percentage of maximal signal measured in the absence of competitor, taking into

account the non-specific signal for individual patient.

Patients were classified as immunodominant for CysR (iCR) when competition with
CysR-FnlI-CTLD1 was higher than 65% while competition with CTLDI1 was lower
than 20%. Patients were classified as immunodominant for CTLD1 (iCl) when
competition with Cys-Fnll-CTLD1 was higher than 65% while competition with
CTLDI1 was higher than 20%. Patients were classified as non-immunodominant (non-
iDom) when competition with CysR-Fnll-CTLD1 was lower than 65% while
competition with any individual domain was too low to determine any specific
immunodominance, meaning that no specific domain was driving the signal of the
humoral autoimmune response. For 17 of 142 patients, serum was not available to
perform competition assays. Among them, 11 were positive only for the CysR domain,
and assigned as iCR. The last 6 patients were positive for CysR and other epitope-
containing domains, and no immunodominant profile could be assigned. These 6

patients were excluded from further immunodominance analyses.

Statistical analysis — Patients characteristics are presented as frequencies and
percentages for qualitative variables, and medians and interquartile ranges for
continuous variables. Wilcoxon-Mann-Whitney or Kruskal-Wallis rank test were used
to assess the relationship between continuous and qualitative variables; Pearson Chi-
Squared or Fisher Exact test for qualitative variables and Spearman rank correlation for
continuous variables. Unadjusted and adjusted analyses were performed using logistic
regression. Selection of variables for multivariate analysis was based on a threshold at
0.20. As age, gender and serum creatinine, were linked, we choose to used eGFR in
multivariate analysis. Treatment and multivariate analysis was also adjusted on
proteinuria, anti-PLA2R1 titer according to median level and treatment. Two variables
were built combining treatment and anti-PLA2RI1 titer according to median level or
immunodominance, respectively, and were used in a second model to assess the
interaction with treatment. Data are expressed among the population with no missing
value for eGFR, proteinuria, treatment, anti-PLA2RI1 titer and immunodominance.
Hosmer and Lemeshow test was used to assess goodness of fit. All tests were two-sided
and p-values < 0.05 indicated statistical significance. Analyses were performed using
SAS v.9.3 software (SAS Institute, Cary, USA) or GraphPad Prism 7 Software (San
Diego, USA).



RESULTS

Anti-PLA2R1 autoantibodies can target up to 5 independent epitope-containing

domains spreading all over the extracellular region of PLA2R1

CysR and CTLD1 are two N-terminal independent epitope-containing domains —
We first clarified the controversy between overlapping (8) versus independent epitopes
(10) within the N-terminal CysR-FnlI-CTLD1 region by building up on the approach
based on site-directed mutagenesis coupled to serial insertion of thrombin cleavage sites
between domains, as originally described by Kao and coworkers (8). Importantly, we
noticed that in their original 1-2T construct (construct C in Figure 1A), the thrombin
cleavage site was inserted within the first disulfide bond of CTLD1 and not in the small
linker region between Fnll and CTLDI1 (8). In total, we produced seven soluble
constructs expressing CysR-FnlI-CTLD1 recombinant proteins with N-terminal
6xHis/3xFlag and C-terminal HA tags, and harboring either no protease cleavage site
(construct A, used as a control) or different protease cleavage sites (constructs B-G)
between PLA2R1 domains. We then cleaved the recombinant proteins by proteases and
tested the WB reactivity of sera from MN patients with different epitope profiles
determined by indirect ELISA (Figure S1). The detailed production, expression and
analysis of patients' serum reactivity towards the different constructs before and after
protease cleavage are shown as supplementary materials (Figures S2 to S5). Figure 1
presents a summary of the key findings. Construct B harbors a thrombin cleavage site
between CysR and Fnll and provided straightforward results (Figure 1). It clearly shows
that patients' sera react with independent epitopes on the thrombin-cleaved fragments
CysR and FnII-CTLD1 domains (Figure 1B), a finding in contrast with previous data
suggesting an overlapping epitope (8). We next produced construct C (Figure 1A) as
described (8). In our hands, construct C was hardly expressed in HEK293 cells, likely
because of insertion of the thrombin cleavage between the CTLD1 disulfide bond,
which may produce a structural clash. Expression was rescued by growing cells at 30°C
and thrombin cleavage was effective when western blot detection with both tags were
performed under reducing conditions (see supplementary data). However, western blot
analysis under non-reducing conditions showed no apparent cleavage, in fact because
the two PLA2R1 fragments are maintained in a covalent manner by the CTLDI
disulfide bond, despite actual cleavage of the amino acid peptide bond by thrombin. As
a result, serum from different MN patients could only react with the triple domain

instead of any cleaved fragments (Figure 1C), a finding which could have been



interpreted as an overlapping epitope between the different domains (8). To demonstrate
that patients could recognize cleaved fragments from constructs similar to C but with
the protease cleavage site inserted between Fnll and CTLD1 domains, we prepared
several other constructs (see supplementary data) and end up with construct G where a
thrombin cleavage site was inserted within an extended linker region between Fnll and
CTLDI1 (Figure 1A). Construct G could be only partially cleaved by thrombin, but this
was sufficient to demonstrate that patients' sera had reactivity to either CysR-Fnll or
CTLD1 or both cleaved domains (Figure 1D).

Collectively, the above results suggest the presence of distinct epitopes in the CysR and
CTLDI domains without evidence of overlapping epitopes. To ascertain this finding
and further demonstrate that CysR and CTLDI1 contain independent epitopes in the
context of a full-size molecule such as PLA2R1, we prepared two MRC2-PLA2R1
membrane-bound chimeras where the CysR and CTLD1 domains of PLA2RI1 are
respectively introduced into the MRC2 backbone in place of the corresponding domains
(Figure 2A). Of note, MRC2 is the closest paralog of PLA2R1 and has the same overall
structural organization, but is not reactive with MN patients, positive or not for PLA2R1
(38). We validated the expression of chimeras versus wild-type paralogs (Figure 2B)
and tested the reactivity of eight different MN patients (Figure 2C). Both ELISA and
WB data confirmed that patients could independently recognize CysR and/or CTLD1
domains (Figure 2C), in good accordance with their epitope profile (Figure S1). Of
note, the Fnll domain was investigated as a possible independent epitope-containing
domain after expression as a single domain and was found to be not reactive to all MN

sera tested (see below).

CTLDS, CTLD7 and CTLDS are three C-terminal independent epitope-containing
domains — To investigate whether the remaining large C-terminal region of PLA2R1
(CTLD2 to CTLDS8) contains epitope-containing domains beyond the known CTLD7
domain (10), we produced various PLA2R1 recombinant proteins spanning the CTLD2-
CTLDS region (Figure S6A) validated their expression by WB (Figure S6B) and tested
the reactivity of a subset of 28 MN patients by ELISA. Figure S6C shows representative
data for four patients having different reactivities to CTLD7 but also other CTLDs.

We first confirmed reactivity to CTLD7 as a single domain. Ten of the 28 patients
(35.7%) were positive for CTLD7. In previous studies, CTLD6-7 appeared to be more
reactive than CTLD7, especially by western blot analysis (10). This would suggest
assisted folding of the CTLD7 conformational epitope by CTLD6 or the presence of



additional epitopes in CTLD6. We thus verified that CTLD7 but not CTLD6 was
reactive as an independent epitope-containing domain when expressed as soluble
chimeras between PLA2R1 and MRC2. The C6M-C7P chimera containing the PLA2R1
CTLD7 domain was clearly reactive while the C6P-C7M chimera containing the
PLA2R1 CTLD6 domain was not reactive, indicating reactivity restricted to CTLD7
(Figure S6C).

Interestingly, among the 28 patients, we found additional reactivities to CTLD2-6 for
seven patients (25%) and to CTLDS for two patients (7.1%), suggesting other epitopes
(Figure S6C). To further investigate the reactivity within the CTLD2-6 region and
confirm CTLDS as an independent epitope-containing domain, we produced a series of
single domains from CTLD2 to CTLDS as well as A7, the longer membrane-bound
form of CTLDS (Figures 3A and 3B). Among the four above representative patients, the
three reacting to CTLD2-6 also recognize CTLDS but none of the other single domains
within this region (Figure 3C). To confirm these results by another technique, we tested
the reactivity of patients against the same recombinant proteins by WB. CTLD2-8, but
not CTLD2-6 and CTLD3-5 was reactive (Figure 3C), despite efficient transfer of all
three proteins under non-reducing conditions (Figure 3B). When expressed as single
domains, CTLD3, CTLDS5 and A7 but not CTLD2, CTLD4, CTLD6, CTLD7 and
CTLDS8 were efficiently transferred under non-reducing conditions but none of these
domains was recognized by patients (Figures 3B and 3C). WB conditions with better
transfer and lower serum dilution showed reactivity to CTLD8 but not CTLDS (Figure
S7A). Together, the above data suggest that patients' sera 1) are reactive to CTLD2-8 by
WB because of reactivity to CTLD7 and/or CTLDS8 but not CTLDS5 (with CTLD2-8
allowing efficient transfer of CTLD7 and CTLDS) and 2) are not reactive to CTLDS by
WB when presented either as a single domain or as CTLD2-6 and CTLD3-5 larger
fragments (with all three proteins transferring efficiently). This indicates that CTLDS i1s
reactive only in its native conformation, i.e. in ELISA but not WB. Interestingly, we
found that the CTLDS reactivity by ELISA was more sensitive to temperature and DTT
than the other CTLDs or the CysR domain (see supplementary results and Figures S8
and S9). Further analysis by immunoprecipitation (Figure S7B) and dot-blot (Figure
S7C) confirmed the reactivity of patients to CTLDS and CTLDS, identifying them as
two novel independent epitope-containing domains. Conversely, neither CTLD2,
CTLD3, CTLD4 nor CTLD6 were recognized by patients by ELISA or

immunoprecipitation (data not shown).
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Prevalence, immunodominance and relationship with anti-PLA2R1 titer

Collectively, the above findings indicate that the autoimmune response against PLA2R1
is polyclonal and leads to the presence of multiple circulating anti-PLA2RI
autoantibodies targeting up to five distinct PLA2R1 domains that spread the entire
extracellular region from the N-terminal to the C-terminal ends. Interestingly, all
epitopes were found to be conformational (4, 9, 10), including the novel epitopes
present in CTLDS and CTLDS8 (not shown). The next question we wanted to address
was the prevalence and immunodominance properties of the five epitope-containing

domains relative to the anti-PLA2R1 titer as measured with the commercial ELISA.

CysR and CTLDS are the most prevalent epitope-containing domains — To
determine which epitope-containing domains are most prevalent, we screened a cohort
of 142 PLA2RI1-positive MN patients against the 10 single PLA2R1 domains by
ELISA. As expected, the five epitope-containing domains were recognized with
different prevalence (Figure 4A). None of the other single domains, namely Fnll,
CTLD2, CTLD3, CTLD4 and CTLD6 were recognized. CysR was recognized by all
patients (Figure 4A), thereby appearing as the most prevalent epitope-containing
domain. Interestingly, CTLDS5 was the second most prevalent domain with 65.5%
reactivity followed by CTLD1 (46.5%), CTLD7 (36.6%) and CTLD8 (3.5%)
(Figure 4A). Based on the combined prevalence, patients could be stratified into

different epitope profiles, with CRCS being the most abundant (Figure 4B).

Epitope positivity increases with anti-PLLA2R1 titer — To analyze the relationship
between epitope positivity and anti-PLA2R1 titer, we ranked patients by titer as
measured with the commercial ELISA and plotted the positivity for each epitope-
containing domain (Figure 5A). While all patients were positive for CysR, CTLDS-
positive patients were equally distributed over the full range of anti-PLA2R1 titer. In
contrast, CTLD1-positive patients were more present at high titers, even though some
are present in the low tertile. CTLD7-positive patients were also more abundant in the
second and third tertiles of anti-PLA2R]1 titer, and the rare CTLD8-positive patients
were only found at medium to high titers. Overall, anti-PLA2RI titer increases as the
number of positive epitope-containing domains also increases (Figure S10). Finally,
when we ranked patients by epitope prevalence and the complexity of their epitope
profile while considering positivity or not for CTLD1, we observed a relationship
between the complexity of epitope profile and the increase in anti-PLA2RI titer (Figure
5B).
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CysR and CTLD1 are the immunodominant epitope-containing domains — Beyond
prevalence, we aimed to determine which PLA2R1 domains contain the major
immunodominant epitopes that would contribute to most of the signal measured by
ELISA on the full PLA2R1 antigen. Towards this aim, we developed competition
ELISA assays between full PLA2R1 (complete extracellular region) as target antigen
and various PLA2R1 recombinant proteins as competitors (PLA2R1, CysR-Fnll-
CTLDI1, CysR, CTLDI1, CTLDS, CTLD7, mix of CysR and CTLD2-8, and mix of
CTLDI1 and CTLD2-8). In these experiments, all patients’ sera were preincubated with
an excess of competitor and then tested against full PLA2R1 antigen to measure the
remaining anti-PLA2R1 reactivity. As expected, competition with homologous
PLA2R1 was total for all patients’ sera, validating our assay conditions (Figure S11).
For the majority of patients, the N-terminal CysR-FnlI-CTLDI1 triple domain could
inhibit from 65 to 100% of the PLA2R1 signal, indicating that the autoimmune response
is mostly driven by autoantibodies targeting CysR and/or CTLDI1 epitope-containing
domains (Figure S11). Further competition with CysR or CTLD1 as single domains
(Figure S11) as well as with CysR or CTLD1 mixed with CTLD2-8 (Figure S12)
demonstrated that both CysR and CTLDI1 are major contributors of anti-PLA2RI1
reactivity. In contrast, the C-terminal CTLDS5 and CTLD7 epitope-containing domains
appeared as minor contributors for most patients (Figure S11). We did not perform
competition assays for CTLDS8 because of its low prevalence and likely minor
contribution, as inferred from competition data measured with single CTLDS and
CTLD7 domains mixed or not with the CTLD2-8 region (Figure S12).

The above experiments indicate that patients' sera exhibit different patterns of
circulating autoantibodies based on epitope positivity and competition profiles, with
CysR and CTLDI1 containing the immunodominant epitopes and driving the humoral
autoimmune response for most patients. Taking into account both competition assays
and epitope prevalence, we stratified patients into three groups: immunodominant CysR
(1CR, where the PLA2RI1 signal is mostly driven by reactivity to CysR),
immunodominant CTLDI1 (iC1, where the PLA2R1 signal is mostly driven by reactivity
to CTLDI over CysR or both domains) and non-immunodominant (non-iDom, where
the PLA2R1 signal is spread over different domains without indication of
immunodominance for a single epitope domain). This is further defined in methods with
patients from each group illustrated in Figure 6A. Interestingly, patients having the
same epitope profile (for instance CRCIC5C7) can belong to different

immunodominant groups (Figure 6A). As shown in Figure 6B, the majority of patients
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was iCR (55.1%) while a significant number was iC1 (36.0%), and a minority was non-
iDom (8.8%).

Anti-PLA2R]1 titer and immunodominance — As above, we ranked patients by anti-
PLA2R1 titer as measured by the commercial ELISA and displayed their
immunodominant profile (Figure 7A). We observed that iCR patients were more present
in the first and second tertiles of anti-PLA2R1 titer while iC1 patients were mostly in
the third tertile and non-iDom patients in the second tertile (Figure 7A). When
combining epitope and immunodominant profiles, we could rank non-iDom, iCR and
iC1 patients according to the increasing complexity of their epitope profiles, and
observed that the anti-PLA2RI titer increases as epitope positivity develops towards the
C-terminal region of PLA2R1 up to CTLD7 and CTLDS, for both types of
immunodominance (Figure 7B). Interestingly, the few non-iDom patients had relatively
low anti-PLA2R1 titer despite having complex epitope profiles up to CTLD7, and could
be best positioned between the iCR and iC1 groups (Figure 7B). This supports the view
that the highest anti-PLA2R1 titers (third tertile) can only be observed when CysR
and/or CTLD1 act as immunodominant epitope-containing domains and drive most of
the anti-PLA2R1 signal.

Correlation between anti-PLLA2R1 titers for full PLA2R1 and immunodominant
epitope-containing domains — Since CysR and CTLDI1 were identified as the
immunodominant epitope-containing domains, we measured anti-PLA2R1 titers for
these latter domains versus full PLA2R1 antigen for all patients (detection of anti-
PLA2RI1 IgG4), and analyzed the correlations with anti-PLA2RI1 titer measured with
the commercial ELISA assay (detection of anti-PLA2RI1 total IgG). Highly positive
correlations were observed between anti-PLA2R]1 titers measured for full PLA2R1 with
total IgG versus IgG4 when analyzing the cohort as a whole (r=0.89) or after
stratification into iCR or iC1 patients (r=0.85 and r=0.86, respectively) (Figure 8A).
Highly positive correlations were also observed between full anti-PLA2RI titer (total
IgG) and anti-CysR titers for the whole population as well as iCR and iC1 patients
(r=0.82, r=0.81 and r= 0.90, respectively, Figure 8B). However, the correlation between
full anti-PLA2RI1 titer and anti-CTLD1 titer was higher for iC1 patients (r=0.80) than
for the full cohort or iCR patients (r=0.58 and r=0.50, respectively, Figure 8C). Similar
observations were made for correlations between full anti-PLA2R]1 titer with detection
of IgG4 antibodies and anti-CysR or anti-CTLD1 titers (Figure S13). Interestingly, non-
iDom patients had anti-PLA2R1 titers for full PLA2R1, CysR and CTLD1 scattered in a

relatively narrow range, with low to medium values. As observed for anti-PLA2R]1 titer,
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the anti-CysR and anti-CTLDI titers increased as the number of positive epitope-
containing domains increased (Figure S14). Finally, we also analyzed the anti-PLA2R1,
anti-CysR and anti-CTLD1 titers for the different immunodominant groups. Overall,
median titers for the iCR and non-iDom groups were similar and lower than those for
iC1 patients, suggesting an additional immunodominant effect of CTLDI1 over CysR

immunodominance (Figure S15).

Clinical association with immunodominance, epitopes and anti-PLA2R1 titer

Having in hands the various patterns of anti-PLA2R]1 circulating autoantibodies for 142

MN patients, we analyzed their association with clinical presentation and outcome.

Clinical presentation and outcome by immunodominance — We first compared the
clinical characteristics at baseline and clinical outcome after first-line therapy according
to the stratification of patients into the iCR, iCl and non-iDom groups (Table 1).
Patients did not present any differences in age, gender or clinical parameters, except for
proteinuria which was lower in iCR than in iC1 patients (5.3 vs 6.8 g/day, p=0.02). The
majority of 1CR and non-iDom patients reached remission (64.0 and 75.0%,
respectively) whereas the opposite was observed for iC1 patients, with the majority
remaining in active disease or progressing to ESRD (59.2%) (Table 1 and Table S1).
iCR and iC1 patients did not differ for treatment with immunosuppressors (IS) or
conservative therapy (NIAT) (Table S1). iC1 patients had a higher anti-PLA2RI titer at
baseline (178.0 RU/mL) compared to iCR and non-iDom patients (56.5 RU/mL and
59.7 RU/mL, respectively) (Table 1 and Figure S15). Positivity towards the various
epitope-containing domains and spreading to CTLD1 and/or CTLD7 domains (10, 21,
26) was more frequent in iC1 than iCR patients (Table 1).

Exploration of associations between baseline characteristics and clinical
outcome — We analyzed the baseline clinical parameters and anti-PLA2R1 features
that may differ between patients entering or not into remission. Patients reaching
remission were younger, had a better renal function and lower proteinuria at
presentation (Table 2). In agreement with previous studies, patients reaching
spontaneous or IS-induced remission had a lower anti-PLA2RI1 titer at baseline (16-18,
22, 23), differed in epitope positivity and were less spread on CTLD1 and/or CTLD7

epitope-containing domains (10, 21, 26). As for immunodominance, patients reaching
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remission were more often iCR or non-iDom than iCl, suggesting that

immunodominance may be a novel predicting factor of clinical outcome (Table 2).

Anti-PLA2R1 titer predicts clinical outcome in adjusted analysis — Several
previous studies have shown that anti-PLA2RI titer predicts clinical outcome (16-18,
21-23). Thus, before testing immunodominance as a novel predictive factor, we
validated that this could be observed in our cohort when considering the same
population of 135 patients for which we had all the relevant data. In unadjusted
analysis, anti-PLA2R1 titer was associated with clinical outcome when comparing
patients with anti-PLA2R]1 titer below and above the median (64.8 RU/mL, Table 3).
Patients with a titer above the median had worse clinical outcome (OR=0.237 [0.114-
0.492], p=0.0001, Table 3). In adjusted analysis, patients with titers above 64.8 RU/mL
had a 4-fold lower chance to reach remission, independently from baseline eGFR and
proteinuria levels as well as treatment (NIAT versus IS) (Table 3, model 1).
Considering the combination of anti-PLA2R]1 titer and treatment, we observed that, as
compared to NIAT-treated patients with an anti-PLA2R1 titer below 64.8 RU/mL,
patients who received the same conservative therapy but had anti-PLA2R1 titer above
64.8 RU/mL had a 5-fold lower chance to reach remission, independently from eGFR
and proteinuria (Table 3, model 2). Similarly, IS-treated patients with an anti-PLA2R1
titer below 64.8 RU/mL had a 3-fold higher chance to reach remission as compared to
IS-treated patients with an anti-PLA2RI1 titer above 64.8 RU/mL (OR=3.149 [1.142-
8.686], p=0.03, Table S2, model 2).

Immunodominance predicts clinical outcome in a multivariable model — We then
tested whether the type of immunodominance can also predict clinical outcome. Since
non-iDom patients had clinical and immunological characteristics more similar to iCR
than iC1 patients (Tables 1 and 2) and similar chance of remission (data not shown), we
compared immunodominance between iCR/non-iDom patients combined as a single
group versus iC1 patients (Table 3). In unadjusted analysis, immunodominance was
associated with clinical outcome (Table 3). In adjusted analysis, 1C1 patients had about
3-fold lower chance to reach remission than iCR/non-iDom patients, independently
from baseline eGFR and proteinuria levels as well as treatment (NIAT vs IS) (Table 3,
model 3). When combining immunodominance and treatment, iCR/non-iDom patients
treated with immunosuppressors had about 3-fold more chance to reach remission than
NIAT-treated patients (Table 3, model 4). Furthermore, iCR/non-iDom patients treated

with immunosuppressors had 4.5-fold more chance to enter into remission than iCl
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patients also treated with immunosuppressors (OR=4.467 [1.605-12.432], p=0.004,
Table S2, model 4). Of note, the same observations were made when iCR and non-
iDom patients were considered as separate groups, yet with lower to barely significant
p-values (Tables S3).

Immunodominance may help to refine the likelihood of response to rituximab —
Since rituximab was the main immunosuppressor given to patients in our cohort (Table
S1), we performed a sensitivity analysis excluding patients treated with
immunosuppressors other than rituximab (i.e 20 patients among 142). Results were
quite similar. On one hand, among iCR/non-iDom patients, those treated with rituximab
had 4.5-fold higher chance to reach remission than NIAT-treated patients (OR=4.615
[1.486-14.329], data not shown). On the other hand, among patients treated with
rituximab, iCR/non-iDom patients had 6-fold higher chance to reach remission than iC1
patients, suggesting that iC1 patients are more resistant to treatment (OR=5.998 [1.771-
20.311], data not shown).

Together, this suggests that iCR/non-iDom patients have a higher chance to respond to
rituximab than iC1 patients, but this might be associated with their lower anti-PLA2R1
titer. Indeed, it is known that the response to rituximab decreases in patients with very
high anti-PLA2R1 titer, above a certain cut-off value which is not clearly defined (21-
24, 27, 32, 34, 39). Considering the above observation and the recent proposal for a
serology-based approach of MN with 204 RU/mL as a possible upper cut-off value (14),
we selected patients with baseline anti-PLA2RI1 titers below 200 RU/mL, who may
need rituximab therapy and may have a better chance of response, and we analyzed
whether immunodominance might help to refine the likelihood of response to rituximab
in this population (Table 4). Within this range of anti-PLA2R]1 titer, 51.2% of patients
were treated with rituximab while others (48.9%) were NIAT-treated., iCR/non-iDom
and iC1 patients presented differences in proteinuria, but not other clinical
characteristics, including anti-PLA2R]1 titer (Table 4). iC1 patients had an overall worse
clinical outcome, and among those treated with rituximab, a majority did not respond to
treatment while more iCR patients responded and reached remission (61.5% in no
remission for the iC1 group versus 89.7% in remission for the iCR/non-iDom group,
p=0.001). Despite the limited number of patients, we analyzed for comparison the
clinical outcome of patients with an anti-PLA2R1 titer above 200 RU/mL (Table S4).
As expected from previous studies (14, 23, 24), the majority of these patients had poor
clinical outcome (Table S4). In contrast to patients below 200 RU/mL, besides age, no

differences in clinical characteristics, anti-PLA2R1 titer and clinical outcome were
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observed between iCR/non-iDom and iC1 patients. Finally, we analyzed the clinical
outcome of patients with titers below 50 RU/mL, because these patients may have a
higher chance for spontaneous remission and may not need rituximab treatment (14, 16,
17) (Table S5). As expected in this subgroup, the majority of patients were NIAT-
treated. Albuminemia and proteinuria appeared higher in iC1 patients, but no difference

in clinical outcome was observed between iCR/non-iDom and iC1 patients (Table S5).

In summary, the combined evaluation of anti-PLA2R1 titer and immunodominance

profile may help to better predict the clinical response to rituximab treatment.
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DISCUSSION

The present study had two major objectives: 1) To provide a comprehensive analysis of
the anti-PLA2R1 humoral response, focusing on the description of conformational
PLA2RI1 epitopes recognized by circulating autoantibodies from a large retrospective
cohort of 142 patients with PLA2R1-associated MN; and 2) To evaluate how the
specific characteristics of individual anti-PLA2R1 response observed among patients

may be translated to the clinics to predict clinical outcome and response to therapy.

Comprehensive analysis of the anti-PLA2R1 response: epitopes, prevalence,

immunodominance and relationship to anti-PLA2R]1 titer

In summary, our series of biochemical experiments provide new information about the
number of PLA2R1 epitope-containing domains, their prevalence and
immunodominance (Figure 9). Specifically, we now show that in PLA2R1-positive MN
patients: 1) Circulating anti-PLA2R1 autoantibodies can recognize up to 5 epitope-
containing domains, including CysR, CTLD1, CTLDS5, CTLD7 and CTLDS, indicating
that 50% of the PLA2R1 extracellular region is targeted by autoantibodies; i1) The
epitope prevalence decreases from the N-terminal to the C-terminal epitope-containing
domains; 1ii1) The N-terminal CysR and CTLD1 domains harbor the major
immunodominant epitopes which contribute to most of the anti-PLA2R]1 titer measured
by the commercial ELISA; and iv) The C-terminal domains CTLDS, CTLD7 and
CTLD8 harbor non-immunodominant epitopes which collectively have a minor
contribution to the anti-PLA2R]1 titer measured by the commercial ELISA. Together,
the overall humoral autoimmune response appears to be mostly driven by the N-
terminal CysR and/or CTLDI domains functioning as two key immunodominant
epitope-containing domains while the distal spreading to the C-terminal other domains

contributes little to the full titer.

Our work first clearly shows that the five PLA2R1 domains containing independent
epitopes are not equivalent in terms of immunological reactivity. Among them, the N-
terminal CysR domain plays a central role and is undoubtedly the major
immunodominant epitope-containing domain, based on both its highest prevalence
(100%) and its highest contribution to the anti-PLA2R1 signal as measured by
competition ELISA (up to 100%). This is in line with previous findings from Fresquet

et al. (9). Interestingly, while all patients were positive for CysR, not all of them were
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iICR, and can be iCl or non-iDom. Of note, iCR patients were quite uniformly

distributed among the three tertiles of anti-PLA2RI titer.

We next clearly identified the N-terminal CTLD1 domain as a second immunodominant
epitope-containing domain with specific features. Because previous studies led to
controversial conclusions about independent versus overlapping epitopes within the N-
terminal CysR-FnllI-CTLD1 region (8, 10), we re-investigated the site-directed
mutagenesis approach coupled to proteolysis initially developed by Kao and colleagues
(8) and demonstrated that CysR and CTLDI1 domains contain in fact independent
epitopes, while the Fnll domain does not harbor any. We confirmed these results in the
context of a full-size molecule by preparing new chimeras between PLA2RI1 and
MRC2. Our findings are also consistent with cryo-EM studies showing that CysR and
CTLDI1 are N-terminal neighboring domains but without physical interaction, arguing
for the absence of overlapping epitopes between these domains (9, 40). In contrast to
CysR, we observed that the prevalence for CTLD1 positivity was only 46.5%, with
positivity more often observed in the second and third tertiles of anti-PLA2R1 titer.
Also in contrast to CysR, we observed that iC1 patients were more often present in the
high tertile with an opposite trend for iCR. Together, this suggests a switch from iCR to

1C1 among patients as the anti-PLA2R]1 titer increases.

We next identified CTLDS as a new independent and predominant but not
immunodominant epitope-containing domain, with features clearly different from
CTLDI and CysR. First, CTLDS was the second most prevalent epitope-containing
domain with 65.5% positivity, irrespective of positivity for CTLD1 or other domains.
Accordingly, patients with a CRCS profile were most prevalent. Second, like CysR but
unlike CTLD1, CTLDS positivity was spread all over the three anti-PLA2R1 tertiles.
Third, in contrast to both CysR and CTLD1, CTLDS5 had a very minor contribution to
the anti-PLA2R]1 titer as measured by competition ELISA. Finally, CTLDS differs from
other epitope-containing domains by its particular reactivity to patients' autoantibodies.
CTLDS was detectable by techniques where the antigenic domain is presented in its
native conformation such as ELISA, immunoprecipitation and dot blot but not WB. Of

note, CTLDS reactivity was very sensitive to temperature and reducing agents.

We previously identified CTLD7 as an epitope-containing domain (10). Based on
expression of CTLD7 as a single domain or as a chimera with the CTLD6 domain of
MRC2, we confirmed that this C-terminal domain functions as a fourth independent
epitope-containing domain. Its prevalence and pattern of positivity was comparable to

CTLDI1, with positivity associated to high titer. However, in contrast to CTLDI, the
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contribution of CTLD7 to the anti-PLA2R]1 titer was modest, and positivity to CTLD7

was independent of positivity to CTLD1 or immunodominance for iCR versus iC1.

Last, we identified CTLDS8 as the most C-terminal but minor epitope-containing
domain. Like CTLD1 and CTLD?7, positivity for CTLD8 was associated with high titer,
and CTLDS likely contributes very little to anti-PLA2RI titer.

Together, our data show that the anti-PLA2R1 humoral response observed among
patients is in most cases polyclonal but variable, with the presence of multiple
autoantibodies differing in prevalence and immunodominance. Collectively, the
observed humoral autoimmune response may be reminiscent of a mechanism of epitope
spreading that may have started before overt disease, i.e. during the smoldering phase of
the disease, with progression over months or even years from the early onset of the
autoimmune response to the clinical signs of the disease; and that may still progress
during overt disease, with fluctuation of the autoimmune humoral response during
phases of relapse and remission. In this mechanism of epitope spreading, it is tempting
to speculate that the autoimmune response would have been initiated on the N-terminal
CysR domain and would have matured by epitope spreading up to the C-terminal
CTLDS8 domain, with CysR and CTLD1 becoming immunodominant domains and the
CTLDS, CTLD7 and CTLDS8 domains harboring only non-immunodominant epitopes.
As expected from this scenario and in line with data from patients' sera, the anti-
PLA2R]1 titer increases as the number of positive epitopes increases, and the highest
titers can only be observed when either CysR or CTLDI1 or both play their
immunodominant role and maximally drive the humoral autoimmune response (as
shown in figures 5 and 7). The non-iDom group of patients would correspond to the rare
cases where neither CysR nor CTLDI1 are immunodominant, explaining the relatively
lower anti-PLA2R]1 titers measured in those patients. This view is in agreement with
previous data showing that the anti-PLA2RI titer is mainly due to autoantibodies
targeting the CysR-CTLD1 (8) or the CysR-CTLD3 regions (9). Finally, although the
rise of the autoimmune response seems to occur as a continuum of sequential
immunoreactivities from CysR to other epitope-containing domains with CysR acting as
the major immunodominant domain our data suggest a switch of immunodominance
from CysR to CTLDI1 once this latter becomes positive, associated to a maximal
autoimmune reaction for epitope spreading and titer, and associated with worsening of
disease activity (see below). Whether the different single nucleotide polymorphisms
present in PLA2R1, especially those within the CysR and CTLD1 domains, play a role

in the initiation and/or progression of the autoimmune response towards the different
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paths of immunodominance with both PLA2R1 intradomain and interdomain epitope

spreading remain to be determined (41, 42).

Importantly, all patients had anti-CysR autoantibodies but only about half of them
(46.5%) had anti-CTLDI1 autoantibodies. Furthermore, 55.1% of all patients were iCR
and 36% were iC1. This implies an "imbalance" between the two groups and may be
important at the pathophysiological level. For the major group of iCR patients, the
autoimmune response is mostly driven by anti-CysR autoantibodies acting as a "single
class" of autoantibodies and targeting PLA2R1 at a single binding domain that is CysR.
In contrast, for iC1 patients, the autoimmune response is in fact driven by different
ratios of anti-CysR and anti-CTLDI1 autoantibodies, acting as a "dual class" of
autoantibodies and targeting PLA2R1 at two different binding domains, which might
lead to larger immune deposits, more podocyte injury and increased pathogenicity.
Interestingly, this hypothesis fits with pioneering studies from i) Allegri and colleagues
in the Heymann nephritis model of MN in rats showing that polyclonal but not
monoclonal antibodies against megalin produce larger electron-dense immune deposits
(43) and ii) Mentzel and colleagues showing that injection of two monoclonal
antibodies targeting different domains of aminopeptidase A has a synergistic effect on
pathogenicity as compared to injection with a single antibody in a mouse model of
glomerulonephritis (44). Finally, our overall scenario is simply in agreement with the
general mechanism of epitope spreading that occurs by nature for many immune or
autoimmune responses (45, 46). For instance, a mechanism of epitope spreading
associated to worsening of the disease has been clearly documented in previous studies
for megalin in the Heymann nephritis model (47) and for desmogleins in Pemphigus
vulgaris (48, 49). However, our model remains speculative and should be confirmed by
additional experimental evidence, including not only the development of bona fide in
vivo animal models, but also further analysis in MN patients, for instance by testing
patients' sera obtained during the smoldering phase of the disease, as recently
documented by Joshi and colleagues (50). We also need cohorts of patients with follow-
up sera to longitudinally analyze the fluctuations or "waves" of the humoral
autoimmune response for both epitope and immunodominance profiles during overt

disease.
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Clinical relevance of anti-PLA2R1 autoantibodies: from titer to

immunodominance

As stated above, multiple studies have demonstrated the clinical value of measuring
anti-PLA2R1 titer to better predict clinical outcome, with low titer associated with a
higher chance to reach remission, either spontaneous or after immunosuppressive
treatment, and high titer associated with an increased risk of progression to severe
disease and ESRD, as well as resistance to treatment (16-20, 22-24, 27, 34). Our
previous studies with epitope profiling of patients towards a single (CysR) or multiple
(CysR and CTLDI1 and/or CTLD7) epitope-containing domains (reminiscent of a
mechanism of epitope spreading, as explained above) may also help to better predict
clinical outcome and guide efficient therapy (10, 21, 26). In this study, we established a
retrospective but well-characterized cohort of patients with PLA2R1-associated MN and
tested side-by-side whether anti-PLA2R1 titer, epitope profiling and immunodominance
can be used as predictors of clinical outcome. Search for predictors of outcome showed
that anti-PLA2RI titer, epitope profiling such as spreading to CTLD1 and/or CTLD7
and immunodominance are all associated to clinical outcome (Table 2). We next
validated that anti-PLA2R1 titer can predict clinical outcome in two multivariable
models adjusted for clinical characteristics and when testing the interaction with
treatment. Similar multivariable models considering immunodominance as two groups
(1ICR/non-iDom and 1C1) or three separate groups also showed that immunodominance
can predict clinical outcome. Moreover, in a multivariable model testing the specific
interaction between immunodominance and rituximab treatment, we observed that

treatment was less effective in iC1 than iCR/non-iDom patients.

Since 1) the above observation could be related to the higher anti-PLA2R]1 titer observed
in iC1 patients and ii) patients become more resistant to rituximab therapy when they
have high anti-PLA2R1 titer, for instance above 200 RU/mL as observed in recent
studies (23, 24), we compared the clinical outcome of patients treated with rituximab
and with an anti-PLA2R1 titer below or above 200 RU/mL according to their
immunodominant profile. Below 200 RU/mL, we observed that clinical remission in
iCR/non-iDom patients was higher than in iC1 patients, either when considering overall
outcome or the one after rituximab treatment. In contrast, when analyzing patients with
titers above 200 RU/mL, clinical outcome was not different between the two
immunodominant groups. This suggests that under a certain cut-off for anti-PLA2R1
titer, immunodominance may be clinically useful to guide therapy and identify patients

as responders versus non-responders to rituximab. For patients with very high anti-
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PLA2R1 titer, rituximab treatment might be less effective and independent of the type
of immunodominance, requiring higher doses of rituximab, or alternative or combined
therapies (14, 26, 32, 34).

Our above clinical findings have limitations. First, our data are based on a retrospective
cohort with low numbers of patients when divided in groups and subgroups, and the
impact of immunodominance profiling combined with anti-PLA2R]1 titer should be
validated in larger prospective cohorts or randomized clinical trials. Furthermore,
patients were treated with different doses of rituximab, with about two thirds of them
treated with the original protocol (23, 24) and the other third with higher doses (26).
Finally, it remains to be determined whether immunodominance (and epitope spreading)
might be of additive value to anti-PLA2R1 titer to predict clinical outcome for
immunosuppressive treatments such as cyclophosphamide that appears to induce a

faster disappearance of anti-PLA2R1 antibodies than rituximab (32).

In summary, our findings not only contribute to a better understanding of the different
phases in the development of the PLA2R1 autoimmune response but also highlight the
type of immunodominance as a potential new biomarker for PLA2R1-associated MN.
We have shown that circulating anti-PLA2R1 autoantibodies can target up to five
distinct PLA2R1 domains but those targeting CysR and CTLDI1 constitute the main
driving force of the autoimmune response and are also those mainly measured by the
commercial anti-PLA2R1 ELISA, irrespective of immunodominance and further
spreading to distal epitope domains. Consequently, we highlight the notion of two main
"classes" of immunodominant autoantibodies targeting either CysR or CTLD1 or both,
and propose that these two classes of autoantibodies may play synergistic roles in the
pathogenesis of MN. Whether injection of the two classes of immunodominant
antibodies produce more pathogenicity than a single class should be performed in an
appropriate yet currently not available animal model of PLA2RI1-associated MN.
Whether the different types of immunodominance and the possible switch from iCR to
1Cl1 (immunodominant spreading?) are associated with genetics or environmental
factors and/or different etiologies remains to be determined. Future investigations
should also be conducted to identify the genuine epitopes present in each PLA2R1
epitope-containing domains and analyze the subclasses of anti-PLA2R1 IgGs with a
possible IgG subclass switch during follow-up. In this context, our initial definition of
"spreaders" and "non-spreaders" (21) should be redefined once we will have a more
complete mechanism of epitope spreading targeting PLA2R1, but our data already argue

that the autoimmune response to PLA2RI1 is not gambling, as previously stated (51).
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Finally, even though additional studies are required to validate our clinical conclusions,
we believe that immunodominance can be a new biomarker per se and also when
combined with anti-PLA2R1 titer. In particular, stratifying patients according to
immunodominance can be useful to guide and optimize therapy with different regimens

of rituximab, and for a better likelihood of response to treatment.
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LEGEND TO FIGURES

Figure 1 — Sera from MN patients have independent reactivity to CysR and
CTLD1 after cleavage of the N-terminal CysR-FnlI-CTLD1 triple domain by
thrombin. (A) Schematic diagram of soluble constructs for the CysR-Fnll-CTLD1
triple domain with a thrombin (Thr) cleavage site inserted at different positions:
between CysR and Fnll (construct B), within the first disulfide bridge in CTLDI1
(construct C) or in the extended linker region between Fnll and CTLD1 (construct G).
All constructs were N-terminally 6xHis- and 3xFlag-tagged and C-terminally HA-
tagged. The expected mass is calculated without the contribution of glycosylation.
Expression level in HEK293 cells and cleavage efficiency is indicated. (B) Western
blots showing the reactivity of seven MN patients to construct B before and after
cleavage with thrombin under non-reducing conditions. Data demonstrate that CysR and
CTLDI1 can be independently detected after cleavage. (C) Western blots showing the
reactivity of eight MN patients to construct C before and after cleavage with thrombin
under non-reducing conditions. Data suggest the absence of cleavage by thrombin and
show patients' sera reactivity only to the triple domain before and after cleavage.
However, cleavage was done (refer to figure S3) and fragments containing either CysR
or CTLD1 domains were maintained by the disulfide bridge within CTLDI1. (D)
Western blots showing the reactivity of five MN patients to construct G before and after
cleavage with thrombin under non-reducing conditions. Data show that CysR and
CTLDI can be independently detected after thrombin cleavage (even though the

cleavage is only partial).

Figure 2 — Sera from MN patients have independent reactivity to CysR and
CTLD1 when expressed as chimeras between PLA2R1 and MRC2. (A) Schematic
diagram of the two wild-type membrane-bound proteins (PLA2R1 and MRC2) and
chimeras (M2/P-CysR and M2/P-C1) where the CysR and CTLD1 domains of PLA2R1
are respectively introduced into the structural backbone of MRC2. All proteins are N-
terminally 6xHis- and 3xFlag-tagged and C-terminally HA-tagged, and were expressed
in HEK293 cells. The expected mass is calculated without the contribution of
glycosylation. (B) Expression of the four membrane-bound proteins was validated by
western blot under both reducing and non-reducing conditions using anti-HA antibody
(1:5,000). (C) Western blots under non-reducing conditions and ELISA with eight MN
patients show independent reactivity against CysR and CTLDI introduced as single
domain in the M2/P-CysR and M2/P-C1 chimeras.
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Figure 3 — CTLDS5 and CTLDS8 are two novel independent epitope-containing
domains recognized by PLA2R1-positive MN patients. (A) Schematic diagram of C-
terminally HA-tagged soluble and membrane-bound recombinant proteins spanning the
CTLD2-CTLDS region of PLA2R1. All proteins were expressed in HEK293 cells. The
expected mass is calculated without the contribution of glycosylation. (B) Western blot
under reducing conditions with anti-HA antibody (1:5,000) validate the expression of
all PLA2R1 recombinant proteins. However, the single domains C2, C4, C6, C7 and C8
were not detected by anti-HA antibody (1:5,000) under non-reducing conditions due to
poor transfer of the small likely hydrophilic proteins. (C) ELISA with four
representative MN patients (1:100) shows the recognition of CTLD5 and CTLDS as
single domains. In contrast, the same patients do not recognize CTLDS5 (C5) and
CTLDS8 single domains (C8, A7) by western blot because of denaturation of the
epitope(s) for C5 (see also Figure S8B) and weak reactivity for C8 (see also Figure
S7A).

Figure 4 — Prevalence and epitope profile in a cohort of 142 PLA2R1-positive MN
patients. (A) Screening of 142 PLA2R1-positive patients by ELISA (IgG4 detection)
with the 10 individual domains of PLA2R1 shows reactivity against 5 domains with
decreasing prevalence: CysR, CTLDS, CTLD1, CTLD7 and CTLDS. None of the five
remaining domains were recognized. (B) Patients’ reactivity to single domains can be
combined to provide different epitope profiles among which CRCS5, CRCI1C5C7,
CRCl1, CR, CRC5C7 and CRCICS are the most prevalent.

Figure 5 — Relationship between epitope positivity and anti-PLLA2R1 titer. (A)
Patients (n=142) were ranked by increasing anti-PLA2R1 titer (commercial ELISA,
total 1gG) and positivity to the different domains was superimposed to display the
different patterns. All patients were positive for CysR. In the first tertile, 29.8% of
patients were CTLD1, 53.2% CTLDS, 8.5% CTLD7 and 0% CTLDS. In the second
tertile, 35.4% of patients were CTLDI1, 75.0% CTLDS, 35.4% CTLD7 and 4.2%
CTLDS. In the third tertile, 74.5% of patients were CTLDI1, 68.1% CTLDS5, 66.0%
CTLD7 and 6.4% CTLDS. (B) Patients (n=142) were ranked according to the
complexity of their epitope profile from the CysR domain to the C-terminal end of
PLA2RI1 and positivity or not for CTLD1. The increased complexity of epitope profiles
appears to be associated with anti-PLA2R]1 titer.
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Figure 6 — CysR and CTLDI1 are two immunodominant PLLA2R1 domains and
define different groups of PLA2RI1-positive MN patients. (A) Representative
competition assays by ELISA (IgG4 detection) for three patients allowing classification
in three distinct groups: iCR, iCl and non-iDom (see methods for a complete
definition). Note that the chosen representative patients have the same epitope profile
CRCI1C5C7 but different immunodominant profiles. (B) Stratification of patients
(n=136) according to their immunodominant profile shows that the majority of them
(n=75, 55.1%) have CysR as immunodominant PLA2R1 domain (iCR) while a
significant number (n=49, 36.0%) have CTLD1 as immunodominant domain (iC1). A
small group of patients (n=12, 8.8%) are classified as non-iDom. The immunodominant
profile could not be assigned for 6 patients from the original cohort of 142 patients

because of lack of serum.

Figure 7 — Relationship between immunodominance and anti-PLA2R1 titer. (A)
Patients (n=136) were ranked by increasing anti-PLA2R1 titer (commercial ELISA,
total IgG detection) and their immunodominance was displayed. In the first tertile
66.7% of patients were iCR, 24.4% iC1 and 8.9% non-iDom. In the second tertile,
60.9% of patients were iCR, 21.7% iC1 and 17.4% non-iDom. In the third tertile, 37.8%
of patients were iCR, 62.2% were iC1 and 0% non-iDom. (B) Patients (n=136) were
ranked according to their immunodominant profile (iCR, non-iDom or iC1) combined
with the complexity of their epitope profile from the CysR domain to the C-terminal
region of PLA2RI. CR and Cl are indicated in bold when they become
immunodominant. The increased complexity of epitope profiles appears to be associated
with anti-PLA2RI1 titer for both iCR and iC1 groups. Note that patients from the non-
iDom group have relatively low titers, in line with the notion that high titers are
increased with immunodominance to CysR or CTLDI1. The star above titer indicates
positivity for CTLD7 and/or CTLDS.

Figure 8 — Correlation between anti-PLLA2R1 (commercial total IgG ELISA) and
anti-PLA2R1 titer (in-house IgG4 ELISA), anti-CysR or anti-CTLD1 titers (in-
house IgG4 ELISA) for PLA2R1-positive MN patients overall (n=141) or
according to immunodominance (n=135). (A) Correlations between anti-PLA2R1
titer measured by commercial ELISA (total IgG) and in-house ELISA (IgG4). (B and
C) Correlations between anti-PLA2RI titer measured by commercial ELISA (total 1gG)
and anti-CysR titer (B) or anti-CTLDI1 titer (C). Note the weaker correlations between
anti-PLA2R1 and anti-CTLDI titers for the whole population and iCR patients as

compared to 1C1 patients.
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Figure 9 — Schematic drawing of PLA2R1 showing the novel findings of the study:
serum from PLA2RI1-positive MN patients can recognize up to 5 epitope-
containing domains among which CysR and CTLD1 are immunodominant. Before
this study (left panel), PLA2R1-positive MN patients were known to contain circulating
autoantibodies targeting the CysR, CTLDI1 and/or CTLD7 domains. There were also
controversies about the independent reactivity of autoantibodies to CysR and CTLDI.
Finally, potential additional epitopes as well as epitope prevalence and
immunodominance as a driving-force of the autoimmune response were not well-
established. The present study (right panel) demonstrates that PLA2R1-positive MN
patients contain circulating autoantibodies that can recognize independently up to 5
epitope-containing domains (CysR, CTLD1, CTLDS, CTLD7 and CTLDS).
Competition assays show that CysR and/or CTLD1 function as the immunodominant
epitope-containing domains in the majority of patients, thereby being responsible for
most of the anti-PLA2R1 signal and the associated titer, suggesting their major role in

the humoral autoimmune response.
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Table 1 — Baseline characteristics, treatment and clinical outcome of PLA2R1-positive patients as a whole (overall) and according to immunodominant profile. Values are
present as n (%) or median [IQR]. eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Equation. NIAT, non- immunosuppressive

anti-proteinuric treatment; IS, immunosuppressive treatment; ESRD, end-stage renal disease.

Characteristics Dl R A 1L A non-iDogn p-value
(n=142) (n=75) (n=49) (n=12)
Age (years) 55.5 [41.0-64.0] 52.0 [41.0-64.0] 58.0 [41.5-64.0] 58.5 [37.0-71.0] 0.6789
Gender (M/F), n (%) 104 (73.2)/38 (26.8) 57 (76.0)/ 18(24.0) 35 (71.4)/14 (28.6) 8 (66.7)/4 (33.3) 0.7274
Clinical parameters
Serum albumin (g/L) ° 23.0 [19.0-28.0] 24.0 [20.0-29.2] 22.0[17.9-26.9] 25.0 [19.4-28.2] 0.4503
Serum creatinine (umol/L) 95.0 [80.0-119.0] 94.0 [80.0-113.0] 95.0 [81.0-122.5] 95.0 [69.5-124.5] 0.8233
Calculated eGFR (mL/min/1.73 m?) 72.5 [53.0-92.0] 76.0 [57.0-95.0] 66.0 [54.0-90.5] 71.0 [45.8-105.3] 0.4664
Proteinuria (g/day) © 6.3 [3.5-9.0] 5.3 [3.2-8.0] 6.8 [4.8-10.0] 6.0 [3.3-11.4] 0.0277
Treatment (n (%)) 0.2064
NIAT 61 (43.0) 37 (49.3) 19 (38.8) 3 (25.0)
IS 81 (57.0) 38 (50.7) 30 (61.2) 9 (75.0)
Clinical outcome (n (%)) 0.0158
Combined remission 82 (57.7) 48 (64.0) 20 (40.8) 9 (75.0)
NIAT-induced 31 (21.8) 20 (26.7) 8 (16.3) 2 (16.7)
IS-induced 51(35.9) 28 (37.3) 12 (24.5) 7 (58.3)
Active disease or ESRD 60 (42.3) 27 (36.0) 29 (59.2) 3 (25.0)
Anti-PLA2R1 autoantibodies
Anti-PLA2R1 titer (RU/mL)
Commercial ELISA (total IgG) 64.8 [27.0-210.3] 56.5[19.7-133.5] 178.0 [38.9-344 4] 59.7 [29.3-64.1] 0.0026
Homemade ELISA (IgG4) ° 70.9 [30.4-355.4] 50.5 [20.6-199.0] 346.8 [62.1-804.5] 57.5[36.1-72.7] <0.0001
Epitope titer (IgG4, RU/mL) ”
CysR 224.2 [122.0-873.5] 223.3 [133.7-902.0] 417.9 [149.4-1108.0] 159.5[98.1-325.8] 0.1591
CTLDI 5.1 [3.6-33.0] 3.8 [3.2-5.4] 36.2 [13.2-114.2] 4.1 [3.4-4.7] <0.0001
Spreading to CTLD1 and/or CTLD7 (n (%)) 86 (60.1) 26 (34.7) 49 (100.0) 9 (75.0) <0.0001
Epitope positivity (n (%)) <0.0001
CysR 142 (100.0) 75 (100.0) 49 (100.0) 12 (100.0)
CTLDI 66 (46.5) 13 (17.3) 49 (100.0) 2 (16.7) <0.0001
CTLD5 93 (65.5) 51 (68.0) 26 (53.1) 11 (91.7) 0.0289
CTLD7 52 (36.6) 22 (29.3) 20 (40.8) 9 (75.0) 0.0035
CTLDS (n(%)) © 5(@3.5) 34.0) 2 4.1) 0(0.0)
Number of epitopes (n(%)) <0.0001
1 19 (13.4) 19 (13.4) 0(0.0) 0 (0.0)
2 63 (44.4) 34 (45.3) 20 (40.8) 4 (33.3)
3 29 (20.4) 12 (16.0) 11 (22.4) 6 (50.0)
>3 31(21.8) 10 (13.2) 18 (36.7) 2 (16.7)

A For six patients, there was not enough serum available to determine their immunodominance. ° Serum albumin values were missing for 21 patients (8 iCR patients, 10 iC1 patients and 3 non-iDom patients).

€ Proteinuria value was missing for one iCR patient. ® Values for one iCR patient were missing due to lack of serum. * Due to its low frequency, the CTLDS distribution according to immunodominance was analyzed

separately from the other epitope-containing domains.



Table 2 — Exploration of baseline characteristics of PLA2R1-positive patients as possible predictors of clinical
outcome after first treatment. Values are presented as n(%) or median [IQR]. eGFR was calculated according to
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Equation. NIAT, non-immunosuppressive

anti-proteinuric treatment.

Characteristics Overall C.or.nbined No remission el
(n=142) remission (n=82) (n=60)

Age (years) 55.5[41.0-64.0] 52.0 [41.0-61.3] 58.5 [46.0-70.0] 0.0282
Gender (M/F), n(%) 104 (73.2)/38 (26.8) 60 (73.2)/22 (26.) 44 (73.3)/16 (26.7)  >0.9999
Clinical parameters
Serum albumin (g/L) * 23.0[19.0-28.0] 23.0[19.3-28.0] 23.0 [18.5-27.0] 0.7874
Serum creatinine (umol/L) 95.0 [80.0-119.0] 92.0[73.8-113.5] 102.0 [85.0-135.0] 0.0172
Calculated eGFR (mL/min/1.73m?) 72.5[53.0-92.0] 78.5[57.0-97.5] 65.5[39.3-88.8] 0.0359
Proteinuria (g/day) ® 6.3 [3.5-9.0] 5.5 [3.3-8.3] 6.8 [4.6-10.0] 0.0410
Treatment (n(%)) 0.1714
NIAT 61 (43.0) 31 (37.8) 30 (50.0)
Immunosuppressive 81 (57.0) 51 (62.2) 30 (50.0)

Rituximab 61 (43.0) 42 (51.2) 19 (31.7)

Ponticelli 10 (7.0) 5(6.1) 5(8.3)

Corticosteroids 9(6.3) 4(4.9) 5(8.3)

Immunoglobulin therapy 1(0.7) 0 (0.0) 1(1.7)
Anti-PLA2R1 autoantibodies
Anti-PLA2R1 titer (RU/mL)

Commercial ELISA (Total IgG) 64.8 [27.0-210.3] 39.7 [19.3-107.5] 152.1 [56.4-394.5] <0.0001

Homemade ELISA (IgG4) © 70.9 [30.4-355.4] 47.8[22.3-118.3]  257.7[54.7-840.2] <0.0001
Epitope titer (IgG4, RU/mL) ©

CysR 224.2 [122.0-873.5] 186.4[98.5-414.4] 652.8 [180.9-1335.0] 0.0001

CTLDI1 5.1 [3.6-33.0] 4.4[3.3-8.7] 21.7 [4.4-68.5] <0.0001
Spreading to CTLD1 and/or
C"TLm (ﬁ P 86 (60.6) 39 (47.6) 47 (78.3) 0.0002
Epitope positivity (n(%)) 0.0910

CysR 142 (100.0) 82 (100.0) 60 (100.0)

CTLD1 66 (46.5) 27 (32.9) 39 (65.0)

CTLDS 93 (65.5) 54 (65.9) 39 (65.0)

CTLD7 52 (36.6) 23 (28.0) 29 (48.3)

CTLDS8 5(@3.5) 2(24) 3(5.0)
Number of epitopes (n(%)) 0.0020

1 19 (13.4) 13 (15.9) 6 (10.0)

2 63 (44.4) 43 (52.4) 20 (33.3)

3 29 (20.4) 15 (18.3) 14 (23.3)

>3 31 (21.8) 11(13.4) 20 (33.3)
Immunodominance (n(%)) ° 0.0158

iCR 75 (52.8) 48 (58.5) 27 (45.0)

non-iDom 12 (8.5) 9(11.0) 3(5.0)

iCl 49 (34.5) 20 (24.4) 29 (48.3)

A Serum albumin values were missing for 21 patients (10 in remission and 11 not in remission). ® Proteinuria value was missing

for one patient in non-remission. ¢ Value for a patient in remission was missing due to lack of serum. ° Immunodominance was
not tested for 6 patients due to lack of serum (5 patients in remission and 1 in non-remission). For 11 more patients, no serum

was available to perform assays for immunodominance. A iCR profile was assumed since their epitope profile was only CysR.



Table 3 — Anti-PLA2R1 and immunodominance as prognostic factors of clinical remission (unadjusted and adjusted analyses).

Unadjusted Adjusted Model 1 Adjusted Model 2 Adjusted Model 3 Adjusted Model 4
Variable Odds Ratio Odds Ratio Odds Ratio Odds Ratio Odds Ratio
(95% Confidence (95% Confidence (95% Confidence (95% Confidence (95% Confidence
Interval) Interval) Interval) Interval) Interval)

Calculated eGFR (mL/min/1.73 m?)

Proteinuria (g/day)
Treatment
NIAT
Immunosuppressive (IS)
Anti-PLA2R1 median
(RU/mL, total IgG)
<64.8
> 64.8
Anti-PLA2R1 titer and treatment
combined
NIAT + anti-PLA2R1 < 64.8
NIAT + anti-PLA2R1 2 64.8
IS + anti-PLA2R1 < 64.8
IS + anti-PLA2R1 > 64.8
Immunodominance
iCR/non-iDom
iC1
Immunodominance and treatment
combined
NIAT + iCR/non-iDom
NIAT +iCl1
IS + iCR/non-iDom
IS +iC1

1.014 (1.002-1.027)
0.922 (0.846-1.005)

1
1.567 (0.787-3.120)

1
0.237 (0.114-0.492)

1
0.137 (0.043-0.435)
1.272 (0.421-3.841)
0.391 (0.147-1.042)

1
0.351 (0.170-0.724)

1
0.595 (0.197-1.794)
2.603 (1.037-6.535)
0.545 (0.209-1.425)

1.010 (0.997-1.024)
0.952 (0.866-1.047)

1
1.999 (0.921-4.340)

1
0.255 (0.117-0.558)

1.010 (0.996-1.023)
0.956 (0.868-1.052)

1
0.190 (0.056-0.639)
1.515 (0.482-4.763)
0.481 (0.171-1.354)

1.012 (1.000-1.026)
0.933 (0.852-1.021)

1
1.892 (0.895-4.001)

1
0.365 (0.171-0.781)

1.013 (1.000-1.026)
0.929 (0.848-1.018)

1
0.696 (0.224-2.168)
2.912 (1.114-7.613)
0.652 (0.238-1.783)

Number of observations analyzed: 135, 77 clinical remissions.

eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Equation. NIAT, non-immunosuppressive anti-proteinuric treatment; IS,

immunosuppressive treatment.



Table 4 — Baseline characteristics and clinical outcome of NIAT- or rituximab-treated patients according to their
immunodominance and with an anti-PLA2R1 titer equal or below 200 RU/mL. Values are present as n (%) or
median [IQR]. eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
Equation. NIAT, non-immunosuppressive anti-proteinuric treatment; ESRD, end-stage renal disease.

Overall

iCR/non-iDom

iC1

Characteristics (n=82) (n=59) (n=23) p-value
Age (years) 52.0 [41.0-61.3] 52.0 [40.0-62.0] 59.0 [41.0-61.0] 0.5096
Gender (M/F), n (%) 66 (80.5)/16 (19.5) 47 (79.7)/12 (20.3) 19 (82.6)/4 (17.4)  >0.9999
Clinical parameters
Serum albumin (g/L) * 23.0 [20.0-28.0] 24.0 [20.2-28.5] 21.3 [17.0-24.3] 0.0623
Serum creatinine (umol/L) 95.0 [79.8-115.3] 95.0 [80.0-115.0] 92.0 [79.0-116.0] 0.9001
Calculated eGFR (mL/min/1.73 m?) 77.5[55.0-101.0] 78.0 [53.0-101.0] 77.0 [57.0-99.0] 0.8790
Proteinuria (g/day) 5.8 [3.3-8.8] 4.8 [3.2-8.4] 7.2 [5.7-10.0] 0.0073
Anti-PLA2R1 autoantibodies
Anti-PLA2R1 titer (RU/mL)
Commercial ELISA (total IgG) 39.1 [18.6-77.2] 39.2 [19.6-73.2] 38.9 [17.0-122.9] 0.4116
Treatment (n( %)) 0.6268
NIAT 40 (48.9) 30 (50.8) 10 (43.5)
Rituximab 42 (51.2) 29 (49.2) 13 (56.5)
Clinical outcome (n (%)) 0.0069
Combined remission 58 (70.7) 47 (79.7) 11 (47.8)
Active disease or ESRD 24 (29.3) 12 (20.3) 12 (52.2)
Clinical outcome after
NIAT (n (%)) 0.7004
Combined remission 27 (67.5) 21 (70.0) 6 (60.0)
Active disease or ESRD 13 (32.5) 9 (30.0) 4 (40.0)
Clinical outcome after
rituximab (n (%)) TRy
Combined remission 31 (73.8) 26 (89.7) 5 (38.5)
Active disease or ESRD 11 (26.2) 3(10.3) 8 (61.5)

A Serum albumin values were missing for 11 patients (6 iCR patients and 5 iC1 patients).
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Figure 1 - Sera from MN patients have independent reactivity to CysR and CTLD1 after cleavage of the N-
terminal CysR-FnII-CTLD1 triple domain by thrombin. (A) Schematic diagram of soluble constructs for the CysR-
FnlI-CTLD]1 triple domain with a thrombin (Thr) cleavage site inserted at different positions: between CysR and Fnll
(construct B), within the first disulfide bridge in CTLD1 (construct C) or in the extended linker region between Fnll and
CTLDI1 (construct G). All constructs were N-terminally 6xHis- and 3xFlag-tagged and C-terminally HA-tagged. The
expected mass is calculated without the contribution of glycosylation. Expression level in HEK293 cells and cleavage
efficiency is indicated. (B) Western blots showing the reactivity of seven MN patients to construct B before and after
cleavage with thrombin under non-reducing conditions. Data demonstrate that CysR and CTLD1 can be independently
detected after cleavage. (C) Western blots showing the reactivity of eight MN patients to construct C before and after
cleavage with thrombin under non-reducing conditions. Data suggest the absence of cleavage by thrombin and show
patients’ sera reactivity only to the triple domain before and after cleavage. However, cleavage was done (refer to figure
S3) and fragments containing either CysR or CTLD1 domains were maintained by the disulfide bridge within CTLDI.
(D) Western blots showing the reactivity of five MN patients to construct G before and after cleavage with thrombin
under non-reducing conditions. Data show that CysR and CTLDI1 can be independently detected after thrombin cleavage
(even though the cleavage is only partial).
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Figure 2 - Sera from MN patients have independent reactivity to CysR and CTLD1 when expressed as
chimeras between PLA2R1 and MRC2. (A) Schematic diagram of the two wild-type membrane-bound proteins
(PLA2R1 and MRC2) and chimeras (M2/P-CysR and M2/P-C1) where the CysR and CTLD1 domains of
PLA2R1 are respectively introduced into the structural backbone of MRC2. All proteins are N-terminally 6xHis-
and 3xFlag-tagged and C-terminally HA-tagged, and were expressed in HEK293 cells. The expected mass is cal-
culated without the contribution of glycosylation. (B) Expression of the four membrane-bound proteins was
validated by western blot under both reducing and non-reducing conditions using anti-HA antibody (1:5,000). (C)
Western blots under non-reducing conditions and ELISA with eight MN patients show independent reactivity
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Figure 3 - CTLDS and CTLDS are two novel independent epitope-containing domains recognized by
PLA2R1-positive MN patients. (A) Schematic diagram of C-terminally HA-tagged soluble and membrane-
bound recombinant proteins spanning the CTLD2-CTLD8 region of PLA2R1. All proteins were expressed in
HEK293 cells. The expected mass is calculated without the contribution of glycosylation. (B) Western blot
under reducing conditions with anti-HA antibody (1:5,000) validate the expression of all PLA2R1
recombinant proteins. However, the single domains C2, C4, C6, C7 and C8 were not detected by anti-HA
antibody (1:5,000) under non-reducing conditions due to poor transfer of the small likely hydrophilic
proteins. (C) ELISA with four representative MN patients (1:100) shows the recognition of CTLDS and
CTLDS as single domains. In contrast, the same patients do not recognize CTLD5 (C5) and CTLDS8 single
domains (C8, D7) by western blot because of denaturation of the epitope(s) for C5 (see also Figure S8B) and
weak reactivity for C8 (see also Figure S7A).
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Figure 4 - Prevalence and epitope profile in a cohort of 142 PLA2R1-positive MN patients. (A)
Screening of 142 PLA2R1-positive patients by ELISA (IgG4 detection) with the 10 individual domains of
PLA2R1 shows reactivity against 5 domains with decreasing prevalence: CysR, CTLD5, CTLD1, CTLD7
and CTLDS. None of the five remaining domains were recognized. (B) Patients’ reactivity to single domains
can be combined to provide different epitope profiles among which CRC5, CRC1C5C7, CRC1, CR,

CRC5C7 and CRCI1CS5 are the most prevalent.
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ranked according to the complexity of their epitope profile from the CysR domain to the C-terminal end of
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ated with anti-PLA2R1 titer.
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(iC1). A small group of patients (n=12, 8.8%) are classified as non-iDom. The immunodominant profile
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Figure 7 - Relationship between immunodominance and anti-PLLA2R1 titer. (A) Patients (n=136) were
ranked by increasing anti-PLA2R1 titer (commercial ELISA, total IgG detection) and their
immunodominance was displayed. In the first tertile 66.7% of patients were iCR, 24.4% iC1 and 8.9% non-
iDom. In the second tertile, 60.9% of patients were iCR, 21.7% iC1 and 17.4% non-iDom. In the third tertile,
37.8% of patients were iCR, 62.2% were iC1 and 0% non-iDom. (B) Patients (n=136) were ranked according
to their immunodominant profile (iCR, non-iDom or iC1) combined with the complexity of their epitope
profile from the CysR domain to the C-terminal region of PLA2R1. CR and C1 are indicated in bold when
they become immunodominant. The increased complexity of epitope profiles appears to be associated with
anti-PLA2R1 titer for both iCR and iC1 groups. Note that patients from the non-iDom group have relatively
low titers, in line with the notion that high titers are increased with immunodominance to CysR or CTLDI1.
The star above titer indicates positivity for CTLD7 and/or CTLDS.
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CTLDI are immunodominant. Before this study (left panel), PLA2R1-positive MN patients were known to
contain circulating autoantibodies targeting the CysR, CTLD1 and/or CTLD7 domains. There were also
controversies about the independent reactivity of autoantibodies to CysR and CTLDI. Finally, potential
additional epitopes as well as epitope prevalence and immunodominance as a driving-force of the
autoimmune response were not well-established. The present study (right panel) demonstrates that PLA2R1-
positive MN patients contain circulating autoantibodies that can recognize independently up to 5 epitope-
containing domains (CysR, CTLD1, CTLDS5, CTLD7 and CTLDS). Competition assays show that CysR
and/or CTLD1 function as the immunodominant epitope-containing domains in the majority of patients,
thereby being responsible for most of the anti-PLA2R1 signal and the associated titer, suggesting their major
role in the humoral autoimmune response.
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SUPPLEMENTARY METHODS

Generation and expression of PLA2R1 mutants and membrane-bound chimeras of
PLA2R1-MRC2

All soluble and membrane-bound PLA2R1 mutants as well as chimeras were generated by
PCR and cloned into the pcDNA3.1/Zeo (-) expression vector (Life Technologies, Carlsbad,
USA). Soluble and membrane-bound PLA2R1 constructs were generated using the Phusion
Site-Directed Mutagenesis Kit (Thermo Fisher Scientific, Waltham, USA). Membrane-bound
and soluble chimeras between MRC2 (Uniprot QOUBGO) and PLA2R1 were generated using

recombination-assisted megaprimer cloning essentially as described (1).

A series of 6 mutants containing the CysR-Fnll-CTLD1 triple domain (Q36 to N359 —
constructs A to G except D) and various protease cleavage sites was designed based on
previous work (2). All 6 constructs comprised the PLA2R1 signal peptide (M1 to A20)
followed by its N-terminal linker sequence (E21 to W35), the N-terminal 6xHis and 3xFlag
tags, the triple PLA2R1 domains with or without protease cleavage sites and a C-terminal
HA-tag (except for construct F which was only HA-tagged). Protease cleavage sites were
introduced at different amino acid positions as follows: construct A, no protease cleavage site;
construct B, thrombin cleavage site (LVPRGS) inserted between CysR and Fnll (replacing
amino acids L166 to G171); construct C, thrombin cleavage site within the first disulfide bond
of CTLDI1 (replacing amino acids T231 to D236); construct D, same as construct C but with
an additional factor Xa cleavage site (IEGR) within the linker region between Fnll and
CTLDI (replacing amino acids T223 to E226); construct E, only factor Xa cleavage site
(IEGR) within the linker region between Fnll and CTLD1 (replacing amino acids T223 to
E226); construct F, extended TEV protease cleavage site (GLENLYFQG) inserted in the
linker region between Fnll and CTLD1 (between D221 and P222), thereby extending the
linker region between the two domains; construct G, thrombin cleavage site inserted in the
linker region between Fnll and CTLD1 (T223 to S224), thereby extending the region between
the two domains. For construct D, a human codon-optimized synthetic gene was designed
(Genecust, Dudelange, Luxembourg). The synthetic gene comprises the signal peptide of
human group IIA secreted phospholipase A2 (M1 to N20, Uniprot P14555) which has been
shown to drive high expression level of various proteins (3)) followed by the N-terminal
linker sequence of PLA2R1 (E21 to W35), N-terminal 6xHis and 3xFlag tags, the triple
domain CysR-FnlI-CTLD1 (Q36 to H377) with factor Xa and thrombin cleavage sites and a
C-terminal HA tag.



All other soluble and membrane-bound PLA2R1 constructs comprised the PLA2R1 signal
peptide (M1 to A20) followed by its N-terminal linker sequence (E21 to W35) and the human
PLA2RI1 sequence coding for the different PLA2R1 recombinant proteins: soluble PLA2R1
(Q36 to S1397, full extracellular domain), CTLD2-8 (C2-C8: Y-357 to S1397), CTLD2-6
(C2-C6: Y357 to P1114), CTLD3-5 (C3-C5: V507 to S979), CTLD6-8 (C6-C8: K947 to
S1397), CTLD6-7 (C6-C7: K947 to L.1246), CTLD7-8 (C7-C8: E1097 to S1397), CysR (CR:
Q36 to K164), Fnll (H163 to G228), CTLD1 (C1: P222 to A375), CTLD2 (C2: H360 to
E512), CTLD3 (C3: V507 to F661), CTLD4 (C4: N649 to W809), CTLDS5 (C5: K797 to
T957), CTLD6 (C6: K947 to P1114), CTLD7 (C7: E1097 to L1246), CTLDS8 (C8: P1235 to
S1397), A7 (P1235 to Q1463, membrane-bound CTLDS8). All recombinant proteins were C-
terminally HA-tagged (YPYDVPDYA). Soluble PLA2R1, CR, Fnll, C1, C2, C3, C4, C5, C8
and A7 constructs were also N-terminally 3x-Flag-tagged (DYKDDDDK); soluble PLA2R1,
CR, Fnll, C1, C2, C3, C4 and C5 were also N-terminally 6x-His-tagged.

PLA2R1/MRC2 chimeras were produced in the open reading frame of membrane-bound
mature MRC2 protein (G31 to E1479). The CysR or CTLD1 domain of MRC2 was replaced
by the corresponding domain of PLA2R1 (E21 to H167 for CysR and D221 to H377 for
CTLD1). Soluble chimeras of the CTLD6-CTLD7 region from MRC2 (T956 to H1258) were
constructed by replacing either CTLD6 or CTLD7 with the corresponding domain from
PLA2R1 (W943 to D1111 and T1102 to P1244, respectively). All constructs were prepared in
pcDNA3.1/Zeo (=) expression vector with a PLA2R1 signal peptide and were C-terminally HA-
tagged and N-terminally 6xHis- and 3xFlag-tagged.

After sequencing of all cDNA constructs, the expression plasmids were transfected into
HEK?293 cells using a homemade calcium phosphate transfection kit (4) or Exgen (Biomol
GmbH, Hamburg, Germany). HEK293 cells were cultured in DMEM medium containing 1%
penicillin/streptomycin solution and 10% heat-inactivated FBS (all from Gibco, Waltham,
USA) at 37°C in a humidified atmosphere of 5% CO,. Transfected cells were selected with
0.2 mg/mL Zeocin (InvivoGen, San Diego, USA). For larger-scale production of recombinant
proteins, single clones or mixed populations stably selected were cultured to sub-confluency
in complete medium at 37°C, then switched to serum-free medium (OptiMEM) and incubated
at 37°C. For PLA2RI1 constructs with low expression at 37°C, cells were grown at 30°C with
or without tauroursodeoxycholic acid (TUDCA, Sigma-Aldrich, St. Louis, USA) or 4-phenyl
butyric acid (PBA, Sigma-Aldrich, St. Louis, USA) to enhance expression, trafficking and/or
folding of recombinant proteins as previously described for various mutated proteins (5-9).
After seven days of expression, cell culture medium was collected and cells were washed with
PBS, scrapped and lyzed in 20 mM Tris pH 7.4, 2 mM EDTA and protease inhibitor cocktail



(Roche Diagnosis, Basel, Swizterland). Cells were sonicated and centrifuged in a
microcentrifuge apparatus at 14,000 rpm for five minutes at 4°C. The supernatant
corresponding to the cytosolic fraction (CF) was collected and the pellet resuspended and
solubilized in 50 mM Tris pH 7.4, 2 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate with protease inhibitors. The suspension was sonicated, incubated for
one hour at 4°C under rotation and centrifuged for 15 minutes at 14,000 rpm at 4°C. The
supernatant corresponding to the solubilized fraction (SF) was recovered. Total protein
concentration of each fraction was determined by BCA protein assay (Thermo Fisher
Scientific, Waltham, USA). When the recombinant proteins were expressed at very low
levels, culture medium was either precipitated with trichloroacetic acid (TCA) using standard
protocol or purified by affinity chromatography on complete His-tag beads according to the
manufacturer’s protocol (Roche, Basel, Switzerland). Eluted purified proteins were
concentrated and buffer-exchanged with Fxa buffer (50 mM Tris pH 8.0, 1 mM CaCl,, 10
mM NaCl) and 5 mM N-dodecyl-N-N-dimethyl-3-ammonio-1-propanesulfonate (SB12) using
a centricon centrifugal filter device (Amicon, Millipore, Bedford, USA) equipped with an
YM-30 membrane.

Protease digestion of the triple domains CysR-FnlI-CTLD1 constructs

Purified protein or culture medium from constructs B to G were digested overnight at 37°C
with thrombin (Thr, Calbiochem, San Diego, USA), factor Xa (Fx,, Amersham Biosciences,
UK) or tobacco etch virus (TEV, Sigma-Aldrich, St. Louis, USA) proteases according to

purchasers' recommendations. Cleaved products were immunodetected by WB.

Immunodetection of PLA2R1 recombinant proteins

Recombinant proteins were run on SDS-PAGE gels under reducing or non-reducing
conditions as originally described by Laemmli (10). Proteins were transferred to a methanol-
soaked poly-vinylidene difluoride membrane (PerkinElmer, Waltham, USA) under semi-dry
conditions (25 mM Tris, 192 mM glycine, pH 8.5, 20% ethanol) using Trans-blot Turbo (Bio-
rad laboratories, Hercules, USA) at 25 V constant for 30 minutes. Culture medium containing
the proteins of interest was slot-blotted onto a nitrocellulose membrane (Whatman, Maidstino,
UK). For both western and slot blots, non-specific binding was blocked with 5% (w/v) low-fat
milk in PBS-Tween 0.05% for one hour or overnight at 4°C. Membranes were then incubated
with primary antibody under agitation for two hours or overnight at 4°C. After three washes

for five minutes each, the membranes were incubated with horseradish peroxidase (HRP)-



conjugated secondary antibody, under agitation for one hour. The membranes were washed
three times for five minutes and the immunoreactive bands were detected with enhanced
chemiluminescence substrate (ECL, PerkinElmer, Waltham, USA) and a Fusion-FX digital

imager.
Immunoprecipitation of PLA2R1 epitope-containing domains

Proteins of interest were pulled-down from cell culture medium with MN patients' serum
overnight at 4°C followed by incubation with anti-IgG4 affinity beads (Thermo Fisher
Scientific, Waltham, USA) for one hour at 4°C. After three washes with Tris-buffered saline
(TBS+: 20 mM Tris/HCI pH 7.2, 150 mM NaCl, 5 mM CaCl,) and centrifugation in a
microcentrifuge apparatus at 14,000 rpm for 15 minutes at 4°C, bound protein was eluted with

2x Laemmli buffer and analyzed by WB.



SUPPLEMENTARY RESULTS

CysR and CTLD1 are two N-terminal independent epitope-containing domains — We
first clarified the controversy between overlapping (2) versus independent epitopes (4) within
the N-terminal CysR-FnlI-CTLD1 region by building up on the approach originally described
by Kao and coworkers based on site-directed mutagenesis coupled to serial insertion of
protease cleavage sites between domains (2). In total, we produced seven soluble constructs
expressing CysR-FnlI-CTLD1 recombinant proteins with N-terminal 6xHis/3xFlag and C-
terminal HA tags, and harboring either no protease cleavage site (construct A, used as a
control) or different protease cleavage sites (constructs B-G) between PLA2R1 domains. We
then cleaved the recombinant proteins by proteases and tested the WB reactivity of sera from

MN patients with different epitope profiles determined by indirect ELISA (Figure S1).

In construct B, we introduced a thrombin cleavage site between CysR and Fnll for which the
analysis was straightforward (Figures 1A and S2A). The expression as a folded protein was as
good as construct A (Figure S2B) and cleavage by thrombin was validated by detection of the
expected fragments under both reducing and non-reducing conditions with anti-tag antibodies
(Figure S2C). Among seven patients with different epitope profiles (Figure S1), two reacted
to CysR (MN1-2), two reacted to Fnll-CTLD1 (MN3-4) and the last three reacted to cleaved
CysR and FnllI-CTLD1 (MNS5-7) domains (Figure 1B). This suggests the presence of
independent epitopes in the CysR and CTLD1 domains, a finding in contrast with previous

data suggesting an overlapping epitope (2).

To further test the presence of an overlapping epitope between the CysR and CTLD1 domains
that might be sensitive to a specific cleavage between Fnll and CTLDI, we produced
construct C (Figures 1A, S3A and S4A) exactly as described (2). Noticeably, the thrombin
cleavage site was inserted within the first disulfide bond of CTLD1 and not in the small linker
region between Fnll and CTLDI1 (2). Therefore, we designed two additional constructs.
Construct D was identical to C but with an additional factor Xa (Fx,) cleavage site introduced
between Fnll and CTLDI1 (Figure S4A). Construct E had the Fx, cleavage site between the
Fnll and CTLD1 domains but without the thrombin cleavage site within CTLD1 (Figure
S5A). Constructs C and D were hardly expressed in both culture medium and cell lysate
(Figure S4B) while construct E was well expressed (Figure S5B), indicating misfolding of
constructs C and D likely due to poor pairing of the cysteines forming the CTLD1 disulfide
bridge. The expression and folding of these constructs could be partially rescued by growing
cells at 30°C (Figure S4B) or by adding chemical chaperones to cell culture (Figures S4C and
S4D). No additive/synergistic effect was observed (Figure S4D). Growth at low temperature



was most effective but still insufficient to produce enough proteins for a direct analysis

(Figure S3B) and constructs had to be His-tag purified before analysis.

Efficient cleavage of construct C by thrombin was validated by the presence of two fragments
under reducing conditions detected with anti-tag antibodies (Figure S3C). However, construct
C appeared uncleaved under non-reducing conditions (Figure S3C). This is consistent with the
two PLA2R1 fragments being maintained by the CTLD1 disulfide bond in a covalent manner,
despite actual cleavage of the amino acid peptide bond by thrombin (Figure S3A).
Consequently, under non-reducing conditions, serum from different MN patients could only
react with the triple domain instead of any cleaved fragments, which may be interpreted as an
overlapping epitope between the different domains (Figure 1C). We next tried to cleave
constructs D and E with Fx,. Cleavage of construct E was ineffective under both native and
partially denaturing conditions (Figure S5B). Cleavage of construct D was also ineffective
before (Figure S5C) or after thrombin cleavage (data not shown). We thus prepared construct
F where a TEV protease cleavage site was introduced within an extended linker region
between Fnll and CTLD1 (Figure SS5A). Cleavage of this construct was also unsuccessful

with different sources of TEV enzyme (Figure S5D).

Finally, construct G was prepared with a thrombin cleavage site inserted within the extended
linker region between Fnll and CTLD1 (Figure S3A). Construct G was expressed at higher
levels than construct C, and could be cleaved by thrombin, even though the digestion was
incomplete (Figure S3C). However, this was sufficient to demonstrate that several patients'
sera had preferential reactivity to either CysR-Fnll or CTLDI or the two cleaved domains

(Figure 1D), in accordance with their epitope profile determined by ELISA (Figure S1).

Reactivity of patients' sera to CTLDS is temperature- and DTT-sensitive — To better
understand the differential reactivity of CTLDS to patient's sera by ELISA versus WB, we
tested the effect of heat denaturation (Figure S8) and reduction with DTT for CTLDS and the
four other epitope-containing domains (Figure S9). Heat denaturation showed that CTLDS is
the most sensitive among CTLDs, with a 50% denaturing temperature around 55°C, while
CysR is less sensitive (Figure S8). CTLD1 and CTLDS8 contain three disulfides while CTLDS5
and CTLD7 contain only two (Figure S9A). Reduction with DTT at the denaturing
temperature of 56°C had a strong effect on all domains. In contrast, increasing concentrations
of DTT at non-denaturing temperatures (RT and 30°C) had little effect on CTLDS, CTLD7
and CTLD8, but were partially effective on CysR and CTLD1 (Figures S9B and S9C).



LEGEND TO SUPPLEMENTARY FIGURES

Figure S1 — Epitope profile of MN patients used to demonstrate independent reactivity
to CysR and CTLD1 epitope-containing domains. The indicated epitope profiles were
determined by indirect ELISA on wells coated with CysR-Fnll-CTLDI1, CysR or CTLDI1
single domains, or mock medium (HA-capture ELISA assays). MN patients’ sera were
incubated at a dilution of 1:100. The same set of patients was used for experiments using the
triple domain CysR-FnlI-CTLDI1 cleaved by various proteases (as depicted in Figure 1 and
main text) as well as in experiments with chimeras between MRC2 and PLA2R1 (as depicted

in Figure 2 and main text).

Figure S2 — Structure, expression and cleavage of construct B. (A) Schematic diagram
showing the structure of soluble CysR-FnIl-CTLDI triple domains with N-terminal 6xHis
and 3xFlag tags and C-terminal HA-tag: construct A has no thrombin cleavage site while
construct B has a thrombin (Thr) cleavage site inserted between the CysR and Fnll domains.
The expected mass is calculated without the contribution of glycosylation. Both constructs
were well expressed in HEK 293 cells. (B) Expression of the constructs was validated by
western blot with anti-HA antibody (1:5,000, under reducing and non-reducing conditions)
and with patient MN1 (1:100, non-reducing conditions). (C) Cleavage of construct B by
thrombin was validated by WB using anti-Flag (1:1,000) and anti-HA (1:5,000) antibodies

under both reducing and non-reducing conditions. N.A.: not applicable.

Figure S3 — Structure, expression and cleavage of constructs C and G. (A) Schematic
diagram showing the structure of soluble CysR-FnlI-CTLDI1 triple domains with N-terminal
6xHis and 3xFlag tags and C-terminal HA-tag: Construct A has no thrombin cleavage site,
construct C has a thrombin (Thr) cleavage site inserted within the first disulfide bond of
CTLDI by replacing 6 amino acids, and construct G has a thrombin (Thr) cleavage site
inserted in the linker region between the Fnll and CTLD1 domains, thereby extending the
linker. Expected mass is calculated without the contribution of glycosylation. Constructs A
and G are well expressed in HEK293 cells, while construct C was poorly expressed at 37°C.
Expression was rescued by growing cells at 30°C (see methods and Figure S4). (B) Relative
expression in cell medium of construct A at 37°C and construct C at 30°C as measured by
WB with anti-HA antibody (1:5,000, under reducing and non-reducing conditions) and with
patient MN1 (1:100, non-reducing conditions). (C) Cleavage of construct C and G by
thrombin was validated with anti-Flag (1:1,000) and anti-HA (1:5,000) antibodies by WB
under reducing conditions. Cleavage of construct G by thrombin was also validated under

non-reducing conditions. However, the actual cleavage by thrombin could not be evidenced

8



for construct C under non-reducing conditions, because of insertion of the thrombin cleavage
site within the first disulfide bridge of CTLDI1, with that disulfide maintaining the two
cleaved fragments (CysR-Fnll and CTLD1). N.A.: not applicable.

Figure S4 — Misfolding of constructs C and D was partially rescued by growing HEK293
cells at low temperature or by the addition of chemical chaperones. (A) Schematic
diagram showing the structure of soluble CysR-FnlI-CTLDI triple domains N-terminally
6xHis- and 3xFlag-tagged and C-terminally HA-tagged expressed in HEK 293 cells: construct
C is as in Figure S3 while construct D has an additional factor Xa (Fx,) cleavage site
introduced in the linker region between Fnll and CTLDI1. Both constructs were poorly
expressed in cell medium from HEK293 cells at 37°C because of insertion of the thrombin
(Thr) cleavage site within the first disulfide bond in CTLDI1. (B) Detection of recombinant
proteins after expression of constructs C and D in HEK293 cells grown at 37°C and 30°C.
Cytosolic (CF) and solubilized (SF) cellular fractions as well as medium (M) were analyzed
by WB under reducing and non-reducing conditions using anti-HA antibody (1:5,000). No or
weak expression was observed in cell lysates and medium at 37°C, while higher expression
was seen in medium at 30°C. (C) Detection of constructs C and D with MN1 (1:100) by
ELISA (anti-HA capture assays) in cell lysate and culture medium of HEK293 cells grown at
37°C in the presence of TUDCA or PBA at different concentrations. (D) Expression of
constructs C and D in culture medium of HEK 293 cells incubated at 37°C versus 30°C in the
presence of TUDCA or PBA at different concentrations as detected by ELISA with MN1
(1:100). N.A.: not applicable; Thr: thrombin; Fx,: factor Xa; CF: cytosolic fraction; SF:
solubilized fraction; M: culture medium; TUDCA: tauroursodeoxycholic acid; PBA: 4-phenyl

butyric acid.

Figure S5 — Proteolysis of the CysR-FnlI-CTLD1 triple domain by Fx, and TEV
proteases is likely prevented by steric hindrance and poor access to the recognition sites.
(A) Schematic diagram showing the structure of soluble CysR-FnII-CTLD] triple domains N-
terminally 6xHis- and 3xFlag-tagged and C-terminally HA-tagged expressed in HEK 293
cells: constructs A and D are as in Figure S4. Constructs E and F have Fx, and TEV protease
cleavage sites inserted in the linker region between the Fnll and CTLD1 domains,
respectively. The expected mass is calculated without the contribution of glycosylation and
cleavage efficiency is indicated. (B) Absence of cleavage of construct E by Fx, protease under
various denaturing conditions as seen by WB under reducing conditions using anti-HA
antibody (1:5,000). (C) Absence of cleavage of construct D by Fx, even though it is
efficiently cleaved by thrombin, as observed by WB under reducing conditions using anti-HA

antibody(1:5,000). (D) Absence of cleavage of construct F by different sources of commercial
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TEV proteases as seen by WB (reducing conditions) with anti-HA antibody (1:5,000). N.A.:
not applicable; Fx,: factor Xa, TEV: Tobacco Etch Virus; DOC: sodium deoxycholate.

Figure S6 — Sera from different MN patients recognized two novel epitope-containing
domains in the CTLD2-CTLDS region of PLA2R1. (A) Schematic diagram of several C-
terminally HA-tagged soluble and membrane-bound constructs within the CTLD2—-CTLDS8
region of PLA2R1. The expected mass is calculated without the contribution of glycosylation.
(B) Expression of PLA2R1 recombinant proteins in HEK293 cells was validated with anti-
HA antibody (1:5,000) by WB under reducing conditions. (C) Representative results of four
patients (1:100) from a preliminary ELISA screen of 28 patients. Patients MNS5, MN11 and
MNI1 recognize the CTLD2-6 region of PLA2R1 while patient MN1 is also recognizing
CTLDS8 and A7. Patient MN12 recognizes only the CysR domain, and is negative on all

constructs within the C2-C8 region.

Figure S7 — WB, immunoprecipitation and dot-blot experiments confirming that single
domains CTLDS and CTLDS8 contain independent epitopes recognized by PLA2R1-
positive patients. (A) WB (non-reducing conditions) with anti-HA antibody (1:5,000)
validating the expression and transfer of CTLDS and CTLDS8 as single domains.
Representative WB (non-reducing conditions) with patients' sera used at 1:25 showed that
patients could not detect CTLD5 while several patients could detect CTLDS. (B)
Immunoprecipitation of CTLDS and CTLDS8 with different patients' sera followed by WB
detection under reducing conditions with anti-HA antibody (1:5,000). In these conditions,
both CTLDS and CTLDS could be detected. (C) Dot-blot transfer of single domains CTLD5
and CTLDS8 under non-denaturing conditions was validated with anti-HA antibody (1:5,000).
Representative dot-blots showing reactivity of patients against both CTLDS and CTLD8

domains versus mock-negative control.

Figure S8 — Heating of the epitope-containing domains shows that reactivity of patients'
sera is more rapidly lost for CTLDS than other PLA2R1 domains. (A) ELISA reactivity
of four MN patients’ sera against CysR, CTLD1, CTLD5, CTLD7 and CTLDS8 single
domains which have been exposed to different temperatures (no treatment (room
temperature), 56°C for 30 minutes or 95°C for 10 min) before ELISA. (B) ELISA reactivity
of MN 1 against the various epitope-containing domains which have been exposed to different

temperatures for 10 minutes before ELISA.
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Figure S9 — Reactivity of patients' sera to CTLDS and other PLA2R1 domains is
sensitive to DTT when combined to heat. (A) Sequence alignment of the four CTLD
epitope-containing domains showing the presence of two conserved disulfides in all CTLDs
and a third disulfide only present in CTLD1 and CTLDS8. The CysR domain contains three
disulfides (not shown). (B) ELISA reactivity for four MN patients against the epitope-
containing domains after treatment with 10 mM DTT at different temperatures (no treatment:
no DTT/room temperature). (C) ELISA reactivity of MN 1 against the epitope-containing
domains treated with different concentrations of DTT for 30 minutes at room temperature
(RT) or 10 minutes at 30°C before ELISA.

Figure S10 — Anti-PLA2R1 titer increases as the number of positive epitope-containing
domains increases. Distribution of anti-PLA2R1 titer (commercial ELISA, total IgG)

according to the number of positive epitope-containing domains (IgG4, n=142).

Figure S11 — Competition assays by ELISA (IgG4 detection) between recombinant
PLA2R1 (full extracellular region) and different domains of PLLA2R1 for all PLA2R1-
positive MN patients with available serum (n=136). PLA2R1-positive MN patients were
ranked by decreasing percentage of competition with recombinant proteins: PLA2R1 (full
extracellular region), CysR-Fnll-CTLDI1, CysR, CTLDI1, CTLDS and CTLD7. The total
competition with PLA2R1 (full extracellular region) for all patients validated the assay
conditions. For a majority of patients (113/142, 79.6%), competition with CysR-FnlI-CTLD1
was higher than 65%, indicating that CysR and/or CTLD1 domains contribute to most of the
PLA2R1 signal. On the other hand, CTLDS and CTLD7 have a minor contribution to the
PLA2RI signal for most patients since they contribute to a significant part of the PLA2R1
signal for only a few patients (12/142), which are classified as non-iDom. Importantly, note
that the percentage of competition for each individual patient and individual domain are
different, and consequently, patients are not ranked in the same order in each panel (but by

decreasing values of competition for each recombinant PLA2R1 competing protein).

Figure S12 — Competition assays by ELISA (IgG4 detection) between recombinant
PLA2R1 (full extracellular region) and CysR or CTLD1 domains mixed with the large
C-terminal region CTLD2-8 for all PLA2R1-positive MN patients with available serum
(n=136). Patients were ranked by decreasing percentage of competition with CysR (A, upper
panel), CysR mixed with CTLD2-8 (A, lower panel), CTLDI (B, upper panel) and CTLD1
mixed with CTLD2-8 (B, lower panel). The comparison between lower and upper graphics in
both panels A and B shows a minor contribution of the C-terminal epitope-containing
domains (CTLDS, CTLD7 and CTLDS) to the PLA2RI1 signal. In mirror, the remaining
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signal for each patient (empty space in the lower graphics) can also be seen as the actual
contribution of anti-CTLDI1 (A) or anti-CysR (B) signal relative to the anti-PLA2R1 titer, in
line with data shown in Figure S11. Importantly, note that the percentage of competition for
each individual patient and individual domain are different, and consequently, patients are not
ranked in the same order in each panel (but by decreasing values of competition for each

recombinant PLA2R1 competing protein).

Figure S13 — Correlation between anti-PLA2R1 titer (in-house IgG4 ELISA) and anti-
PLA2R1 titer (commercial total IgG ELISA), anti-CysR or anti-CTLD1 titers (in-house
IgG4 ELISA) for PLA2R1-positive MN patients as a whole (n=141) or according to their
immunodominant profile (n=135). (A) Correlations between the anti-PLA2RI1 titers
obtained with the commercial ELISA (total IgG) and in-house ELISA (IgG4) (B and C)
Correlations between anti-PLA2R]1 titer (in-house IgG4 ELISA) and anti-CysR (B) or anti-
CTLDI1 (C) titers (in-house IgG4 ELISA).

Figure S14 — Anti-CysR and anti-CTLD1 titers increase as the number of positive
epitope-containing domains increases. (A) Distribution of anti-CysR titer (IgG4) according
to the number of positive epitope-containing domains for the cohort as a whole (n=141) or
considering positivity or not for CTLD1, showing lower increase of anti-CysR titer in the
CTLDI1 positive patients. (B) Anti-CTLDI titer (IgG4) according to the number of positive

epitope-containing domains for the cohort as a whole (n=141).

Figure S15 Anti-PLA2R1, anti-CysR and anti-CTLD1 titers vary according to the
immunodominant profile of PLA2R1-positive MN patients. (A) Anti-PLA2R1 titer
(commercial ELISA, total IgG) is higher in the iC1 group, as compared to the iCysR and non-
iDom groups. (B and C) Anti-CysR (B) and anti-CTLD1 (C) titers (in-house ELISA, 1gG4)
according to the immunodominant profile. Note that similarly to anti-PLA2R]1 titer, anti-CysR
and anti-CTLDI titers are higher in iC1 patients as compared to iCR and non-iDom patients.

All anti-PLA2R]1 titers are similar between iCR and non-iDom patients.
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Table S1 — Detailed information concerning treatment and outcome after first-line of therapy of the
PLA2R1-positive patients as a whole (overall) and according to immunodominance. Values are present as n
(%). NIAT, non-immunosuppressive anti-proteinuric treatment; IS, immunosuppressive treatment; ESRD, end-
stage renal disease.

Event Overall iCR N iC1 N non-iDo/:n
(n=142) (n=75) (n=49) (n=12)

Treatment (n (%))

NIAT 61 (43.0) 37 (49.3) 19 (38.8) 3 (25.0)

IS 81 (57.0) 38 (50.7) 30(61.2) 9 (75.0)
Rituximab 61 (43.0) 27 (36.0) 25 (51.0) 6 (50.0)
Ponticelli 10 (7.0) 7(9.3) 1(2.0) 2 (16.7)
Corticosteroids 9 (6.3) 34.0) 4 (8.2) 1(8.3)
Immunoglobulin therapy 1(0.7) 1(1.3) 0(0.0) 0 (0.0)

Type of response (n (%))

Combined remission 82 (57.7) 48 (64.0) 20 (40.8) 9 (75.0)
NIAT-induced 31 (21.8) 20 (26.7) 8 (16.3) 2 (16.7)
Rituximab-induced 42 (29.6) 22 (29.3) 11(22.4) 6 (50.0)
Ponticelli-induced 5(.5) 5(6.7) 0(0.1) 0(0.0)
Corticosteroids-induced 4 (2.8) 1(1.3) 1(2.0) 1(8.3)
Immunoglobulin therapy induced 0(0.0) 0(0.0) 0(0.0) 0(0.0)

No remission 60 (42.3) 27 (36.0) 29 (59.2) 3 (25.0)
Active disease 48 (33.8) 22 (29.3) 25 (51.0) 1(8.3)
ESRD 12 (8.5) 5(6.7) 5(8.2) 2 (16.7)

A For six patients, there was not enough serum available to determine their immunodominance.



Table S2 — Anti-PLLA2R1 and immunodominance as prognostic factors of clinical remission (unadjusted and adjusted analyses, change of reference).

Unadjusted Adjusted Model 1 Adjusted Model 2 Adjusted Model 3 Adjusted Model 4
Variable Odds Ratio Odds Ratio Odds Ratio Odds Ratio Odds Ratio
(95% Confidence (95% Confidence (95% Confidence (95% Confidence (95% Confidence
Interval) Interval) Interval) Interval) Interval)

Calculated eGFR (mL/min/1.73 m?)

Proteinuria (g/day)
Treatment
NIAT
Immunosuppressive (IS)
Anti-PLA2R1 median
(RU/mL, total IgG)
<64.8
> 64.8
Anti-PLA2R]1 titer and treatment
combined
IS + anti-PLA2R1 > 64.8
IS + anti-PLA2R1 < 64.8
NIAT + anti-PLA2R1 > 64.8
NIAT + anti-PLA2R1 < 64.8
Immunodominance
iCR/non-iDom
iC1
Immunodominance and treatment
combined
IS +iC1
IS + iCR/non-iDom
NIAT +iC1
NIAT + iCR/non-iDom

1.014 (1.002-1.027)
0.922 (0.846-1.005)

1
1.567 (0.787-3.120)

1
0.237 (0.114-0.492)

1
3.250 (1.199-8.807)
0.350 (0.122-1.002)
3.250 (1.199-8.807)

1
0.351 (0.170-0.724)

1

4.773 (1.762-12.925)

1.091 (0.339-3.5006)
1.833 (0.702-4.788)

1.010 (0.997-1.024)
0.952 (0.866-1.047)

1
1.999 (0.921-4.340)

1
0.255 (0.117-0.558)

1.010 (0.996-1.023)
0.956 (0.868-1.052)

1
3.149 (1.142-8.686)
0.395 (0.135-1.156)
2.079 (0.738-5.854)

1.012 (1.000-1.026)
0.933 (0.852-1.021)

1
1.892 (0.895-4.001)

1
0.365 (0.171-0.781)

1.013 (1.000-1.026)
0.929 (0.848-1.018)

1
4.467 (1.605-12.432)
1.068 (0.323-3.535)
1.534 (0.561-4.196)

Number of observations analyzed: 135, 77 clinical remissions.
eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Equation. NIAT, non-immunosuppressive anti-proteinuric treatment; IS,

immunosuppressive treatment.



Table S3 — Immunodominance as prognostic factor of clinical remission with iCR and non-iDom patients being considered as separate groups

(unadjusted and adjusted analyses).

Variable

Univariable

Multivariable Model 1

Multivariable Model 2

Odds Ratio

(95% Confidence Interval)

Odds Ratio
(95% Confidence Interval)

Odds Ratio
(95% Confidence Interval)

Calculated eGFR (mL/min/1.73 m?)

Proteinuria (g/day)
Treatment

NIAT

1S
Immunodominance

iCR

non-iDom

iCl1

Immunodominance and treatment combined

NIAT +iCR
NIAT + non-iDom
NIAT +iCl1

IS +iCR

IS + non-iDom

IS +iC1

Immunodominance and treatment combined

(change of reference)
IS +iC1
IS +iCR
IS + non-iDom
NIAT +iCl1
NIAT +iCR
NIAT + non-iDom

1.014 (1.002-1.027)
0.922 (0.846-1.005)

1
1.567 (0.787-3.120)

1
1.625 (0.404-6.531)
0.374 (0.178-0.785)

1
1.700 (0.142-20.422)
0.618 (0.202-1.889)
2.644 (0.982-7.124)
2.975 (0.544-16.273)
0.567 (0.214-1.503)

1

4.667 (1.637-13.304)
5.250 (0.928-29.700)
1.091 (0.339-3.506)
1.765 (0.665-4.681)
3.000 (0.244-36.883)

1.013 (1.000-1.026)
0.929 (0.848-1.018)

1
1.822 (0.856-3.880)

1
1.686 (0.384-7.407)
0.394 (0.180-0.863)

1.013 (1.000-1.027)
0.923 (0.839-1.016)

1
1.066 (0.084-13-472)
0.706 (0.224-2.231)
2.642 (0.955-7.312)
4.748 (0.738-30.539)
0.663 (0.238-1.841)

1

3.988 (1.360-11.693)
7.165 (1.115-46.067)
1.066 (0.321-3.537)

1.509 (0.543-4.193)

1.609 (0.121-21.400)

Number of observations analyzed: 135, 77 clinical remissions.
eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) Equation. NIAT, non-immunosuppressive anti-proteinuric

treatment; IS, immunosuppressive treatment.



Table S4 — Baseline characteristics and clinical outcome of NIAT- or rituximab-treated patients
according to their immunodominance and with an anti-PLA2R1 titer above 200 RU/mL. Values are
present as n (%) or median [IQR]. eGFR was calculated according to the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) Equation. NIAT, non-immunosuppressive anti-proteinuric treatment; ESRD, end-stage
renal disease.

Overall iCR/non-iDom iC1

Characteristics (n=35) (n=14) (n=21) p-value
Age (years) 63.0 [49.0-71.0] 70.0 [58.8-76.3] 58.0 [47.0-64.0] 0.0392
Gender (M/F), n (%) 19 (54.3)/16 (45.7) 7 (50.0)/7 (50.0) 12 (57.1)/9 (42.9)  0.7391
Clinical parameters

Serum albumin (g/L) A 21.0 [17.9-26.8] 21.0[18.0-27.0] 22.0[17.0-26.0] 0.8440
Serum creatinine (umol/L) 100.0 [80.0-128.0] 100.5 [78.0-183.5] 95.0 [82.0-126.0] 0.8746
Calculated eGFR (mL/min/1.73 m?) 66.0 [40.0-86.0] 63.0 [33.5-75.8] 66.0 [39.5-86.5] 0.7460
Proteinuria (g/day) ® 6.8 [4.3-9.3] 7.4 [4.2-8.0] 6.4 [4.3-10.6] 0.9170

Anti-PLA2R1 autoantibodies
Anti-PLA2R1 titer (RU/mL)
Commercial ELISA (total IgG) 454.4 [251.2-621.4] 506.4 [247.6-643.8] 411.0[254.1-610.3] 0.6778

Treatment (n( %)) 0.1662
NIAT 19 (54.3) 10 (71.4) 9 (42.9)
Rituximab 16 (45.7) 4(28.5) 12 (57.1)

Clinical outcome (n (%)) 0.4606
Combined remission 11 (31.4) 3(21.4) 8 (38.1)
Active disease or ESRD 24 (68.6) 11 (78.6) 13 (61.9)

Clinical outcome after

NIAT (n (%)) 0.5820
Combined remission 3(15.8) 1 (10.0) 2(22.2)
Active disease or ESRD 16 (84.2) 9 (90.0) 7 (71.8)

e e e
Combined remission 8 (50.0) 2 (50.0) 6 (50.0)
Active disease or ESRD 8 (50.0) 2 (50.0) 6 (50.0)

A Serum albumin values were missing for 7 patients (3 iCR patients and 4 iCl patients). ® Proteinuria value was missing for one
iCl1 patient.



Table S5 — Baseline characteristics and clinical outcome of NIAT- or rituximab-treated patients according
to their immunodominant profile and with an anti-PLA2R]1 titer below 50 RU/mL. Values are present as n
(%) or median [IQR]. eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) Equation. NIAT, non-immunosuppressive anti-proteinuric treatment; ESRD, end-stage renal disease.

Characteristics sl L1 TRl i - p-value
(n=45) (n=32) (n=13)
Age (years) 52.0 [23.0-61.5] 53.5 [44.5-63.5] 42.0 [41.0-60-5] 0.3748
Gender (M/F), n (%) 37 (82.2)/8 (17.8) 26 (81.3)/6 (18.7) 11 (84.6)/2 (15.4)  >0.9999
Clinical parameters
Serum albumin (g/L) A 25.0 [207-29.5] 27.0 [22.0-30.7] 19.5[16.6-24.4] <0.0063
Serum creatinine (umol/L) 95.0[72.5-114.5] 95.5[72.5-118.0] 88.0[70.5-110.0] 0.4240
Calculated eGFR (mL/min/1.73 m*  80.0 [53.0-105.0]  75.0 [46.5-105.5] 80.0 [62.5-105.0] 0.5649
Proteinuria (g/day) 4.9 [3.2-8.3] 3.6 [1.4-7.1] 7.7 [5.3-10.1] 0.0096
Anti-PLA2R1 autoantibodies
Anti-PLA2R1 titer (RU/mL)
Commercial ELISA (total IgG) 19.7 [12.6-30.6] 19.8 [11.0-29.0] 19.1 [13.27-36.4] 0.3923
Treatment (n( %)) >0.9999
NIAT 26 (57.8) 18 (56.3) 8 (61.5)
Rituximab 19 (42.2) 14 (43.7) 5(38.5)
Clinical outcome (n (%)) 0.4411
Combined remission 35 (77.8) 26 (82.3) 9 (69.2)
Active disease or ESRD 10 (22.2) 6 (18.7) 4 (30.8))
Clinical outcome after
NIAT (n (%)) 0.6673
Combined remission 18 (69.2) 13 (72.2) 5 (62.5)
Active disease or ESRD 8 (30.8) 5(27.8) 3(37.5)
Clinical outcome after
rituximab (n (%)) Useits
Combined remission 17 (89.5) 13 (92.9) 4 (80.0)
Active disease or ESRD 2 (10.5)) 1(7.1) 1 (20.0)

A Serum albumin values were missing for 3 iC1 patients
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Figure S1 - Epitope profile of MN patients used to demonstrate independent reactivity to CysR and
CTLD1 epitope-containing domains. The indicated epitope profiles were determined by indirect ELISA on
wells coated with CysR-Fnll-CTLDI1, CysR or CTLD1 single domains, or mock medium (HA-capture ELISA
assays). MN patients’ sera were incubated at a dilution of 1:100. The same set of patients was used for
experiments using the triple domain CysR-FnllI-CTLD1 cleaved by various proteases (as depicted in Figure 1 and
main text) as well as in experiments with chimeras between MRC2 and PLA2R1 (as depicted in Figure 2 and
main text).
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Figure S2 - Structure, expression and cleavage of construct B. (A) Schematic diagram showing the
structure of soluble CysR-FnlI-CTLD1 triple domains with N-terminal 6xHis and 3xFlag tags and C-terminal
HA-tag: construct A has no thrombin cleavage site while construct B has a thrombin (Thr) cleavage site
inserted between the CysR and Fnll domains. The expected mass is calculated without the contribution of
glycosylation. Both constructs were well expressed in HEK 293 cells. (B) Expression of the constructs was
validated by western blot with anti-HA antibody (1:5,000, under reducing and non-reducing conditions) and
with patient MN1 (1:100, non-reducing conditions). (C) Cleavage of construct B by thrombin was validated
by WB using anti-Flag (1:1,000) and anti-HA (1:5,000) antibodies under both reducing and non-reducing
conditions. N.A.: not applicable.
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Figure S3 - Structure, expression and cleavage of constructs C and G. (A) Schematic diagram showing the
structure of soluble CysR-FnlI-CTLD1 triple domains with N-terminal 6xHis and 3xFlag tags and C-terminal
HA-tag: Construct A has no thrombin cleavage site, construct C has a thrombin (Thr) cleavage site inserted
within the first disulfide bond of CTLD1 by replacing 6 amino acids, and construct G has a thrombin (Thr)
cleavage site inserted in the linker region between the Fnll and CTLD1 domains, thereby extending the linker.
Expected mass is calculated without the contribution of glycosylation. Constructs A and G are well expressed
in HEK293 cells, while construct C was poorly expressed at 37°C. Expression was rescued by growing cells at
30°C (see methods and Figure S4). (B) Relative expression in cell medium of construct A at 37°C and
construct C at 30°C as measured by WB with anti-HA antibody (1:5,000, under reducing and non-reducing
conditions) and with patient MN1 (1:100, non-reducing conditions). (C) Cleavage of construct C and G by
thrombin was validated with anti-Flag (1:1,000) and anti-HA (1:5,000) antibodies by WB under reducing con-
ditions. Cleavage of construct G by thrombin was also validated under non-reducing conditions. However, the
actual cleavage by thrombin could not be evidenced for construct C under non-reducing conditions, because of
insertion of the thrombin cleavage site within the first disulfide bridge of CTLD1, with that disulfide
maintaining the two cleaved fragments (CysR-Fnll and CTLD1). N.A.: not applicable.
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- Misfolding of constructs C and D was partially rescued by growing HEK293 cells at low temperature or by the addition of chemical chaperones. (A) Schematic
diagram showing the structure of soluble CysR-FnlI-CTLDI triple domains N-terminally 6xHis- and 3xFlag-tagged and C-terminally HA-tagged expressed in HEK 293 cells: construct C
is as in Figure S3 while construct D has an additional factor Xa (FXa) cleavage site introduced in the linker region between Fnll and CTLD1. Both constructs were poorly expressed in cell
medium from HEK293 cells at 37°C because of insertion of the thrombin (Thr) cleavage site within the first disulfide bond in CTLD1. (B) Detection of recombinant proteins after expres-
sion of constructs C and D in HEK293 cells grown at 37°C and 30°C. Cytosolic (CF) and solubilized (SF) cellular fractions as well as medium (M) were analyzed by WB under reducing
and non-reducing conditions using anti-HA antibody (1:5,000). No or weak expression was observed in cell lysates and medium at 37°C, while higher expression was seen in medium at
30°C. (C) Detection of constructs C and D with MN1 (1:100) by ELISA (anti-HA capture assays) in cell lysate and culture medium of HEK293 cells grown at 37°C in the presence of
TUDCA or PBA at different concentrations. (D) Expression of constructs C and D in culture medium of HEK 293 cells incubated at 37°C versus 30°C in the presence of TUDCA or PBA
at different concentrations as detected by ELISA with MN1 (1:100). N.A.: not applicable; Thr: thrombin; FXa: factor Xa; CF: cytosolic fraction; SF: solubilized fraction; M: culture
medium; TUDCA: tauroursodeoxycholic acid; PBA: 4-phenyl butyric acid.
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Figure S5 - Proteolysis of the CysR-FnlI-CTLDI1 triple domain by FXa and TEV proteases is likely
prevented by steric hindrance and poor access to the recognition sites. (A) Schematic diagram showing
the structure of soluble CysR-FnlI-CTLD1 triple domains N-terminally 6xHis- and 3xFlag-tagged and C-
terminally HA-tagged expressed in HEK 293 cells: constructs A and D are as in Figure S4. Constructs E and
F have FXa and TEV protease cleavage sites inserted in the linker region between the Fnll and CTLDI1
domains, respectively. The expected mass is calculated without the contribution of glycosylation and
cleavage efficiency is indicated. (B) Absence of cleavage of construct E by FXa protease under various
denaturing conditions as seen by WB under reducing conditions using anti-HA antibody (1:5,000). (C)
Absence of cleavage of construct D by FXa even though it is efficiently cleaved by thrombin, as observed by
WB under reducing conditions using anti-HA antibody(1:5,000). (D) Absence of cleavage of construct F by
different sources of commercial TEV proteases as seen by WB (reducing conditions) with anti-HA antibody
(1:5,000). N.A.: not applicable; FXa: factor Xa, TEV: Tobacco Etch Virus; DOC: sodium deoxycholate.
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Figure S6 - Sera from different MN patients recognized two novel epitope-containing domains in the
CTLD2-CTLDS region of PLA2R1. (A) Schematic diagram of several C-terminally HA-tagged soluble and
membrane-bound constructs within the CTLD2-CTLDS region of PLA2R1. The expected mass is calculated
without the contribution of glycosylation. (B) Expression of PLA2R1 recombinant proteins in HEK293 cells
was validated with anti-HA antibody (1:5,000) by WB under reducing conditions. (C) Representative results
of four patients (1:100) from a preliminary ELISA screen of 28 patients. Patients MN5, MN11 and MN1
recognize the CTLD2-6 region of PLA2R1 while patient MN1 is also recognizing CTLD8 and D7. Patient
MN12 recognizes only the CysR domain, and is negative on all constructs within the C2-C8 region.
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Figure S7 - WB, immunoprecipitation and dot-blot experiments confirming that single domains
CTLDS and CTLDS8 contain independent epitopes recognized by PLA2R1-positive patients. (A) WB
(non-reducing conditions) with anti-HA antibody (1:5,000) validating the expression and transfer of CTLDS5
and CTLDS as single domains. Representative WB (non-reducing conditions) with patients’ sera used at 1:25
showed that patients could not detect CTLD5 while several patients could detect CTLDS8. (B)
Immunoprecipitation of CTLDS5 and CTLDS with different patients’ sera followed by WB detection under
reducing conditions with anti-HA antibody (1:5,000). In these conditions, both CTLD5 and CTLDS could be
detected. (C) Dot-blot transfer of single domains CTLD5 and CTLDS8 under non-denaturing conditions was
validated with anti-HA antibody (1:5,000). Representative dot-blots showing reactivity of patients against
both CTLDS and CTLD8 domains versus mock-negative control.
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Figure S8 - Heating of the epitope-containing domains shows that reactivity of patients‘ sera is more
rapidly lost for CTLDS than other PLA2R1 domains. (A) ELISA reactivity of four MN patients’ sera
against CysR, CTLDI1, CTLDS5, CTLD7 and CTLDS single domains which have been exposed to different
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Figure S9 - Reactivity of patients’ sera to CTLD5 and other PLA2R1 domains is sensitive to DTT
when combined to heat. (A) Sequence alignment of the four CTLD epitope-containing domains showing
the presence of two conserved disulfides in all CTLDs and a third disulfide only present in CTLD1 and
CTLDS. The CysR domain contains three disulfides (not shown). (B) ELISA reactivity for four MN patients
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treatment: no DTT/room temperature). (C) ELISA reactivity of MN 1 against the epitope-containing domains
treated with different concentrations of DTT for 30 minutes at room temperature (RT) or 10 minutes at 30°C
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Figure S10 - Anti-PLA2RI1 titer increases as the number of positive epitope-containing domains
increases. Distribution of anti-PLA2R1 titer (commercial ELISA, total IgG) according to the number of

positive epitope-containing domains (IgG4, n=142).



10

B =23 =24
o o o o

% of competition
with PLA2R1

N
o

00+
20-
o4

o

-
N £y [=2] o (=3
o o o o o

% of competition
with CysR-Fnll-CTLD1

-
o

[=2] -
o o

B
o

% of competition
with CysR

% of competition
with CTLD1

404
20
D-
100
= 80
o
£8
% 9 60
o
£G
S £ 40
S =
= 20
0-
100
- 80-
(=]
£5
% 2 60
o
EG
3£ 40
S =
= 20

PLA2R1-positive patients

Figure S11 - Competition assays by ELISA (IgG4 detection) between recombinant PLA2R1 (full
extracellular region) and different domains of PLA2R1 for all PLA2R1-positive MN patients with
available serum (n=136). PLA2R1-positive MN patients were ranked by decreasing percentage of
competition with recombinant proteins: PLA2R1 (full extracellular region), CysR-FnlI-CTLDI1, CysR,
CTLD1, CTLDS5 and CTLD7. The total competition with PLA2R1 (full extracellular region) for all patients
validated the assay conditions. For a majority of patients (113/142, 79.6%), competition with CysR-FnlI-
CTLD1 was higher than 65%, indicating that CysR and/or CTLD1 domains contribute to most of the
PLA2RI signal. On the other hand, CTLD5 and CTLD7 have a minor contribution to the PLA2R1 signal for
most patients since they contribute to a significant part of the PLA2R1 signal for only a few patients (12/142),
which are classified as non-iDom. Importantly, note that the percentage of competition for each individual
patient and individual domain are different, and consequently, patients are not ranked in the same order in
each panel (but by decreasing values of competition for each recombinant PLA2R1 competing protein).
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Figure S12 - Competition assays by ELISA (IgG4 detection) between recombinant PLA2R1 (full
extracellular region) and CysR or CTLD1 domains mixed with the large C-terminal region CTLD2-8
for all PLA2R1-positive MN patients with available serum (n=136). Patients were ranked by decreasing
percentage of competition with CysR (A, upper panel), CysR mixed with CTLD2-8 (A, lower panel),
CTLDI1 (B, upper panel) and CTLD1 mixed with CTLD2-8 (B, lower panel). The comparison between lower
and upper graphics in both panels A and B shows a minor contribution of the C-terminal epitope-containing
domains (CTLDS5, CTLD7 and CTLDS8) to the PLA2R1 signal. In mirror, the remaining signal for each
patient (empty space in the lower graphics) can also be seen as the actual contribution of anti-CTLD1 (A) or
anti-CysR (B) signal relative to the anti-PLA2R]1 titer, in line with data shown in Figure S11. Importantly,
note that the percentage of competition for each individual patient and individual domain are different, and
consequently, patients are not ranked in the same order in each panel (but by decreasing values of
competition for each recombinant PLA2R1 competing protein).
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Figure S13 - Correlation between anti-PLA2R1 titer (in-house IgG4 ELISA) and anti-PLA2R1 titer (commercial total IgG ELISA), anti-CysR or anti-CTLD1
titers (in-house IgG4 ELISA) for PLA2R1-positive MN patients as a whole (n=141) or according to their immunodominant profile (n=135). (A) Correlations
between the anti-PLA2R]1 titers obtained with the commercial ELISA (total IgG) and in-house ELISA (IgG4) (B and C) Correlations between anti-PLA2R1 titer (in-
house IgG4 ELISA) and anti-CysR (B) or anti-CTLDI1 (C) titers (in-house IgG4 ELISA).
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Figure S15 Anti-PLA2R1, anti-CysR and anti-CTLD1 titers vary according to the immunodominant
profile of PLA2R1-positive MN patients. (A) Anti-PLA2R]1 titer (commercial ELISA, total IgG) is higher
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Anti-PLA2R1 antibodies as predictors of progression and clinical outcome in MN

The natural course of MN is variable with 40-50% of patients reaching
spontaneous remission within 5-10 years after diagnosis, whereas the
remainder progress to ESRD. Differentiating between patients with favourable
versus poor prognosis as early as possible is of upmost importance to prescribe
them the most optimized therapy and in particular avoid unnecessary treatment
with immunosuppressors which are toxic and/or costly. Currently, the Toronto Risk
Score or urinary low-molecular weight proteins levels are predictive markers used
by physicians (Cattran et al., 1997; Reichert et al., 1998; van den Brand et al., 2012). However,
their predictive value is at best 80%. There is thus a need for better predictive

biomarkers.

As mentioned several times throughout this manuscript, anti-PLA2R1 titer has
been used to monitor disease activity at baseline and during the clinical course of
the disease, with low titer predicting spontaneous remission and high titer
predicting poor prognosis (Bech et al., 2014; Beck et al., 2009; Beck et al., 2011; Hofstra et al.,
2012; Hoxha et al, 2014; Kanigicherla et al., 2013; Rodas et al., 2019; Ruggenenti et al., 2015).
However, without validation studies and defined cut-off values for anti-PLA:R1
levels, it still unclear how to use the anti-PLA2R1 titer in clinical practice.
Furthermore, using first a retrospective cohort of 69 PLA2R1-positive patients, and
then a subgroup of 58 PLA2R1-positive patients from the clinical trial GEMRitux,
our laboratory suggested that epitope spreading (or epitope profiling) can also help
to predict clinical outcome (Seitz-Polski et al., 2018; Seitz-Polski et al., 2016). Still, both
studies used a small number of patients and evaluated the predictive outcome

value of epitope spreading in a mixed population of treated and untreated patients.

Soon after my arrival to the laboratory, i.e. before the identification of CTLD5
and CTLD8 as new epitope-containing domains and before the immunodominance
study, we established a collaboration with Pr. Jack Wetzels with the aim to
evaluate whether anti-PLA:2R1 titer and/or epitope spreading (as defined with
CysR versus CTLD1/CTLD7 positivity) can help to predict clinical outcome and
"natural progression" in a large retrospective cohort of PLA2R1-associated MN
patients which have not been treated by immunosuppressors. A manuscript, in

which I should be second author, is currently in preparation as detailed below.
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7.1 Development of ELISAs for the detection of
autoantibodies against THSD7A, PLA:R1, CysR, CTLD1
and CTLD7

We started by setting-up standardized homemade ELISA assays for the
detection and quantification of autoantibodies against human THSD7A, PLA2R1,
CysR, CTLD1 and CTLD7 using anti-IgG4 secondary antibodies. For detection of
anti-THSD7A and anti-PLA2R1 autoantibodies, we used purified recombinant
soluble proteins directly coated in ELISA plates overnight followed by blocking for
2h at room temperature. For epitope-containing domains, we used HA-tagged
soluble recombinant proteins which were HA-captured for 2 h incubation on ELISA
plates previously coated with anti-HA antibody and blocked for 2h at room
temperature. To reduce inter-assay variability, a single coating solution was
prepared and after blocking (PLA:R1 and THSD7A ELISAs) or antigen capture
(epitope-domain ELISAs) the plates were lyophilized and stored in a dried place at
4°C. The exception was the ELISA used to detect CTLD7, since lyophilisation of
this domain prevents high sensitivity detection of antibody binding, likely by

altering its conformation.

Each ELISA had appropriate negative controls of the respective antigens to
allow accurate assessment of serum background for each patient. We used BSA as
a negative control for the pure antigens (PLA2R1 and THSD7A) and OptiMEM
medium from non-transfected HEK293 cells as negative control for the epitope-
containing domains (CysR, CTLD1 and CTLD7). Each ELISA plate also contained
a negative control for the primary antibody: a serum sample consisting of a pool of
healthy donors. The cut-off value of each antigen was determined based on optical
density (OD) values as the mean value obtained for the negative control (healthy
donor pool) in all the plates plus three times the standard deviation value. For each
antigen, a standard curve consisting of seven dilutions of a highly THSD7A-,
PLA:2R1-, CysR- CTLD1- or CTLD7-positive serum (different for THSD7A and
PLA2R1) was designed, allowing the conversion of OD values into RU/mL using a

5-parameter logistic curve.

7.2 Patients stratification and selection

A total of 525 serum samples, including 318 baseline samples and 207 follow-up
samples of adult patients with biopsy-proven primary MN were blind tested. At
baseline, 226 patients (71.1%) presented reactivity against PLA2R1, 9 patients
(2.8%) were positive for THSD7A and 83 patients (26.1%) were double negative. No
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cases of double positivity were identified. The 9 patients THSD7A-positive at
baseline and the corresponding follow-up samples were extracted for a parallel
ongoing study in the laboratory establishing a novel ELISA for patients with
THSD7A-associated MN (chapter 8). Among the 226 PLA2R1-positive patients, 74
(32.7%) were qualified as non-spreaders because of limited reactivity towards
CysR. The other 152 PLA:2R1-positive patients (67.3%) were qualified as spreaders
because of additional reactivity against CTLD1 and/or CTLD7: 48 patients (21.2%)
had a CRC1 profile, 55 (24.3%) were CRC7 and 49 (21.9%) were CRC1C7. Of note,
patients were additionally screened using the commercial Euroimmun ELISA
(total IgG detection). A cut-off of 14 RU/mL was used to determine patients’
positivity against PLA2R1. Discrepant results were found between the two assays:
16 patients were positive using the homemade IgG4 ELISA whereas they had a
titer inferior to 14 RU/mL with the commercial ELISA, with some patients even
having undetectable autoantibodies (0 RU/mL). Conversely, one patient was
PLAsR1-positive with the commercial ELISA while negative with the homemade
assay, which was due to the fact that this patient only had anti-PLA2R1
autoantibodies from the IgG3 subclass. These observations are in agreement with
other studies suggesting lower cut-off to determine PLA2R1 positivity (Liu et al., 2018;
Tampoia et al, 2018). This is raising the question whether the double negative
patients can actually be false-negative patients for anti-PLA2R1? Will other assays
used in the clinical practice be in agreement with the commercial ELISA assay
results? These questions have led to an ongoing second study, not present in this

manuscript, which aims to re-evaluate the double negative patients.

7.3 Association between the autoimmune response,
clinical characteristics and clinical outcome

For the next step of this project, which aimed to evaluate the added value of
anti-PLA2R1 titer and epitope spreading to predict progression and clinical
outcome, only anti-PLAsR1-positive patients at baseline with the homemade
ELISA were included in the study. Additionally, only patients with nephrotic range
proteinuria (proteinuria-creatinine ratio (UPCR) > 3 g/10 mmol/L) and serum

creatinine levels lower than 135 pumol/LL were considered.

A total of 168 patients fulfilled the above criteria and were included in the
study. The baseline characteristics of patients are described in Table 7.1. All
patients were treated with angiotensin-converting enzyme inhibitors and/or

angiotensin receptor blockers to decrease blood pressure as a conservative
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treatment. Anti-coagulant drugs were given if serum albumin levels were below
20 g/L.. Patients were considered as “progressors” if they had the need for
immunosuppressive therapy due to an increase of serum creatinine levels above
30% from baseline or due to severe persistent nephrotic syndrome
(uPCR > 3.0 g/10 mmol/LL and serum albumin below 30 g/L) A patient under only
conservative therapy was considered to have reached spontaneous remission if
uPCR was lower than 3.0 g/10 mmol/LL with stable kidney function (less than 30%

increase of serum creatinine level from baseline).

Table 7.1 — Baseline clinical characteristics and clinical outcome of the 168
PLA:R1-positive MN patients included in the study.

PLA:R1-Positive

Characteristic

(n=168)
Age (years) 52+ 13
Gender (M/F, n (%)) 118 (70)/50 (30)
Disease duration (months) ! 2.5 [1.2-7.8]
Serum creatinine (umol/L) 91 [80-105]
Serum albumin (g/L) 21 [17-25]
Serum IgG (g/L) 4.4 [3.2-5.5]
Proteinuria (g/10 mmol) 7.2 [5.6-10.7]

Anti-PLA:R1 titer Euroimmun (RU/mL)
Urinary f2m (ng/min) 2

106 [45-230]
1016 [282-3264]

Urinary alm (ug/min) 3 45 [27-81]
IgG excretion (mg/24h) ¢ 306 [158-520]
Previous disease episode (n (%)) 10 (6)
Previous immunosuppressive treatment (n (%)) 7 (4)
Spreading (n (%)) 116 (69)
Outcomes (n (%))
Spontaneous remission 55 (33)
Persisting proteinuria 1(1)
Progression 112 (67)
Patients treated with immunosuppressives 112 (67)
Follow-up duration
Until spontaneous remission (months) 18 [11-27]
Until spontaneous complete remission (months) 51 [35-76]
Until progression (months) 5[2-12]
Total duration of follow-up (years) 5.0 [2.0-9.0]

Results are presented as mean + SD, median [IQR], frequency (percentage).
1 Disease duration is the interval between kidney biopsy and first measurement.

2 Information missing for 10 patients. 3 Information missing for 1 patient. ¢ Information

missing for 2 patients.
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During follow-up under only conservative treatment, 55 patients (33%)
developed spontaneous remission (non-progressors) whereas 112 patients (67%)
had disease progression (progressors) and started immunosuppressive therapy
within a median of 5 months (IQR=[2.0-12]) after evaluation. As shown in
Figure 7.1, it can take up to two to three years to achieve spontaneous remission
whereas progression of the disease tends to occur faster. It is important to note
that anti-PLA2R1 titer was measured in stored samples; therefore the physicians
were not aware of the anti-PLA2R1 levels at the time of clinical decision to treat

with immunosuppressors.

Base cumulative incidence (CIF0(t))
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0.75 1

0.50
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0 20 40 60
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Figure 7.1 — Cumulative incidence of progression (plain line) and spontaneous
remission (dot line) in a cohort of 168 PLA2R1-positive patients with a median
follow-up of 5 years.

In agreement to others studies, in this cohort, patients in the highest tertile of
anti-PLA2R1 titer had poor kidney function, more severe nephrotic syndrome and
higher levels of urinary low molecular weight proteins (Table 7.2). Spreading was
associated with high anti-PLA2R1 titers, with all patients with an anti-PLA:2R1
titer above 176 RU/mL (as measured by the Euroimmun ELISA) being spreaders.
Additionally, spontaneous remission occurs significantly more often in the first
tertile (54%) in comparison to the second and third tertiles (29% and 16%
respectively) of anti-PLA2R1. If we compare patient characteristics’ based on
epitope spreading (Table 7.3), we confirmed that spreaders had higher anti-PLA2R1

titer, worst kidney function, more severe nephrotic syndrome and higher levels of
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urinary low molecular weight proteins. Additionally, spreaders were less likely to
reach spontaneous remission. These results demonstrated that epitope spreading is
significantly associated with an increase of anti-PLA2R1 titer, disease severity and

progression.

Table 7.2 — Baseline clinical characteristics and clinical outcome of patients
according to anti-PLA:2R1 tertiles assessed by the commercial Euroimmun ELISA.

First tertile Second tertile Third tertile
Characteristics 0-54 RU/mL 55-173 RU/mL 176-1239 RU/mL  p-value
(n=56) (n=56) (n=56)
Age (years) 51+12 52+ 15 54+ 12 0.423

Gender (M/F, (n (%)) 41 (73)/15 (27) 42 (75)/14 (25) 35 (62.5)/21 (37.5) 0.294
Disease duration

(months) 3.4 [1.6-8.9] 2.2 [1.1-8.8] 2.2 [1.2-5.7] 0.285
Serum creatinine

(umol/L) 90 [80-105] 91 [83-104] 95 [77-111] 0.711
Serum albumin (g/L) 24 [18-27] 21 [17-24] 19 [15-22] 0.001
Serum IgG (g/L) 4.9 [3.8-6.0] 4.2 [3.1-5.5] 4.0 [3.1-5.1] 0.108
Proteinuria (g/10 6.1 [4.5-8.4] 7.6 [5.9-10.8] 9.3 [6.0-11.3] 0.002
mmol)

Urinary B2m (ng/min) 541 [186-2558] 934 [233-3090] 2233 [382-8106] 0.010
Urinary alm (ug/min) 38 [25-65] 48 [26-95] 59 [37-89] 0.020
IgG excretion

(mg/24h) 246 [122-391] 306 [138-554] 387 [229-613] 0.011
Previous disease

episode (n (%)) 7 (12.5) 3(5.4) 0 (0) 0.020
Previous

immunosuppressive 6 (10.7) 0 (0) 1(1.8) 0.010
treatment (n (%))

Spreading (n (%)) 28 (50) 39 (70) 49 (88) 0.000
Spontaneous

et (@ () 30 (54) 16 (29) 9 (16) 0.000
Total duration of 90 [36-129] 36 [27-96] 36 [24-96] 0.024

follow-up (months)

Results are presented as mean + SD, median [IQR], frequency (percentage).



Anti-PLA2R1 antibodies as predictors of progression and clinical outcome in MN

Table 7.3 — Baseline clinical characteristics and clinical outcome according to

spreading.

. . Non-spreaders Spreaders
Characteristics =52 n=116 p-value
Age (years) 52 + 12 52+ 14 0.827
Gender (M/F, n (%)) 42 (81)/10 (19) 76 (66)/40 (44) 0.047
Disease duration (months) 3.4 [1.7-10.8] 2.1 [1.2-6.8] 0.133
Serum creatinine (umol/L) 89 [82-97] 93 [79-109] 0.133
Serum albumin (g/L) 23 [19-27] 19 [16-24] 0.010
anti-PLA:2R1 titer by Euroimmun
(RU/mL) 48 [25-99] 145 [54-297] 0.000
Serum IgG (g/1) 4.7 [3.8-5.8] 4.3 [3.0-5.4] 0.546
Proteinuria (g/10 mmol) 6.2 [4.7-9.3] 7.4 [5.9-10.9] 0.066
Urinary 2M (ng/min) 518 [204-2376] 1469 [314-5019] 0.119
Urinary alM (ng/min) 37 [21-67] 50 [30-88] 0.074
IgG excretion (mg/24h) 257 [117-482] 311 [182-535] 0.403
Previous disease episode (n (%)) 7/52 (14) 3/116 (3) 0.010
Previous immunosuppressive
treatment (n (%)) 4/52 (8) 3/116 (3) 0.205
Spontaneous remission (n (%)) 25/52 (48) 30/116 (26) 0.007
Total duration of follow-up (months) 90 [24-120] 42 [24-96] 0.033

Results are presented as mean + SD, median [IQR], frequency (percentage).

Table 7.4 — Baseline clinical characteristics of progressors and non-progressors.

Progressors

Non-progressors

Characteristics N=112 N= 56 p-value
Age (years) 53 +13 51+ 14 0.380
Gender (M/F, n (%)) 76 (68)/36 (32) 42 (75)/14 (25) 0.380
Serum creatinine (umol/L) 95 [81-110] 86 [80-93] 0.005
Serum albumin (g/L) 19 [16-24] 24 [20-27] 0.000
Proteinuria (g/10 mmol) 8.6 [6.2-11.3] 5.9 [4.4-7.8] 0.000
?ﬁ‘é‘lﬁi‘fzm G 1By ORI 127 [60-311] 51 [31-129] 0.000
Urinary 2m (ng/min) 2258 [444-7575] 315 [156-794] 0.000
Urinary alm (ug/min) 61 [38-101] 27 [15-43] 0.000
Serum IgG (g/L) 4.0 [3.0-5.1] 5.1 [4.1-6.2] 0.000
IgG excretion (mg/24h) 389 [228-567] 185 [100-315] 0.000
Disease duration (months) 2.4 [1.2-7.5] 3.0 [1.4-8.4] 0.695
Previous disease episode (n (%)) 8(7.1) 2(3.6) 0.499
Previous IS treatment (n (%)) 5 (4.5) 2 (3.6) 1.000
Spreading (n (%)) 25 (46) 86 (77) 0.003
Partial remission (n (%))! 105 (94) 55 (98) 0.188
Complete remission (n (%))?! 47 (42) 22 (39) 0.435

Results are presented as mean + SD, median [IQR], frequency (percentage).
1 Remission rate is the total amount of remissions achieved with (in progressors) or without (in non-

progressors) immunosuppressive therapy
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At presentation progressors had higher levels of proteinuria, urinary low
molecular weight proteins, anti-PLA2R1 titer and were more often spreaders (Table
7.4). Additionally, in preliminary multivariable analyses where anti-PLA2R1 titer,
epitope spreading or urinary alm excretion were individually adjusted for baseline
levels of serum creatinine as well as uPCR, these individual variables improved the
risk prediction of disease progression (data not shown). However, in a
multivariable model where the three variables (anti-PLA2R1 titer, epitope
spreading and urinary alm excretion) were again adjusted for baseline levels of
serum creatinine as well as uPCR, urinary alm excretion was the strongest
predictive parameter, with limited added value of anti-PLA2R1 titer and epitope

spreading (data not shown).

In sum, even though anti-PLA2R1, epitope spreading and urinary alm excretion
predict outcome with reasonable accuracy, the calculated AUCs (area under the
curves) are all below 0.80, indicating that there is still a large margin of error.
Therefore, more complex prognostic models, which might include serum creatinine,
proteinuria, urinary alm excretion, anti-PLA2R1 titer, epitope spreading, gender
and age, are required to better predict progression and clinical outcome within the
natural history of MN. Additionally, it would be interesting to test in such
prediction models the novel potential biomarker identified in the previous

chapter 6.5, immunodominance.
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Novel ELISA for patients
with THSD7A-positive MN



Results: Novel for patients with THSD7A-positive MN

In 2014, THSD7A was identified as the second autoantigen of MN, with
circulating autoantibodies recognizing conformational epitopes and
predominantly of the IgG4 subclass, similar to PLA2R1 (Tomas et al., 2014). With this
discovery, it became essential to develop assays that would allow the detection of
the autoantigen in kidney biopsy and/or the circulating autoantibodies to identify
patients with THSD7A-associated MN. The assay should be simple and
quantitative for clinical practice. In 2017, while this project was in progress, an
IIFT assay was established and is currently commercially available (Hoxha et al.,
2017). However, this method is only semi-quantitative and observer-dependent.
Thus, we believed that it was important to continue the development of a sensitive,
robust and quantitative ELISA that would not only allow the detection of anti-

THSD7A antibodies, but also evaluate their potential clinical value as a titer.

The development of such an ELISA required the production of large amounts of
purified recombinant THSD7A protein properly folded and able to detect antibodies
recognizing only conformational epitopes. An expression plasmid coding for a
recombinant soluble form of THSD7A corresponding to the full extracellular region
with a 6xHis tag was stably transfected into HEK293 cells, the best cell clone was
selected with antibiotics and several liters of culture medium containing the
protein were collected. THSD7A was purified by affinity chromatography on His-
tag purification beads (Figure S1 from article 2). The final yield of production of
purified soluble THSD7A was 1mg per liter of cell culture medium.

Then, an optimized ELISA for the detection of IgG4 anti-THSD7A antibodies
was set-up by screening patients with biopsy-proven primary MN, other diseases
and healthy donors (Figure 1 from article 2). A cut-off for THSD7A positivity of
16 RU/mL was established from a ROC curve analysis and using the above-
mentioned serum samples. The screen of an international multicenter cohort
comprising 1012 biopsy-proven primary MN patients led to the identification of 28
THDS7A-positive patients, indicating a prevalence of 2.8% for THSD7A-associated
MN. Interestingly, three of these patients were double positive since they were also
PLA2R1-positive, demonstrating a prevalence of 0.3% for double-positive MN cases.
Additional serum samples referred to the different nephrology centers mostly due
to negativity for PLAsR1 were also screened for THSD7A antibodies leading to the
1dentification of 21 more cases. Thus, we end-up with a final cohort of 49 THSD7A-
associated MN patients, the largest cohort established at that time, and of great

value, considering the low prevalence of THSD7A-associated MN.
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Next, we compared the positivity of the 49 THSD7A-positive patients (as
measured by ELISA) with the recently commercially available ITFT as well as
western blot (Figure 2, Figure S4 and Figure S5 from article 2). Forty-three of the
forty-nine patients were positive for all 3 techniques, while among the six
remainders, three were positive with at least one technique and the three others
were negative by the three techniques but positive for THSD7A staining in the
kidney biopsy. Nevertheless, the sensitivity of the ELISA was similar to that of
IIFT and the titers measured by both techniques were significantly correlated.
Additionally, the 49 patients were also tested for other IgG subclasses by ELISA:
IgG1, IgG2 and IgG3 anti-THSD7A autoantibodies were detected in 14%, 18% and
20% of the patients, respectively (Figure S3C from article 2).

We next analysed the clinical characteristics of THSD7A-positive patients
(Table 2 and Table S1 from article 2) and found them comparable to those of
PLA:2R1-positive patients. However, a 1.3:1 male to female ratio was observed for
THSD7A-positive patients, which contrasts with the typical 2:1 ratio observed in
the overall MN population and in PLA:2R1-positive patients. Additionally,
THSD7A-positive female patients were significantly younger than male patients
(Figure 4A from article 2). In particular, we identified a subgroup of younger
female patients with a median age below the one estimated for menopause. By
comparing the two subgroups of female patients (Table S2 from article 2), we
noticed that they only differ in age but not in any other feature, suggesting a
possible aetiology of MN related to pregnancy or preeclampsia, as described in a
few case reports (Al-Rabadi et al., 2016; Iwakura et al., 2016; Luo et al., 2016). THSD7A-
associated MN has been suggested to be linked to malignancy (Stahl et al., 2017).
However, only 8 patients from our cohort had a history of malignancy, with only 3
of them diagnosed within 2 years of MN diagnosis. Additionally, these patients did
not differ in their clinical features besides age (Table S3 from article 2), with
patients with history of cancer being significantly older. Moreover, no particular
IgG subclass pattern was observed in these patients (Table S5 from article 2).
These results suggest that in our cohort, the cases of malignancy were most likely
co-incidental rather than causative of MN. Furthermore, we also carefully analysed
the clinical characteristics of patients with double positivity for THSD7A and
PLA2R1 autoantibodies compared to those with single positivity towards THSD7A,

and no significant differences were observed (Table S6 from article 2).

We then compared anti-THSD7A titer at baseline and during follow-up to assess
the association between anti-THSD7A titer and disease activity. Overall, patients

in active disease have higher anti-THSD7A titer compared with patients in partial
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or complete remission (Figure 5 from article 2). Finally, we investigated the
association between anti-THSD7A autoantibodies levels and clinical outcome as
well as response to treatment. By analysing 36 patients with a median follow-up of
37 months, we observed that patients with anti-THSD7A titer in the lowest tertile
(titer below 134 RU/mL) had a better clinical outcome than patients with higher
titer (Figure 6B from article 2).

In sum, we developed a robust, reproducible and quantitative ELISA that allows
detection of anti-THSD7A antibodies. Similar to what was observed for PLA2R1,
anti-THSDT7A titer appeared to reflect the immunological activity of MN, allowing
careful monitoring of disease activity, evaluation of the response to treatment as

well as prediction of clinical outcome.
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Autoantibodies against phospholipase A2 receptor 1
(PLA2R1) and thrombospondin type 1 domain-containing 7A
(THSD7A) are emerging as biomarkers to classify
membranous nephropathy (MN) and to predict outcome or
response to treatment. Anti-THSD7A autoantibodies are
detected by Western blot and indirect immunofluorescence
test (IIFT). Here, we developed a sensitive enzyme-linked
immunosorbent assay (ELISA) optimized for quantitative
detection of anti-THSD7A autoantibodies. Among 1012
biopsy-proven MN patients from 6 cohorts, 28 THSD7A-
positive patients were identified by ELISA, indicating a
prevalence of 2.8%. By screening additional patients, mostly
referred because of PLA2R1-unrelated MN, we identified 21
more cases, establishing a cohort of 49 THSD7A-positive
patients. Twenty-eight patients (57%) were male, and male
patients were older than female patients (67 versus 49
years). Eight patients had a history of malignancy, but only 3
were diagnosed with malignancy within 2 years of MN
diagnosis. We compared the results of ELISA, IIFT, Western
blot, and biopsy staining, and found a significant correlation
between ELISA and IIFT titers. Anti-THSD7A autoantibodies
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were predominantly IgG4 in all patients. Eight patients were
double positive for THSD7A and PLA2R1. Levels of anti-
THSD7A autoantibodies correlated with disease activity and
with response to treatment. Patients with high titer at
baseline had poor clinical outcome. In a subgroup of
patients with serial titers, persistently elevated anti-THSD7A
autoantibodies were observed in patients who did not
respond to treatment or did not achieve remission. We
conclude that the novel anti-THSD7A ELISA can be used to
identify patients with THSD7A-associated MN and to
monitor autoantibody titers during treatment.
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an autoimmune kidney disease in which circulating

autoantibodies target podocyte autoantigens, leading to
deposition of immune complexes in the glomerular capillary
wall, podocyte injury, and proteinuria.' > Overall, MN affects
more men than women (sex ratio 2:1), with a peak incidence
at 50 to 55 years.»” Clinical outcome varies from spontaneous
remission to persistent proteinuria and end-stage renal dis-
ease in about 30% of cases.

T he primary form of membranous nephropathy (MN) is
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In 2009, phospholipase A2 receptor 1 (PLA2R1) was
identified as the major target autoantigen with circulating
autoantibodies present in about 70% of MN patients.” In
2014, thrombospondin type 1 domain-containing 7A
(THSD7A) was identified as a second autoantigen for another
group of 2% to 5% MN patients.” Most cases of PLA2R1- and
THSD7A-associated MN are mutually exclusive, yet rare cases
of dual positivity have been described.® '’

Both PLA2R1 and THSD7A autoantigens are expressed in
human podocytes and are membrane-bound proteins (180
and 250 kDa, respectively) with a long extracellular region
comprising multiple but distinct domains with disulfide
bonds.”” Anti-PLA2R1 and anti-THSD7A autoantibodies
exclusively bind to conformational epitopes present in 1 or
more respective domains and are predominantly of the 1gG4
subclass.' "' Epitope spreading associated with disease
worsening has been suggested for PLA2R1.">"

Although the pathogenic role of anti-PLA2R1 autoanti-
bodies is still a matter of debate, multiple studies have shown
that anti-PLA2R1 autoantibodies are specific and sensitive
biomarkers for 50% to 80% of MN patients, depending on
the studied cohorts.'”'® Anti-PLA2R1 autoantibodies are
nowadays measured by robust biological assays such as in-
direct immunofluorescence test (IIFT)' and enzyme-linked
immunosorbent assay (ELISA).?>?" Furthermore, PLA2R1
antigen accumulated in glomerular immune deposits is
detected by standardized biopsy staining protocols.””** These
assays are now routinely used in clinical practice to identify
and diagnose patients with PLA2R1-associated MN, predict
clinical outcome, and improve clinical management from
conservative therapy to treatment with potent immunosup-
pressors.””*>® Other specific assays have also been
described.””**

Concerning THSD7A, patients’ autoantibodies have
recently been shown to be pathogenic in a mouse model.””*’
However, the detection of circulating autoantibodies is
currently possible by Western blot (WB)” and IIFT,"" which
provide only semi-quantitative titers. As for PLA2R1-related
MN, standardized biopsy staining protocols that can detect
THSD7A antigen in glomerular immune deposits have been
reported.””*>** Developing more robust and rapid assays
such as ELISA for the sensitive and quantitative measurement
of autoantibody levels in THSD7A-associated MN patients
would be helpful for both diagnosis and clinical follow-up.

In this study, we describe the setup of the first ELISA for
the sensitive and quantitative detection of anti-THSD7A au-
toantibodies. We used the assay to screen a combined cohort
of 1012 MN patients and identified 28 THSD7A-positive
patients, indicating a prevalence of 2.8%. We also screened
additional PLA2R1-negative patients and included in total 49
THSD7A-positive MN cases. We tested all cases by WB and
IIFT, characterized the anti-THSD7A IgG subclasses and
analyzed their reactivity for PLA2R1. We finally described the
clinical characteristics of this population for age, sex, disease
activity, and possible links to etiology including malignancy.
Our results show that this ELISA is rapid, sensitive, and
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specific to measure anti-THSD7A autoantibodies and will be
useful for better diagnosis and clinical follow-up of MN
patients.

RESULTS

ELISA setup

We prepared the full extracellular domain of human THSD7A
in human embryonic kidney (HEK) 293 cells (Supplementary
Figure S1) as soluble antigen and set up an ELISA that can
specifically detect anti-THSD7A autoantibodies in serum
from a subset of patients with MN but not from patients with
other diseases or from healthy donors (Figure 1). Because
many studies have shown that IgG4 is the predominant IgG
subclass in MN patients””*"*"***2%%% and is more sensitive
than total IgG to measure anti-PLA2R1 autoanti-
bodies,””'***” we optimized the ELISA for detection of
IgG4 anti-THSD7A autoantibodies. Using the above-
mentioned serum samples and receiver-operating character-
istics curve analysis, we defined a cutoff value of 16 relative
units (RU)/ml above which serum samples are considered
positive for anti-THSD7A (Figure 1 and Supplementary
Figure S2A). We also established a standard curve for con-
version of optical density values into RU/ml (Supplementary
Figure S2B).

Identification of THSD7A-positive patients

Screening by ELISA of baseline serum from a total of 1012
biopsy-proven MN patients from 6 national and international
cohorts'*?%?*745 21 ed to the identification of 28 THSD7A-
positive patients, indicating an overall prevalence of 2.8% for
THSD7A-associated MN (Table 1). Three of these patients
were also positive for anti-PLA2R1 autoantibodies, indicating
a prevalence of about 0.3% for double-positive MN patients
(Table 1).

Additionally, our consortium screened for THSD7A posi-
tivity in baseline serum or biopsy from other MN patients
(mostly referred to our different nephrology centers because
of PLA2R1-unrelated MN over the last 4 years) by any of the 4
techniques available to identify THSD7A-associated MN:
ELISA, IIFT, WB, or enhanced THSD7A staining in bi-
opsy.>”'*?>*! This led to the inclusion of 21 additional
THSD7A-positive patients, among which 5 were double
positive. Collectively, our cohort thus included 49 THSD7A-
positive MN patients (Figure 1, Supplementary Figure S3,
Table 2, and Supplementary Table S1).

Comparison of THSD7A positivity by ELISA, WB, and IIFT and
analysis of IgG subclasses

We then compared the positivity for THSD7A in baseline
serum from the 49 patients by the 3 techniques: ELISA, WB,
and IIFT (Figure 2, Supplementary Table S1). In total, 43 of
49 vpatients were fully positive by ELISA (Figure 1,
Supplementary Table SI1 for IgG4 detection), IIFT
(Supplementary Figure S4, Supplementary Table S1 for total
IgG detection), and WB (Supplementary Figure S5,
Supplementary Table S1 for IgG4 detection). Among the 6
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Figure 1| Comparative analysis of IgG4 reactivity against thrombospondin type 1 domain-containing 7A (THSD7A) determined by
enzyme-linked immunosorbent assay (ELISA). IgG4 anti-THSD7A reactivity was validated using THSD7A-positive membranous nephropathy
(MN) patients (with respect to positivity by indirect immunofluorescence test and Western blot) versus THSD7A-negative MN patients
(phospholipase A2 receptor 1 [PLA2R1]-positive and double-negative [DN] patients) and other control subjects (other diseases and healthy
blood donors, n = 101). The data are expressed as optical density (OD)450 nm and presented as medians. The dotted line represents the cutoff
(ODy4s0 nm Of 0.12 corresponding to 16 relative units/ml) at a defined specificity of 97% with respect to immunofluorescence test by receiver-

operating characteristic curve analysis (Supplementary Figure S2). ANCA, anti-neutrophil cytoplasmic autoantibodies; HBD, healthy blood
donor; IgA, IgA nephropathy; Lupus, lupus nephritis; MPGN, membranoproliferative glomerulonephritis; ORD, other renal diseases.

remaining patients, membranous nephropathy patient 40
(MN40) and MN41 were positive by IIFT when assayed at a
1:10 dilution with detection of total I1gG (Supplementary
Figure S4) but negative by WB and ELISA when detected
for IgG4 (Supplementary Table S1). On the other hand,
MN46 was positive by ELISA and WB but negative by IIFT
(Figure 3). The last 3 patients (MN47, MN48, and MN49)
were negative in serum by all 3 techniques but were positive
based on THSD7A biopsy staining (Figure 3, Supplementary
Figure S6).”

Because ELISA titers ranged over several logs (Figure 2,
Supplementary Figure S3), we compared the different assays
for 3 representative patients having low- to high-range anti-
THSD7A titers and analyzed the correlation of titers
measured by ELISA and IIFT for the whole cohort. Figure 2
shows that the 3 patients can be detected by ELISA at a

1:100 serum dilution (Figure 2a), by WB at the same dilution
or lower (Figure 2b) and by IIFT, where appropriate dilution
ranging from 1:10 to 1:1000 gave a specific signal (Figure 2c).
The autoantibody titers measured by ELISA and IIFT corre-
lated significantly (r = 0.8592, P < 0.0001) (Figure 2d for
IgG4 ELISA and Supplementary Figure S3B for total IgG
ELISA).

We also tested the positivity of the 49 patients by ELISA
when detection of anti-THSD7A autoantibodies was per-
formed with secondary antibodies specific for other IgG
subclasses or total IgG. In our conditions, we detected IgG1,
IgG2, and IgG3 anti-THSD7A autoantibodies in only 14%,
18%, and 20% of patients, respectively (Supplementary
Figure S3C). As for total IgG, 38 of the 49 patients (78%)
were positive, with autoantibody titers spanning 3 log units
and correlating significantly with IgG4 titers (r = 0.925,

Table 1| THSD7A and PLA2R1 reactivity of patients’ sera from the different MN cohorts screened in this study

Patients THSD7A-positive THSD7A-negative
Cohort All Male Female THSD7A-positive  PLA2R1-positive  PLA2R1-negative = PLA2R1-positive  PLA2R1-negative
Nice 275 183 (67) 92 (33) 8 (2.9) 1 7 150 (54.6) 117 (42.5)
Saint-Etienne 68 45 (66) 23 (34) 2 (2.9) 0 2 41 (60.3) 25 (36.8)
Gemritux 75 52 (69) 23 (31) 2(2.7) 0 2 61 (81.3) 12 (16.0)
Sweden 25 16 (64) 9 (26) 1 (4.0 0 1 16 (64.0) 8 (32.0)
Italy 251 175 (70) 76 (30) 6 (2.4) 2 4 182 (72.5) 63 (25.1)
Netherlands 318 219 (69) 99 (31) 9 (2.8) 0 9 234 (73.6) 75 (23.6)
Total 1012 690 (68.2) 322 (31.8) 8 (2.8) 3(0.3) (2.5) 684 (67.6) 300 (29.6)

MN, membranous nephropathy; PLA2R1, phospholipase A2 receptor 1; THSD7A, thrombospondin type 1 domain-containing 7A.

Values are shown as n (%).

The main clinical characteristics of each cohort can be found elsewhere: Nice,'* Saint-Etienne,*
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Table 2| Epidemiological and clinical baseline characteristics of anti-THSD7A positive patients

Characteristics of THSD7A-positive patients All (n = 49) Male (n = 28) Female (n = 21) P value
Sex, M/F 28/21 28 (57) 1(43)

Age at diagnosis (yr) 59.9 (48.5-75.0) 67.0 (54.3-75.0) 48 8 (36.5-64.5) 0.003
Proteinuria (g/d) 6.1 (4.1-10.2) 6.6 (5.3-11.2) 0 (3.0-7.7) 0.106
Serum creatinine (Lmol/l) 89.0 (70.7-121.0) 112.0 (88.0-145.0) 70 7 (64.7-86.6) 0.0004
eGFR (CKD-EPI) (ml/min per 1.73 m?) 76.5 (49.8-90.0) 60.0 (39.8-80.0) 85.5 (64.5-91.8) 0.017
Serum albumin (g/l) 21.0 (16.5-25.3) 21.0 (15.3-25.8) 22.2 (17.5-25.3) 0.681
Anti-THSD7A titer (RU/ml) 278.0 (40.5-835.0) 256.0 (27.5-857.8) 302 (55.5-1035.0) 0.585
Cancer incidence 8 (16) 6 (21) 2 (10) 0.264

CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; RU, relative units; THSD7A, thrombospondin type 1 domain-

containing 7A.
Values are n (%) or median (interquartile range).

The 49 patients were positive for THSD7A by at least 1 technique of detection: enzyme-linked immunosorbent assay (44 of 49 positive patients with IgG4 detection and 1
additional patient with total IgG detection), indirect immunofluorescence test (45 of 49 positive patients, total IgG detection), Western blot (44 of 49 positive patients, IgG4

detection), or biopsy staining (11 of 11 positive patients).

P < 0.0001) (Supplementary Figure S3D and E). More careful
analysis showed that 37 of the 38 patients positive with total
IgG were among the 44 patients positive for IgG4 while the
last patient was negative for IgG4. Among the 7 patients
negative for total IgG but positive for IgG4, 6 had low IgG4
anti-THSD7A titers and were negative for IgGl, 1gG2, and
IgG3 subclasses while the last one was positive for both 1gG4
and IgG3. The higher number of patients detected with anti-
IgG4 secondary antibodies is likely due to the better signal-to-
noise ratio of these antibodies as compared with that of
anti-total IgG (Supplementary Figure S3) and the fact that
anti-THSD7A autoantibodies are mostly IgG4, like for anti-
PLA2R1 autoantibodies.”***">*

Among the 5 patients negative with IgG4 detection, 4 were
also negative for total IgG, I1gG1, IgG2, and 1gG3. However, the

last patient, MN40, illustrated a unique case in our cohort
because it was negative for IgG4 but positive for total IgG. We
carefully double-checked the positivity of this patient when
using total IgG versus IgG4 and other IgG subclasses by ELISA,
WB, and IIFT, and we confirmed that this patient was clearly
positive for anti-THSD7A total IgG as well as IgG1, but not
IgG2, 1gG3, and 1gG4 (Supplementary Figures S3, S4, and S5).

MN patients double positive for THSD7A and PLA2R1

We carefully evaluated the 49 patients for their double posi-
tivity for THSD7A and PLA2R1 by detection of anti-THSD7A
and anti-PLA2R1 autoantibodies in baseline serum by ELISA,
WB, and IIFT, and of THSD7A and PLA2RI1 antigens in
immune deposits (when biopsies were available). In total, 8
patients (MN42 to MN49) were found to be double positive
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Figure 2| Comparison of anti-thrombospondin type 1 domain-containing 7A (THSD7A) detection in serum by enzyme-linked
immunosorbent assay (ELISA), Western blot, and indirect immunofluorescence test (IIFT). (a) ELISA reactivity for 3 membranous
nephropathy (MN) patients (MN5, MN26, and MN31) with low- to high-range titers detected at a dilution of 1:100. MN5 was further diluted to
determine the ELISA titer with accuracy. (b) Western blot reactivity of the same patients tested at optimal serum dilution against

purified recombinant THSD7A (T) and phospholipase A2 receptor 1 (PLA2R1) (P) (50 ng each). Blots were exposed for different times. (c)
IIFT reactivity at optimal serum dilution. (d) Correlation between anti-THSD7A levels of MN patients (n = 49) as measured by IIFT (detection
for total IgG) and ELISA (detection for IgG4). The correlation is significant (r = 0.8592, P < 0.0001). OD, optical density; RU, relative units.

To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 3| Detection of anti-thrombospondin type 1 domain-containing 7A (THSD7A) and anti-phospholipase A2 receptor 1 (PLA2R1)
autoantibodies in double-positive membranous nephropathy (MN) patients. (a) Reactivity of sera from double-positive MN patients
(MN42 to MN49) and single-positive MN control subjects (MNT+ and MNP+) against THSD7A and PLA2R1 antigens in enzyme-linked

immunosorbent assay (ELISA). All sera were diluted at 1:100 except MN46 (1:25). (b) Western blot reactivity of sera from double-positive MN
patients (MN42 to MN49) against THSD7A (T) and PLA2R1 (P) antigens (50 ng each) loaded on sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (6%) under nonreducing conditions. All sera were used at a dilution of 1:25. Soluble forms of THSD7A and PLA2R1
have molecular masses of about 230 kDa and 170 kDa, respectively. (c) Indirect immunofluorescence test showing the reactivity of MN42 to
MNA49 against HEK 293 cells transfected with THSD7A or PLA2R1 expression vectors. Sera were tested at a dilution of 1:10 or higher depending
on titer. (d) Summary of positivity by biopsy staining for THSD7A and PLA2R1 antigens (biopsies were available for 5 patients: MN49
staining is shown in Supplementary Figure S6; for other patients, the original data can be found elsewhere®®). (e) Summary of positivity for
THSD7A and PLA2R1 autoantibody or antigen in serum or on biopsy, respectively. NA, not available; OD, optical density. To optimize viewing of

this image, please see the online version of this article at www.kidney-international.org.

(Figure 3). Four of these patients were previously reported
from an American cohort (MN42 and MN45)® and a Chinese
cohort (MN47 and MN48),” but none of them were
compared for levels of anti-THSD7A and anti-PLA2R1 au-
toantibodies by quantitative ELISA. Analysis with baseline
serum showed that double-positive patients can have different
titers of anti-THSD7A and anti-PLA2R1 autoantibodies
(Figure 3a). Four patients had relatively higher titers of anti-
THSD7A than anti-PLA2R1; 1 patient had low titers of both
autoantibodies; and the last 3 patients had no detectable levels
of anti-THSD7A but high anti-PLA2R1 titers. The first 5
patients (MN42 to MN46) were clearly double positive in
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serum by ELISA and WB (Figure 3a and b), but some of them
appeared less positive by IIFT, which may be explained, at
least in part, by the low titers measured by ELISA (Figure 3c).
The last 3 patients (MN47, MN48, and MN49) were positive
in serum by all 3 techniques (ELISA, WB, and IIFT) for
PLA2R1 but not for THSD7A (Figure 3a to ¢).

Among the 49 patients, renal biopsies were available for a
total of 11 patients and were tested for THSD7A and PLA2R1
staining. This includes data previously published for MN42,
MN45, MN47, and MN48.*° In agreement with ELISA, 6
patients (MN5, MN6, MN13, MN26, MN34, and MN41)
were positive for THSD7A but negative for PLA2R1 on biopsy
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(Supplementary Figure S6). The other 5 patients had
enhanced staining for both THSD7A and PLA2R1 (for MN42,
MN45, MN47, MN48, and MN49, see Larsen et al® and
Wang et al.’; see also Supplementary Figure S6 for MNA49;
data for MN42 to MN49 are summarized in Figure 3d).

Taken together, we conclude that 8 patients are double
positive for THSD7A and PLA2R1 (Figure 3e). Our analyses
also illustrate the need of using all available techniques for
detection of anti-THSD7A and anti-PLA2RI in serum and
antigen staining in biopsy to identify these rare cases of
double-positive MN patients.

Clinical characteristics of THSD7A-associated MN patients
Overall, the baseline clinical characteristics of the 49
THSD7A-associated MN patients (Table 2, Supplementary
Table S1) did not strongly differ from patients with
PLA2R1-associated MN including those from the cohorts
listed in Table 1,232733:3%41.49:54 At haseline, the median age of
the 49 anti-THSD7A-positive patients was 59.9 years. Median
proteinuria and estimated glomerular filtration rate (eGFR)
were 6.1 g/d (interquartile range [IQR]: 4.1-10.2) and 76.5
ml/min per 1.73 m* (IQR: 49.8-90.0), respectively. There was
no significant correlation between anti-THSD7A titer and
proteinuria (Supplementary Figure S7).

Because we previously observed a high proportion of
women in THSD7A-positive patients as compared to
PLA2RI1-positive patients,” we investigated the influence of
sex on the clinical parameters and anti-THSD7A titers in our
cohort (Table 2). Among the 49 patients, 28 were male (57%)
and 21 were female (43%), giving a sex ratio of 1.3:1, which
contrasts with the 2:1 ratio typically observed in the general
MN population (e.g., it is 2.1:1 in our combined cohort of
1012 patients) (Table 1) or the PLA2R1-associated MN-
specific subgroup.'” Interestingly, female patients were
significantly younger than male patients (48.8 vs. 67.0 years,
P = 0.003). Data for age of menopause were lacking in our
cohort. The average age at menopause of women with CKD is
51 years,”””® which suggests that a significant number of
women developed MN before menopause (Figure 4a,
Table 2). However, the levels of anti-THSD7A titers did not
significantly differ between male and female patients, nor
with age when analyzed by tertiles or when female patients
were compared as 2 subgroups, below and above 51 years
(Figure 4b, Supplementary Figure S8A, Supplementary
Table S2). Titers separated by sex did not correlate with
proteinuria (Supplementary Figure S7). Proteinuria and
serum albumin did not differ between male and female pa-
tients, irrespective of age (Table 2, Supplementary
Figure S8B). Serum creatinine was higher and eGFR was
lower in male patients, which might be partly age-related or
due to more severe disease in these men (Table 2).

It has been reported that THSD7A-associated MN may be
linked to malignancy."' In our cohort, only 8 patients (16%)
had a history of malignancy, including 6 male and 2 female
patients (Table 2, Supplementary Table S3). Clinical param-
eters were similar between these patients and others, except
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for serum albumin, which was lower, possibly due to super-
imposed malnutrition.”” Interestingly, all 8 patients with ma-
lignancy were significantly older, and only 3 of them were
diagnosed for malignancy within 2 years of MN diagnosis
(Supplementary Tables S3 and S4). Titers of anti-THSD7A au-
toantibodies tended to be higher in patients with associated
malignancy but the difference did not reach statistical signifi-
cance (Supplementary Table S3). Although the pattern of IgG
subclass may differ between primary and secondary MN asso-
ciated with malignancy,”**>*® no differences in the relative levels
of anti-THSD7A IgG subclasses were observed between patients
with and without malignancy (Supplementary Table S5).

We finally compared the clinical characteristics of patients
with single positivity to THSD7A (n = 41) versus double
positivity to THSD7A and PLA2R1, which included 4 male
and 4 female patients (n = 8). No significant differences were
observed for age, sex, and baseline clinical values nor for
percentage of malignancy-associated MN between the 2
groups (Supplementary Table S6).

Association of anti-THSD7A titer with disease activity

We compared anti-THSD7A titers at baseline and during
follow-up to test the association between anti-THSD7A titers
and disease activity, including response to treatment or
spontaneous remission. Overall, we observed higher titers of
anti-THSD7A autoantibodies in patients with active disease as
compared to those in partial or complete remission
(Figure 5a). We only had follow-up sera for 12 patients with a
median follow-up of 17 months (IQR: 7.0-31.3), but this
number was sufficient to demonstrate that the anti-THSD7A
titer is a relevant biomarker of the immunological autoim-
mune response and helps to monitor response to treatment
(Figure 5b and c). At baseline, the 12 patients had nephrotic
to subnephrotic range proteinuria (median: 5.9 g/d [IQR:
3.0-6.6]) and relatively high anti-THSD7A titers (median:
206 RU/ml [IQR: 68.8-472.8]). At the last follow-up of pa-
tients with available serum samples, patients who had reached
spontaneous remission or remission after conservative or
immunosuppressive treatment had non-nephrotic protein-
uria levels (median: 1 g/d [IQR: 0.8-2.7]) and no detectable
or strongly decreased anti-THSD7A titers (IQR: 16-26.5 RU/
ml). In contrast, patients who did not reach remission, either
untreated or resistant to immunosuppressive treatment, had
nephrotic range proteinuria (median: 10.8 g/d [IQR: 6.5-
14.0]) and persistently high anti-THSD7A titers (median: 709
RU/ml [IQR: 381.3-993.3]).

The utility of anti-THSD7A titer to monitor disease ac-
tivity and response to treatment was further illustrated by the
clinical follow-up of patient MN13, a 4-year-old girl treated
twice with rituximab over 27 months (Supplementary
Figure S9). At baseline, the patient had high proteinuria
(6.1 g/d) and anti-THSD7A titer (715 RU/ml). Treatment
with rituximab led to a progressive decrease of anti-THSD7A
titer that was followed by fluctuating but finally decreasing
proteinuria down to the subnephrotic range at month 18.
Between months 18 and 27, anti-THSD7A titer and
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RU, relative units.

proteinuria increased again, suggesting an ongoing relapse.
Comparison of anti-THSD7A autoantibody levels by ELISA,
WB, and IIFT showed that ELISA was the most accurate assay
to detect subtle changes of anti-THSD7A levels, with IgG4
and IgG3 appearing as the most relevant IgG subclasses to
monitor disease activity.

Anti-THSD7A titer and clinical outcome of THSD7A-associated
MN patients
Among the 49 THSD7A-associated MN patients, we had
clinical outcome and detectable anti-THSD7A autoantibodies
at baseline for 36 patients during a median follow-up of 37
months (range 6.5-180 months) (Supplementary Tables S1
and S7). During follow-up, 10 patients (28%) were un-
treated or treated with antiproteinuric therapy (angiotensin-
converting enzyme inhibitors or angiotensin 2 receptor
blockers and diuretics or all 3) while 24 (67%) patients
received an additional immunosuppressive treatment (cyclo-
sporine A, cyclophosphamide, rituximab, or adrenocortico-
tropic hormone). Treatment information was not available for
2 patients. Twelve patients (33%) remained in active disease
among which 2 reached end-stage kidney disease, while 24
(67%) reached complete (n = 16) or partial (n = 8) remis-
sion. Two patients (MN29 and MN33) experienced relapse
after partial remission (one after spontaneous remission and
the other after treatment with cyclosporine A). Among the 12
patients who remained in active disease, 10 patients (83%)
had  received an  immunosuppressive  treatment
(Supplementary Tables S1 and S7). Among the 24 patients
who reached remission, 14 (58%) had received an immuno-
suppressive treatment (Supplementary Tables S1 and S7).
We evaluated the association between anti-THSD7A titer
at baseline and clinical outcome. Overall, baseline anti-
THSD7A titer significantly differs between patients reaching
remission or not during follow-up (134 [IQR: 52; 955] vs. 536
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[IQR: 250; 1671] RU/ml, respectively, P = 0.04) (Figure 6a),
while these 2 groups were comparable for age, sex ratio,
proteinuria, albuminemia, eGFR, and immunosuppressive
treatment (Supplementary Table S7).

We then divided the patients into tertiles based on anti-
THSD7A titer and analyzed outcome. Patients in the lowest
tertile (titers 23—122 RU/ml) tended to have a higher rate of
remission (11 of 12, 92%) compared with patients in the
middle (titers 134-566 RU/ml) and highest (titers 606—13,920
RU/ml) tertiles (6 of 12, 50% and 7 of 12, 58%, respectively,
P = 0.07), while persistent proteinuria and renal failure
tended to be more frequent in patients with high anti-
THSD7A titer, but none of these trends reached statistical
significance (not shown). Because of the small sample size, we
combined the middle and highest tertiles and compared renal
survival during the first 3 years after diagnosis to the lowest
tertile. Patients from the lowest tertile had better renal sur-
vival with more remission compared with patients from the
medium and highest tertiles (Figure 6b, P = 0.006).

DISCUSSION

This study had 2 major aims: (i) the development of a robust
ELISA allowing the sensitive and quantitative measurement of
anti-THSD7A autoantibodies, and (ii) the analysis of a rela-
tively large retrospective cohort of THSD7A-positive patients
from which we may identify clinical characteristics specific for
THSD7A-associated MN.

We set up an ELISA to detect anti-THSD7A autoantibodies
in serum with characteristics and performance similar to
those previously reported for PLA2R1, using the purified full
extracellular region of THSD7A as antigen for the solid-phase
assay, validation of the ELISA with MN patients versus
negative control subjects and detection for either total IgG or
IgG4 secondary antibodies.”””' Using this ELISA to screen a
combined cohort of 1012 MN patients, we identified 28
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patients, indicating a prevalence of 2.8%, in accordance with
the prevalence range of 2% to 5% previously reported for
Caucasian or Asian cohorts (data are summarized in
Supplementary Table §8).””*"~*>>*" By screening additional
patients mostly referred because of PLA2R1-unrelated MN,
we included 21 more cases, providing a cohort of 49 patients
with THSD7A-associated MN. We validated the novel ELISA
by comparing its sensitivity against the 49 MN patients with
the original WB method” and the commercially available ITFT
assay.”' We found similar levels of sensitivity by ELISA and
WB, and a significant correlation between anti-THSD7A titers
measured by IIFT and ELISA. Among the 49 patients, 43 were
positive by the 3 techniques: ELISA (IgG4 detection), WB
(IgG4 detection), and IIFT (total IgG detection). One was
positive by ELISA, WB, and IIFT (total IgG detection). One
was only positive by ELISA (IgG4 detection) and WB (IgG4
detection). One was only positive by IIFT (total IgG detec-
tion). The last 3 were negative in serum by all 3 techniques.
These discrepancies may be explained by the different auto-
antibody detection systems and presentation of antigens in
solid-phase ELISA, WB, and IIFT cell-based assay. We also
found that the ELISA is more sensitive when detection of
anti-THSD7A autoantibodies is made with anti-IgG4 as
compared to anti-total IgG. Indeed, 6 patients could be
detected only with anti-IgG4 while 1 patient could be detected
only with anti-total IgG. It is thus preferable to use anti-1gG4
as a secondary antibody to detect the highest number of MN
patients with THSD7A-associated disease and avoid false-
negative cases, yet further screening with anti-total IgG may
help to identify additional patients.

The 3 patients who had no circulating anti-THSD7A au-
toantibodies detected by ELISA, WB, and IIFT were positive
on biopsy with the presence of immune deposits containing
the THSD7A antigen. Such discrepancies have been initially
observed for PLA2R1-associated MN”* and more recently for
THSD7A-associated MN.*' We conclude that the new ELISA
is reliable and in accordance with available methods of
detection such as WB and ITFT.*'

Among the 49 patients, we identified 8 patients who were
double positive for THSD7A and PLA2R1. No major clinical
differences were observed between the single- and double-
positive patients. Four double-positive cases were novel and
from Europe while 2 were already reported from an American
cohort® and two from a Chinese cohort.” Three of the new
cases were identified from the screening of 1012 MN patients,

o

<

proteinuria of 7.4 g/d), partial remission (15 follow-up serum samples
with a mean proteinuria of 1.9 g/d), or complete remission (5 follow-
up serum samples with a mean proteinuria of 0.3 g/d). The
anti-THSD7A titer was significantly lower in patients with complete
remission than in those in active disease. The difference in titer
between patients in active disease versus partial remission did

not reach significance. (b) Anti-THSD7A titers during follow-up of
patients who received no or conservative treatment and (c) immu-
nosuppressive treatment. Anti-THSD7A titers of patients who reached
remission are shown with dotted lines. A, active disease; LOCF, last
observation carried forward; R, remission; RU, relative units.
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indicating an overall prevalence of about 0.3%. However,
these 3 double-positive cases actually represent about 10% of
the 28 THSD7A-positive patients (identified from 1012 pa-
tients) but only about 0.4% of the 684 patients identified with
PLA2R1-associated MN (Table 1). With the observed
respective prevalence of about 70% and 3% for PLA2R1 and
THSD7A in our combined cohort, and assuming that the
respective production of anti-PLA2R1 and anti-THSD7A
autoantibodies is a random event, one would have expected
many more double-positive patients in the PLA2R1-positive
group than in the negative one, suggesting a negative
association between the 2 events. However, we could not
determine from these studies whether the presence of both
anti-PLA2R1 and anti-THSD7A autoantibodies is coinci-
dental or associated one to another (for instance by inter-
molecular epitope spreading),’’ nor could we determine what
autoantibody would precede the other during the natural
history of the disease.

Careful analysis of the 8 double-positive patients led us to
make 2 additional observations. First, the respective circu-
lating levels of anti-THSD7A and anti-PLA2R1 could be very
different between patients, with all scenarios observed, that is,
lower titer of anti-THSD7A than anti-PLA2R1 and vice versa,
or similar titers of both autoantibodies. Second, among the 5
patients with available serum and biopsy, 2 were fully positive,
in other words, for both antigens in serum and biopsy (MN42
and MN45), while 3 (MN47, MN48, and MN49) were posi-
tive in both serum and biopsy for PLA2R1 but only positive
for THSD7A in biopsy. This different pattern of positivity in
serum versus biopsy is reminiscent of what was previously
observed for MN patients with single positivity for PLA2R1
or THSD7A.”>"!

In this study, we also present the clinical analysis of the
largest cohort of patients with THSD7A-associated MN with
quantitative analysis of anti-THSD7A titers for the different
IgG subclasses. First, we observed that the titer of anti-
THSD7A autoantibodies is heterogeneous and can vary by
up to 3 orders of magnitude in both sexes. Second, we showed
that IgG4 is the predominant IgG subclass for anti-THSD7A
autoantibodies in most patients, regardless of coincidental
diseases. Third, we observed no strong correlation between
anti-THSD7A titer and levels of proteinuria, as previously
observed for PLA2R1-associated MN.”’ Nonetheless, the anti-
THSD7A titer appears to be a relevant biomarker to monitor
disease activity during follow-up and treatment with immu-
nosuppressors, as exemplified for the 12 patients with avail-
able follow-up. Fourth, we showed that patients with low
anti-THSD7A titer at baseline had better clinical outcome,
as was previously observed for PLA2R1-associated
MN,20:29:27:28313562 1 addition to anti-PLA2R1 titer,
PLA2R1 epitope spreading was recently identified as a prog-
nosis biomarker to predict outcome in MN.'*** Despite the
recent identification of several epitopes in THSD7A,'® it re-
mains to determine whether epitope spreading also occurs in
patients with THSD7A-associated MN and may be a relevant
biomarker of disease activity and clinical outcome.
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The relatively large size of our cohort allowed stratification of
patients by sex and comparison of their epidemiological and
clinical parameters. First, we observed a male-female ratio of
1.3:1 that contrasts with the 2:1 ratio typically reported when
considering all MN cases or PLA2R1-associated MN.” " Sec-
ond, we observed that female patients were younger than male
patients at diagnosis, suggesting different etiologies. To confirm
our findings, we compiled the available data on sex and age from
all previous studies identifying cases of THSD7A-associated MN
(Supplementary Table S8) and observed that female patients
were indeed more preponderant and younger in THSD7A-
associated MN than in PLA2R1-associated MN. Third, we
observed that female patients had on average similar levels of
anti-THSD7A autoantibodies, vet the levels seemed to vary with
age. However, we could not find evidence of significant differ-
ences in disease activity, response to treatment, and clinical
outcome between male and female patients.

The underlying etiologies leading to PLA2R1- and THSD7A-
associated MN are currently unknown.””** We observed many
associated diseases in our cohort of THSD7A-associated diseases
(Supplementary Table S1). Recent studies reported that 8 of 40
THSD7A-positive MN patients (20%) had an associated ma-
lignancy within a median time of 3 months from diagnosis of
MN, suggesting that THSD7A-positive patients are at higher
risk of having an underlying malignant disease and may be
intensively screened for cancer as a possible etiology.*"*” In our
cohort, we found that 8 of the 49 THSD7A-positive MN pa-
tients (16%) had a history of cancer, including 1 double-positive
patient. However, only 3 patients had cancer (gastric, colonic,
and prostatic) within 2 years of MN diagnosis. Furthermore, we
observed that 7 of the 8 patients were older than 65 years, with 6
male and 2 female patients. These observations are in line with
the study by Hoxha et al.*' where 5 of the 8 patients were older
than 65 years, with 5 male and 3 female patients. We also
observed that the 8 THSD7A-positive patients with associated
cancer tended to have higher anti-THSD7A titers, but no sig-
nificant differences in IgG subclasses. Earlier studies reported
that the prevalence of malignancy in MN patients is higher than
in the general population, while it increases with age,“”(19 but
our data converge to the point that most cases of THSD7A-
associated MN with malignancy were likely coincidental in
our subgroup of 8 patients.

Another cause of MN may be associated with pregnancy
and preeclampsia,”””” including recent observations for
THSD7A-associated MN.”*”° In line with this hypothesis, we
observed a significant subgroup of young THSD7A-positive
female patients (before menopause) (Figure 4b) in our
cohort but we could not find evidence of a relationship be-
tween MN and pregnancy or preeclampsia.

We also described 2 cases of pediatric and adolescent MN
with no associated underlying disease: a 4-year-old girl who
was treated with rituximab and reached partial remission, and
a 17-year-old boy who had high anti-THSD7A titer at baseline
and was resistant to rituximab.

In conclusion, we have reported a novel ELISA that is useful
to diagnose MN patients for THSD7A-associated disease, to

Kidney International (2019) 95, 666-679



C Zaghrini et al.: ELISA for THSD7A-associated membranous nephropathy

clinical investigation

100000+
aA P=004
g | .
=1 n
x 100004 -
=
[ ] | ]
2 1000 TH .~
£ R —
e . .-
€ —w oo .
o 1004 [T
~ .
2“ .-.-‘
10 T r
Remission Active disease
[ A . : .
@ 100-_._'_|_ Medium and high titer
@ “ -bo Low titer
5 | ee-ad
[}
'E 1 1
p ' I
£ 504 :
H | R
n [ P=0.006
t -
e | seeecccccccs \
: s
s '
(3 c T ) ] 1
=0 10 20 30 40
Months

Figure 6 | Anti-thrombospondin type 1 domain-containing 7A
(THSD7A) titer at baseline predicts clinical outcome. (a) Anti-
THSD7A titers at baseline significantly differ between patients with
remission versus active disease at last follow-up (n = 36, P = 0.04). (b)
Renal survival at last follow-up. Renal event is defined by partial or
complete remission within 3 years after anti-THSD7A enzyme-linked
immunosorbent assay (ELISA) measured at baseline. Patients with a
low titer of anti-THSD7A (titers 23-122 relative units [RU]/ml, first
tertile) had a higher incidence of renal events as compared to pa-
tients with medium and high titer (titers 134-13,920, middle and high
tertiles together) (n = 36, P = 0.006).

carefully monitor disease activity and response to treatment
during follow-up, and predict clinical outcome. We also
described new cases of patients with THSD7A-associated MN
supporting the hypothesis that THSD7A-associated MN differs
from PLA2R1-associated MN in the natural history and
epidemiological features, such as sex, age at onset, and associ-
ated etiologies.'”’® Interestingly, this situation appears remi-
niscent to that observed for myasthenia gravis, a neuromuscular
autoimmune disease with multiple autoantigens and different
paths and etiologies toward the same disease entity.”””®

METHODS

Patients

Because the prevalence of THSD7A-associated MN is low, we
included patients from several national and international nephrology
centers. Baseline serum samples of patients with biopsy-proven MN
were collected within 6 months from renal biopsy. A total of 1012
patients originating from 6 independent retrospective cohorts and
additional patients who were referred to us mostly for PLA2RI-
unrelated MN were screened for anti-THSD7A autoantibodies.
eGFR was calculated by applying the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula. Disease activity
was defined as no remission of nephrotic syndrome. Partial
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remission was defined as proteinuria lower than 3.5 g/d and at least
50% reduction from the time of inclusion in the study with
normalization of the serum albumin concentration and stable serum
creatinine. Complete remission of proteinuria was defined as pro-
teinuria lower than 0.5 g/d, normal albuminemia, and stable eGFR.
Remissions were classified as spontaneous if they were occurring
without the administration of immunosuppressive agents during
follow-up. The negative control groups included serum samples
from patients with other diseases such as lupus nephritis (n = 9),
membranoproliferative glomerulonephritis (n = 9), anti-neutrophil
cytoplasmic autoantibodies vasculitis (n = 3), IgA nephropathy (n =
11), other renal diseases (n = 18) and from healthy blood donors
(n = 52). The studies were approved by the relevant institutional
review boards in the different countries and were conducted ac-
cording to the principles of the Declaration of Helsinki. Written
informed consent was obtained from participants in all studies.

ELISA for the detection of anti-THSD7A and anti-PLA2R1
autoantibodies

Purified recombinant THSD7A protein (prepared as described in the
Supplementary Methods) or the full extracellular domain of human
PLA2R1 prepared as described”' were used as antigens to coat 96-well
ELISA microplates (Thermo Fisher Scientific, Waltham, MA) in 20
mmol/l tris(hydroxymethyl)-aminomethane pH 8.0 overnight at 4 °C.
Plates were blocked with SeramunBlock (Seramun Diagnostica, Hei-
desee, Germany) for 2 hours. Patients’ serum samples diluted at 1:100 in
0.1% low-fat dry milk phosphate-buffered saline were incubated for 2
hours. Plates were washed 3 times with phosphate-buffered saline—
Tween 0.02%. Bound human antibodies were detected with either
anti-human horseradish peroxidase—conjugated IgG1, IgG2, IgG3, 1gG4,
or total IgG (Southern Biotech, Birmingham, AL) diluted in Ser-
amunStab ST (Seramun Diagnostica) at 1:5000, 1:5000, 1:20,000,
1:30,000, and 1:200,000, respectively. Secondary antibodies were all
incubated for 1 hour. After washes, tetramethylbenzidine peroxidase
substrate was added and developed for 15 minutes. The reaction was
stopped by adding 1.2 N HCl. All incubation steps were carried out at
room temperature on a plate shaker. The optical density was read at 450
nm using a plate reader. A standard curve for IgG4 detection was made
using a highly THSD7A-positive serum that was assigned a value of
99,000 RU/ml when not diluted. A standard curve consisting of 8 di-
lutions covering the range from 990 RU to 9.9 RU/ml was plotted using
the GraphPad Prism software and applied to each plate to convert
optical density values into RU/ml (Supplementary Figure S2B). Samples
that were out of range were diluted at 1:500 and 1:1000 and reanalyzed.
The interassay variation was measured by incorporating a borderline
positive serum sample on each plate. Results from 10 different plates
showed a coefficient of interassay variation lower than 20% (not
shown). Normal range for IgGl, IgG2, IgG3, and total IgG detection
were defined using serum samples from disease control subjects and
healthy donors (not shown).

WB and IIFT for the detection of circulating anti-THSD7A and
anti-PLA2R1 autoantibodies and kidney biopsy staining for
THSD7A and PLA2R1 antigens

Detailed procedures for WB’ and biopsy staining”” are provided in
the Supplementary Methods. We used the commercial cell-based
IFT kit from Euroimmun AG containing a mosaic biochip of
formalin-fixed HEK293 cells overexpressing full-length human
THSD7A or PLA2R1 or mock-transfected HEK293 as a negative
control.
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Statistical analysis

Baseline characteristics of the patients in the study were expressed as
percentages for qualitative variables and medians and IQRs for
quantitative variables. Nonparametric correlations between several
parameters were calculated using the Spearman test. Quantitative
variables were compared by Mann-Whitney U or 1-way analysis of
variance (ANOVA) tests and categorical variables were compared by a
Pearson chi-squared test or a Fisher exact test. P values lower than 0.05
were considered as statistically significant. Statistics were performed
using the GraphPad Prism version 6 software. Renal survival curves
were calculated using Kaplan-Meyer estimates for survival distribu-
tion. The endpoint was the time where patients entered into remission
(partial or complete) from baseline. Differences between groups based
on tertiles of anti-THSD7A titer were analyzed with the log-rank test.
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SUPPLEMENTARY MATERIAL

Supplementary Methods.

Figure S1. Cloning, expression, and purification of recombinant
human soluble thrombospondin type 1 domain-containing 7A 6X
histidine (THSD7A-6xHis). (A) Schematic representation of the
pCMV6-entry expression vector coding for human soluble THSD7A-
6xHis. The cDNA insert encodes for the signal peptide followed by the
full extracellular region of THSD7A (from Met-1 to Thr-1606, Uniprot
Q9UPZ6) and a C-terminal 6xHis Tag. (B) Western blot after HisTag
purification from human embryonic kidney 293 cell medium con-
taining soluble THSD7A-6xHis and probed with membranous ne-
phropathy patient 8 (MN8) under nonreducing conditions at a 1:100
dilution. We loaded 400 ml of cell medium onto 4 ml of Ni-NTA resin.
The resin was washed once with 40 ml of washing equilibrium buffer
and then with 40 ml of washing buffer containing 10 mmol/I imid-
azole. Bound protein was eluted with 28 ml (in 7 fractions) of elution
buffer containing 400 mmol/I imidazole. Aliquots of cell medium
(CM), flow-through (FT), washes (W), and eluate (1 to 7) fractions were
separated by sodium dodecylsulfate polyacrylamide gel electropho-
resis (10%), transferred to polyvinylidene difluoride membranes and
analyzed by Western blot. (C) Silver staining of the purified THSD7A-
6xHis (100 ng) after buffer exchange with 1X phosphate-buffered
saline. (D) Western blots to validate the purified THSD7A-6xHis as a
native folded protein. Purified recombinant THSD7A-6xHis (50 ng)
was loaded on sodium dodecylsulfate polyacrylamide gel electro-
phoresis (10%) under reducing or nonreducing conditions and pro-
bed with 2 commercially available anti-THSD7A antibodies and 2
representative anti-THSD7A-positive patients (MN8 and MN10; dilu-
tion 1:100).

Figure S2. Receiver-operating characteristic curve and calibration
curve for IgG4 anti-thrombospondin type 1 domain-containing 7A
(THSD7A) enzyme-linked immunosorbent assay (ELISA). (A) Receiver-
operating characteristic curve analysis of IgG4 anti-THSD7A detection
in 44 anti-THSD7A-positive patients and 242 negative control subjects
by ELISA. The area under the curve was 0.9982 (95% confidence in-
terval: 0.9957-1.0, P < 0.0001). (B) Calibration curve covering the
range of 9.9 relative units (RU)/ml to 990 RU/ml used to convert
optical density (OD) values into RU/ml.

Figure S3. Levels of IgG subclasses and total I1gG for anti-
thrombospondin type 1 domain-containing 7A (THSD7A) autoanti-
bodies, and correlation between anti-THSD7A titers by enzyme-linked
immunosorbent assay (ELISA) and indirect immunofluorescence test
(IIFT). (A) Scatter plot showing the distribution of anti-THSD7A titers
for the 49 THSD7A-positive patients, as measured with total IgG as a
secondary antibody. Titer for membranous nephropathy patient
(MN40) is shown with asterisk (*). (B) Correlation between total IgG
anti-THSD7A titers measured by IIFT versus ELISA. The correlation is
highly significant (n = 49, r = 0.8359, P < 0.0001). (C) Distribution of
anti-THSD7A 1gG subclasses measured by ELISA for the THSD7A-
positive patients (n = 49) versus control subjects (other diseases and
healthy donors, n = 101). The anti-THSD7A titer for IgG3 and IgG4
subclasses was significantly different from that of control subjects
using 1-way analysis of variance test (**<0.01, ***<0.001). Optical
density (OD) values for MN40 are shown with asterisk (*). (D) Corre-
lation between anti-THSD7A titers measured by ELISA using IgG4 and
total IgG secondary antibodies (n = 49, r = 0.9251, P < 0.0001). (E)
Zoom on the low to middle range titers of anti-THSD7A titers
measured by ELISA using IgG4 and total IgG secondary antibodies
(n = 47).

Figure S4. Indirect immunofluorescence test (IIFT) data for
thrombospondin type 1 domain-containing 7A (THSD7A)-positive
patients. Autoantibody titers were estimated by the fluorescence in-
tensity at various dilutions. Data are shown at the dilution titer. Data
for membranous nephropathy patient 5 (MN5), MN13, MN26, MN31,
and MN42 to MN49 are presented in the main figures.

Figure S5. Western blot analysis of purified recombinant
thrombospondin type 1 domain-containing 7A (THSD7A) and
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phospholipase A2 receptor 1 (PLA2R1) antigens (50 ng each) probed
with all sera from THSD7A-positive patients under nonreducing
conditions. Serum reactivity of patients was tested at optimal serum
dilution (1:10 to 1:100). The blots were exposed for different times.
Results for membranous nephropathy patient 5 (MN5), MN13, MN26,
MN31, and MN42 to MN49 are presented in the main figures.
Figure S6. Immunofluorescence staining of thrombospondin type 1
domain-containing 7A (THSD7A) and phospholipase A2 receptor 1
(PLA2R1) antigens for available patients’ biopsies. (A) Available
immunofluorescence biopsy staining for THSD7A antigen for the anti-
THSD7A-positive patients included in this study (membranous ne-
phropathy patient 5 [MN5], MN6, MN13, MN26, MN34, MN41) and for
1 double-positive patient (MN49). An anti-PLA2R1 positive serum
(MNP+) was used as a positive control for PLA2R1 staining. Bar = 50
um.

Figure S7. Correlation of proteinuria with IgG4 and total IgG anti-
thrombospondin type 1 domain-containing 7A (THSD7A) titers
measured by enzyme-linked immunosorbent assay for anti-THSD7A-
positive patients as a whole or by sex. (A) Correlation between pro-
teinuria and IgG4 anti-THSD7A titers for all (n = 49, r = 0.2767, P =
0.0542), male or female THSD7A-positive patients. (B) Correlation
between proteinuria and total IgG anti-THSD7A titers for all (n = 49,
r = 0.2711, P = 0.0595), male or female THSD7A-positive patients.
Proteinuria levels show no significant correlation with anti-THSD7A
titers.

Figure S8. Relationship between anti-thrombospondin type 1
domain-containing 7A (THSD7A) titer, proteinuria, and age of anti-
THSD7A-positive patients by tertiles. (A) Relationship between anti-
THSD7A median titer (relative units [RU]/mI) and age of patients in
tertiles for all, male, or female THSD7A-positive patients. (B) Rela-
tionship between proteinuria levels (g/d) and age of patients in ter-
tiles for all male or female THSD7A-positive patients. Anti-THSD7A
and proteinuria levels show no significant correlation with age.
Figure S9. Anti-thrombospondin type 1 domain-containing 7A
(THSD7A) titer and proteinuria levels during clinical follow-up for
membranous nephropathy patient 13, a THSD7A-positive pediatric
patient (4 years old at baseline) treated with rituximab. The patient
had nephrotic range proteinuria at baseline and received 2 courses of
rituximab (RTX) at months 2 and 7. See more clinical details in the
Supplementary Methods. (A) Respective levels of anti-THSD7A auto-
antibodies measured by enzyme-linked immunosorbent assay for the
different IgG subclasses and proteinuria during a follow-up of 27
months. (B,C) Anti-THSD7A levels measured by Western blot and
indirect immunofluorescence test. Enzyme-linked immunosorbent
assay and indirect immunofluorescence test detect the fluctuation of
serum anti-THSD7A levels more quantitatively than Western blot.
Bar = 70 um. There is a significant correlation between anti-THSD7A
titers measured by enzyme-linked immunosorbent assay and indirect
immunofluorescence test (not shown). (D) IgG4 anti-THSD7A titer
shown in relative units (RU)/ml while it is shown as optical density
(OD) values in panel A.

Table S1. Detailed clinical characteristics of the 49 thrombospondin
type 1 domain-containing 7A (THSD7A)-associated membranous ne-
phropathy patients, ranked by titers from highest to lowest and by
sex. Double-positive patients are listed at the end for each sex.
Enzyme-linked immunosorbent assay (ELISA) titer <16 relative units
(RU)/ml were measured at dilution 1:25 or 1:10 when serum was
available. A, active disease; CR, complete remission; CP, cyclophos-
phamide; ESKD, end-stage kidney disease; NA, not available; PR,
partial remission; RTX, rituximab.

Table S2. Clinical characteristics of females below and above 51 years
(chosen as average age for menopause).”>>° No differences were
observed.

Table S3. Clinical characteristics of anti-thrombospondin type 1
domain-containing 7A (THSD7A)-positive patients with and without
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associated malignancy. Values are shown as n or median (inter-
quartile range).

Table S4. Time gap between malignancy and membranous
nephropathy (MN) diagnosis. *Negative values indicate prior
diagnosis of malignancy.

Table S5. Distribution of anti-thrombospondin type 1 domain-
containing 7A (THSD7A) IgG subclasses in THSD7A-positive patients.
Values are shown as n (%).

Table S6. Clinical baseline characteristics of double-positive patients.
No major difference was observed between patients with single
positivity for anti-THSD7A versus double positivity for anti-
thrombospondin type 1 domain-containing 7A (THSD7A) and anti-
phospholipase A2 receptor 1 (PLA2R1). Values are shown as n (%) or
median (interquartile range).

Table S7. Baseline characteristics of thrombospondin type 1 domain-
containing 7A (THSD7A)-positive patients in remission versus active
disease during follow-up. Only anti-THSD7A titer differs between the
2 subgroups of patients.

Table S8. Characteristics of all anti-thrombospondin type 1 domain-
containing 7A (THSD7A)-positive patients published to date. Values
are shown as n and mean (or median [*]°'*?) for age. ND, not defined.
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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SUPPLEMENTARY METHODS

Cloning and expression of recombinant soluble human THSD7A in HEK293 cells — The
entire extracellular domain of human THSD7A (NP_056019, a. a. 47-1606) was produced in
HEK?293 cells essentially as described for full-length membrane-bound THSD7A !. The full-length
cDNA coding for human THSD7A with a Myc-Flag tag and inserted into the pCMV6-entry
expression vector (Origene RC213616) was used as a PCR template to delete the transmembrane
domain and replace the Myc-Flag tag by a 6x histidine tag (Figure S1A) using the Phusion Site-
Directed Mutagenesis Kit (Thermo Fisher Scientific). The THSD7A-6xHis insert was fully
sequenced. For production of recombinant soluble THSD7A protein, HEK293 cells were cultured
in DMEM medium containing 10% heat-inactivated FBS, 50 units/mL penicillin G, 100 pg/mL
streptomycin (all from Gibco) at 37°C in a humidified atmosphere of 5% CO». The pCMV6-entry
vector coding for soluble THSD7A-6xHis was transfected in HEK293 cells using Exgen (Biomol
GmbH) according to the manufacturer’s instructions. Transfected cells were selected with
1 mg/mL geneticin (Gibco). Single cell cloning was done by serial dilution in 96-well plates and
the best expressing cell clones were selected. For large-scale production, cell clones were cultured
to sub-confluency in complete medium, then switched to serum-free medium and the cell culture
medium was harvested after expression for 7 days. The recombinant protein was purified by
affinity chromatography on complete His-tag purification beads according the manufacturer's
protocol (Roche). Cell culture medium containing the recombinant THSD7A protein was
incubated with the beads for capture at 4°C overnight on a rocker. The column was washed with

equilibrium buffer (300 mM NaCl, 20 mM Tris pH 7.4) followed by washes with equilibrium



buffer containing 10 mM imidazole. The bound protein was eluted stepwise with 400 mM
imidazole (Figure S1B). The yield of production was 1 mg of purified soluble THSD7A/L of cell
medium. Elutions were concentrated and buffer-exchanged with 1X PBS using an ultrafiltration
cell system (Amicon) equipped with an YM-30 membrane. The purity and folding of THSD7A
was validated by SDS-PAGE silver staining and WB with commercially available anti-THSD7A

antibodies and THSD7A-associated MN sera (Figure S1C and D).

WB analysis for the detection of anti-THSD7A and anti-PLLA2R1 autoantibodies — The
detection of anti-THSD7A and anti-PLA2R1 autoantibodies was evaluated by WB after running
SDS-PAGE (6 or 10%) under reducing or non-reducing conditions as specified in figure legends.
Fifty ng/well of THSD7A or PLA2RI1 antigens were run on SDS-polyacrylamide gel and
transferred to methanol-soaked polyvinylidene difluoride membranes (Bio-Rad) under semi-dry
conditions with 0.05% SDS in the transfer buffer using Trans-blot Turbo (Bio-Rad) at 25 V
constant for 30 min. Membranes were blocked for 1 hour at RT with 5% milk in PBS-Tween
0.05%. The primary and secondary antibodies (diluted with 0.5% milk in PBS-T or PBS-T,
respectively) were incubated at room temperature for 2 and 1 h, respectively. The purity and
folding of the purified recombinant THSD7A antigen was initially validated using two commercial
antibodies (a rabbit polyclonal THSD7A antibody from Atlas antibodies AB, Sweden, working
dilution 1:500; and a goat polyclonal THSD7A antibody from Santa Cruz Biotechnologies,
working dilution 1:250) and 2 THSD7A-positive MN sera at a working dilution of 1:100 (Figure
S1D). The secondary antibodies used were HRP-conjugated goat anti-rabbit IgG (working dilution
1:5000, Southern Biotech, Birmingham, USA), rabbit anti-goat (working dilution 1: 20,000,
Southern Biotech, Birmingham, USA) and HRP-conjugated mouse anti-human IgG4 (working

dilution 1:30,000, Southern Biotech, Birmingham, USA), respectively. To test the positivity of the



THSD7A-associated MN patients, 50 ng/well of THSD7A and PLA2R1 antigens were loaded on
a 10% SDS-polyacrylamide gel under non-reducing conditions. Membranes were probed with
serum samples at a dilution ranging from 1:10 to 1:100 depending on the anti-THSD7A titer
measured by ELISA (Figure S5). Serum samples from double positive patients were tested at a
1:25 dilution by WB from 6% SDS-polyacrylamide gel loaded with 50 ng/well of THSD7A and
PLA2RI antigens under non-reducing conditions. The secondary antibody was HRP-conjugated
mouse anti-human IgG4 at 1:7,500 dilution. The detection of protein bands was performed with

an enhanced chemiluminescent substrate (Perkin Elmer) and a Fuji LAS3000 digital imager.

IIFT for the detection of anti-THSD7A and anti-PLLA2R1 autoantibodies — We used the cell—-
based IIFT kit from Euroimmun AG containing a mosaic biochip of formalin-fixed HEK293 cells
overexpressing full-length human THSD7A or PLA2R1 or mock-transfected HEK293 as a
negative control. Anti-THSD7A and anti-PLA2R]1 titers were measured in a semi-quantitative
manner by diluting serum samples at 1:10, 1:100 and 1: 1,000 in PBS-Tween 0.2% and incubating
them with the biochip for 30 min. Bound IgG antibodies were then detected using a fluorescein
isothiocyanate-conjugated goat anti-human IgG antibody (Euroimmun) as secondary antibody.
Slides were examined using a confocal microscope at 460-490 nm LED excitation. Antibody titers
were estimated by the fluorescence intensity at each dilution according to the manufacturer's

instructions.

Kidney biopsy staining for THSD7A and PLLA2R1 antigens — Patients’ kidney biopsies were
fixed in a solution containing ethanol (75%), formol (3%) and acetic acid (5%). Fixed biopsy
specimens were paraffin-embedded according to standard techniques. Dewaxed sections (4-um
thickness) were hydrated and antigens were retrieved by Heat Induced Epitope Retrieval (HIER)

at pH 6.0 and 95°C (Diagnostic BioSystems ref KO35). HIER was followed by 5 min incubation



with HistoReveal (Abcam). Biopsies were stained by immunofluorescence using rabbit polyclonal
anti-THSD7A at x100 or anti-PLA2R1 at x500 (both from Atlas antibodies AB, Sweden) as
primary antibodies and goat conjugated rabbit Fab IgG antibody Alexa 488 (Molecular Probes) at

1:250 (Invitrogen) as secondary antibody.

Detailed follow-up for patient MN13 — At baseline, the patient had high proteinuria (6.1 g/day)
associated with high anti-THSD7A titer (especially for [gG4 and 1gG3 subclasses) detected by
both ELISA and ITFT At month 2, the patient was treated with rituximab (2 doses at 375 mg/m?),
which led to a rapid decrease of anti-THSD7A titers for both IgG3 and IgG4 subclasses followed
by gradually decreasing levels of proteinuria from months 3 to 7 (5.2 to 1.4 g/day). At month 7,
proteinuria suddenly increased up to 5.5 g/day at months 10 to 13. A renal biopsy performed at
month 13 showed enhanced staining of THSD7A antigen on the glomerular basement membrane
suggesting a still active MN disease (Figure S9). The patient was treated with a second course of
rituximab (2 doses at 375 mg/m?) which led to further decrease but not disappearance of anti-
THSD7A autoantibodies at month 10, as measured by ELISA and IIFT, and was followed by
decreased proteinuria to the sub-nephrotic range at month 18, down to 1.9 g/day. Overall, we
concluded that the first and second rituximab treatments were effective and led to partial
immunological remission, with a significant but slow decrease of anti-THSD7A autoantibodies.
This was followed by a global decrease of proteinuria from months O to 18, despite a transient
increase of proteinuria over 5 months. Finally, between months 18 and 27, there was a slight
increase in anti-THSD7A titer with a concomitant increase in proteinuria up to 3.4 g/day,
suggesting a possible MN relapse associated with anti-THSD7A autoantibodies. We also
compared anti-THSD7A autoantibody levels by ELISA, WB and IIFT during follow-up and

treatment (Figure S9). By WB, anti-THSD7A levels were also detected throughout the follow-up



period but it was difficult to evaluate the titer variation over time. Both IIFT and ELISA could
measure the change in titer, yet ELISA was more accurate to detect subtle changes. We also
monitored by ELISA the changes in anti-THSD7A IgG subclasses. Levels of anti-THSD7A IgGl1
and IgG2 were barely detectable at baseline and during follow-up and were thus not useful to
monitor the anti-THSD7A immunological response. In contrast, both IgG3 and IgG4
autoantibodies could be robustly monitored throughout follow-up, and both IgG subclasses
appeared to vary simultaneously, yet ELISA assay measuring IgG4 anti-THSD7A titers was more

reliable (Figure S9).



Table S1: Detailed clinical characteristics of the 49 THSD7A-associated MN patients, ranked by titers from highest to lowest
and by sex. Double-positive patients are listed at the end for each gender. ELISA titer <16 RU/mL were measured at dilution 1:25 or
1:10 when serum was available. A, active disease; CR, complete remission; CP, cyclophosphamide; ESKD, end stage kidney disease;
NA, not available; PR, partial remission; RTX, rituximab.

Patient ELISA WB IIFT Anti- Gender Age UProt. SAlb. Screat. eGFR Associated Follow- Treatment Outcome
ID (RU/mL) PLA2R1 (years) (g/day) (g/L) (umol/L) (CKD-EPI) disease up
(mLmin/1.73 (months)
m?)
Anti-THSD7A
1 13920 + 3200 - M 68 259 13 88 77 Colon 5 RTX A
adenocarcinoma
4 1776 + 320 - M 71 14.6 14 108 59 None 54 None A
5 1669 + 1000 - M 54 9.1 15 89 84 None 150 Prednisone CR
ACTH
Cyclosporine
A, RTX
9 1270 + 1000 - M 17 2.7 29 120 76 None 6.5 RTX PR
10 1188 + 100 - M 85 3.0 14 80 77 Prostate cancer 36 RAS blockers PR
11 1092 + 320 - M 67 10.6 NA 116 56 Diabetes 85 CP PR
Mellitus Prednisone
12 955 + 1000 - M 59 59 23 89 81 None 84 None CR
14 505 + 100 - M 55 12.2 15 235 26 Hypothyroidism, 10 RTX ESKD
diabetes,
psoriasis
15 566 + 320 - M 49 9.0 NA 212 31 Discoid lupus NA Alternating A
months of
prednisone
and CP
followed by
RTX
17 545 + 100 - M 68 6.0 16 88 77 Cheek intra- 48 RAS blockers PR
epidermal
carcinoma
Pityriasis rosea,
Biermer’s
disease
18 416 + 100 - M 62 55 18 115 58 None 180 Steroids + CP ESKD
19 376 + 320 - M 54 29 27 131 53 None 102 CP CR
Prednisone




Patient ELISA WB Anti- Gender Age UProt. SAlb. Screat. eGFR (CKD- Associated Follow- Treatment Outcome

1)) (RU/mL) PLA2R1 (years) (g/day) (g/lL) (umol/L) EPI) disease up
(mLmin/1.73 (months)
m?)
Anti-THSD7A
21 278 + 320 - M 80 59 26 80 80 Parotitis, 14 ACTH CR
Warthin's
tumor
22 234 + 10 - M 76 8.0 25 150 38 None NA Steroids + CP CR
diuretics
23 233 + 320 - M 75 10.3 NA 89 73 COPD 24 CP A
Prednisone (Persistent
proteinuria)
26 122 + 100 - M 67 54 19 122.8 53 Polymyalgia 18 RTX CR
rheumatica,
27 119 + 10 - M 75 12.0 24 152 38 Pancreatic 90 Cyclosporine CR
carcinoma A, CP
Prednisone
28 97 + 100 - M 75 53 31 103 61 None 37 None CR
31 68 + 10 - M 75 6.3 20 120 51 None 32 NA A
35 29 + 32 - M 83 14.5 15 202.4 25 None NA NA NA
36 27 + 10 - M 60 10.0 21 90 80 HBV NA Steroids + CP CR
RAS blockers
diuretics
39 21 + 10 - M 51 4.0 26 87 88 HIV, HCV 62 RTX CR
40 <16 - 10 - M 77 7.0 21 129.9 45 Prostate 3 RAS A
cancer, blockers
diabetes
41 <16 - 10 - M 60 13.2 5 184 34 Gastric NA None NA
carcinoma, (Death)
45 353 + 100 + M 54 114 19 72.5 100 NA NA NA NA
46 23 + - + M 86 53 21 190 27 None NA NA PR
47 <16 - - + M 48 4.0 25 47 125 NA NA ACE and A
RAS blockers
48 <16 - - + M 65 6.0 28 52 106 None NA ACE and CR
RAS blockers




Patient ELISA WB IIFT Anti- Gender Age UProt. SAlb. Screat. eGFR (CKD- Associated Follow-up Treatment Outcome
ID (RU/mL) PLA2R1 (years) (g/day) (g/lL) (nmol/L) EPI) seas (months)

(mLmin/1.73
m?)

Anti-THSD7A
2 7255 + 3200 — F 95 6.5 10 67 67 Breast cancer, 12 Corticosteroids A
hypothyroidism Cyclosporine A
3 1827 + 1000 - F 61 20.0 17 66.3 86 Hypothyroidism NA NA NA
6 1605 + 100 - F 73 43 18 74 69 None 72 RAS blockers CR
7 1586 + 1000 - F 51 14.9 NA NA NA None NA NA NA
8 1354 + 1000 - F 37 7.0 18 59 113 Monoclonal IgG 10 RTX A
Kappa, multiple
sclerosis
13 715 + 1000 - F 4 6.1 22 NA NA Haemolytic 32 RTX A
anaemia,
thrombocytopenia
16 606 + 32 - F 49 19.6 10 71 86 None 23 CP, Prednisone CR
20 302 + 320 - F 66 35 24 1414 33 None 29 Cyclosporine A A
Prednisone
Tacrolimus
24 194 + 100 - F 36 5.0 25 80 82 None NA ACTH, A
RAS blockers
25 134 + 100 - F 33 1.57 39 82.2 81 Hypothyroidism, 44 RAS blockers CR
alopecia areata,
latent tuberculosis
29 97 + 32 - F 51 3.0 36 70.7 86 NA 50 Cyclosporine A PR
plasmapheresis
RTX
30 94 + 32 - F 35 1.8 26 53 119 NA 12 RAS blockers PR
32 59 + 10 - F 30 3.7 NA NA NA NA NA None NA




Patient ELISA WB Anti- Gender Age UProt. SAlb. Screat. eGFR (CKD- Associated F-up Treatment Outcome

ID (RU/mL) PLA2R1 (years) (g/day) (g/L) (umol/L) EPI) disease (Months)
(ml/min/1.73
m?)
Anti-THSD7A
33 52 + 100 - F 47 3.0 NA 70.7 88 Iritis 120 Cyclosporine A PR
Prednisone
RTX
Tacrolimus
ACTH, CP
34 29 + 10 - F 47 6.6 24 69 91 NA 12 RAS blockers A
37 23 + 10 - F 82 1.0 23 110 40 None 46 None NA
38 22 + 10 - F 39 6.5 21 70 94 None 22 RAS blockers CR
Steroids + CP
42 642 + 100 + F 56 3.0 NA 114.9 46 NA NA NA NA
43 561 + 100 + F 49 8.4 14 100 57 None NA Steroids NA
diuretics
44 312 + 32 + F 77 10 22 60 85 Rectal cancer 60 None CR
and thymoma, Tumorectomy
Goujerot-
Sjogren
syndrome,
monoclonal
IgG lambda,
HBV
49 <16 - - + F 28 4.7 26 53 124 Goujerot- 38 ACE blockers CR
Sjogren
syndrome




Table S2. Clinical characteristics of females below and above 51 years (chosen as average
age for menopause).55-5¢ No differences were observed

Clinical Females <51 Females >51

characteristics (n=14) n=7)

Proteinuria (g/day) 5.6 [3.0-7.4] 4.3 [3.0-10.0] 0.881
Serum Albumin (g/L) 24.0 [18.0-26.0] 20.1[15.3-23.0] 0.208
Serum Creatinine (umol/L) 70.7 [59.0-80.0] 74.0 [66.3-115.0] 0.319
eGFR (CKD-EPI) (mL/min/1.73 m?) 88.0 [82-113.0] 67.0 [40.0-85.0] 0.145
Anti-THSD7A titer (RU/mL) 115.5 [46.3-633.3] 642.0 [302.0-1827.0] 0.079
References

55. Baker FC, de Zambotti M, Colrain IM, et al. Sleep problems during the menopausal

transition: prevalence, impact, and management challenges. Nature and science of sleep
2018; 10: 73-95.

56. Vellanki K, Hou S. Menopause in CKD. Am J Kidney Dis 2018; 71: 710-719.



Table S3: Clinical characteristics of anti-thrombospondin type 1 domain-containing 7A

(THSD7A)-positive patients with and without associated malignancy. Values are shown as n
or median (interquartile range).

Clinical No malignancy Malignancy

characteristics (n=41) (n=8)

Gender M/F (n) 22/19 6/2 0.264
Age at diagnosis (year) 54 [47-69] 76 [69-83] 0.002
Proteinuria (g/day) 6.0 [3.9-9.6] 8.5[6.1-12.9] 0.117
Serum creatinine (umol/L) 89.0 [70.7-120.0] 88.0[70.3-146.0] 0.873
eGFR (CKD-EPI) (mL/min/1.73 m?) 78.0 [52.5-88.0] 72.0 [39.8-77.0] 0.296
Serum albumin (g/L) 22.3[18.0-26.0] 15.0[10.9-21.9] 0.016
Anti-THSD7A titer (RU/mL) 234.0 [40.5-679.0] 429.0 [32.8-5738] 0.635




Table S4: Time gap between malignancy and membranous nephropathy (MN)
diagnosis. *Negative values indicate prior diagnosis of malignancy.

MN Gender Age Malignancy Time of diagnosis of
. ‘ tumor to MN diagnosis
patient (year) (months)*

1 M 68 Colon adenocarcinoma -18*

10 M 85 Prostate cancer 0

17 M 68 Cheek intra-epidermal cancer 96

27 M 75 Pancreatic cancer 84

40 M 77 Prostate cancer -22

41 M 60 Gastric cancer 0

2 F 95 Breast cancer -108*

44 F 77 Rectal cancer and thymoma 0




Table S5: Distribution of anti-thrombospondin type 1 domain-containing 7A (THSD7A)
IgG subclasses in THSD7A-positive patients. Values are shown as n(%).

Anti-THSD7A IgG subclass No malignancy Malignancy P value
(n=41) (n=8)

IgG1 n (%) 5(12.2) 1(12.5) 0.981

IgG2 n (%) 8(19.5) 0(0) 0.172

IgG3 n (%) 7 (17.0) 2(25.0) 0.596

IgG4 n (%) 38(93.0) 6 (75.0) 0.131




Table S6: Clinical baseline characteristics of double-positive patients. No major
difference was observed between patients with single positivity for anti-THSD7A versus
double positivity for anti-thrombospondin type 1 domain-containing 7A (THSD7A) and anti-
phospholipase A2 receptor 1 (PLA2R1). Values are shown as n (%) or median (interquartile
range).

Clinical THSD7A positive Double positive P value
characteristics (n=41) (n=8)

Gender M/F (n) 24/17 4/4 0.655
Age at diagnosis (year) 60.0 [48.0-75.0] 55.0 [48.3-74.0] 0.828
Proteinuria (g/day) 6.3 [3.9-10.4] 5.7 [4.2-9.6] 0.715
Serum creatinine (umol/L) 89.0 [73.3-125.0] 66.3 [52.3-111.0] 0.082
eGFR (CKD-EPI) (mL/min/1.73 m?) 74.5 [49.5-84.5] 92.5 [48.8-120.0] 0.159
Serum albumin (g/L) 21.0 [15.0-25.0] 22.2[19.0-25.6] 0.591
Anti-THSD7A titer (RU/mL) 278.0 [63.5-1140.0] 167.5 [16.0-509.0] 0.136
Cancer incidence n (%) 7(7) 1(13) 0.748




Table S7. Baseline characteristics of thrombospondin type 1 domain-containing 7A
(THSD7A)-positive patients in remission versus active disease during follow-up. Only
anti-THSD7A titer differs between the 2 subgroups of patients.

Clinical Remission Active P value
characteristics

Age (years) 59.6 £3.928 57.8 £6.868 0.82
Sex ratio F/M 9/15 5/7 1.00
Proteinuria (g/day) 5.7 [3-8.825] 6.8 [5.7-11.71] 0.06
Serum creatinine (umol/L) 87.5[70.8-119.0] 108.0 [80.0-141.4] 0.33
Serum albumin (g/L) 23.4[18.8-26.3] 18.0 [13.4-22.5] 0.03
Time of Follow-up (months) 48.0 [18.0-85.0] 29.0 [11.043.0] 0.196
Treatment with 14%* 9* 0.27
immunosuppressors

Anti-THSD7A titer (RU/mL) 134.0 [52.0-955.0] 536.0 [250.0-1671.0] 0.04

*Data for treatment was unavailable for 1 patient in each subgroup.



Table S8: Characteristics of all anti-thrombospondin type 1 domain-containing 7A
(THSD7A)-positive patients published to date. Values are shown as n and mean (or median
[*] S1-513) for age. ND, not defined.

Reference

Patients Age Patients Age Patients Age
(n) (years) (n) (years) (n) (years)

s3 2014 USA, France, 17 499 6 54 11 47 1
Germany
s4 2015 Japan 5 42.4 2 - 3 - 0
s5 2016 Japan 1 - - - 1 30 0
s6 2016 China 5 39.8 2 54 3 32 1
s7 2016 China 4 - - - - - ND
s8 2016 USA 9 62 7 - 2 - ND
sl 2017 USA, Germany 40 60.5%* 17 - 23 - 8
s9 2017 France 2 - - - - - 0
s10 2017 China 12 51.5 8 62.5 4 44.5 1
s11 2017 Japan 2 - - - - - ND
s12 2017 USA 31 62.0 19 - 12 - 2
s13 2017 France 2 - - - - - 1
s2 2018 Germany 31 37* 19 - 12 - 9
This study 2018 France 49 584 28 67 21 48.8 8
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Figure S1: Cloning, expression, and purification of recombinant human soluble
thrombospondin type 1 domain-containing 7A 6X histidine (THSD7A-6xHis). (A) Schematic
representation of the pCMV6-entry expression vector coding for human soluble THSD7A-6xHis.
The cDNA insert encodes for the signal peptide followed by the full extracellular region of
THSD7A (from Met-1 to Thr-1606, Uniprot Q9UPZ6) and a C-terminal 6xHis Tag. (B) Western blot
after His Tag purification from human embryonic kidney 293 cell medium containing soluble
THSD7A-6xHis and probed with membranous nephropathy patient 8 (MN8) under nonreducing
conditions at a 1:100 dilution. We loaded 400 ml of cell medium onto 4 ml of Ni-NTA resin. The
resin was washed once with 40 ml of washing equilibrium buffer and then with 40 ml of washing
buffer containing 10 mmol/l imidazole. Bound protein was eluted with 28 ml (in 7 fractions) of
elution buffer containing 400 mmol/l imidazole. Aliquots of cell medium (CM), flow-through (FT),
washes (W), and eluate (1 to 7) fractions were separated by sodium dodecylsulfate polyacrylamide
gel electrophoresis (10%), transferred to polyvinylidene membranes and analyzed by Western blot.
(C) Silver staining of the purified THSD7A-6xHis (100 ng) after buffer exchange with 1X
phosphate-buffered saline. (D) Western blots to validate the purified THSD7A-6xHis as a native
folded protein. Purified recombinant THSD7A-6xHis (50 ng) was loaded on sodium dodecylsulfate
polyacrylamide gel electrophoresis (10%) under reducing or nonreducing conditions and probed
with 2 commercially available anti-THSD7A antibodies and 2 representative anti-THSD7A-positive
patients (MN8 and MN10; dilution 1:100).
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Figure S2: Receiver-operating characteristic curve and calibration curve for IgG4 anti-
thrombospondin type 1 domain-containing 7A (THSD7A) enzyme-linked immunosorbent
assay (ELISA). (A) Receiver-operating characteristic curve analysis of IgG4 anti-THSD7A
detection in 44 anti-THSD7A-positive patients and 242 negative control subjects by ELISA. The
area under the curve was 0.9982 (95% confidence interval: 0.9957-1.0, P < 0.0001). (B) Calibration
curve covering the range of 9.9 relative units (RU)/ml to 990 RU/ml used to convert optical density
(OD) values into RU/ml.
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Figure S3: Levels of IgG subclasses and total IgG for anti-thrombospondin type 1 domain-
containing 7A (THSD7A) autoantibodies, and correlation between anti-THSD7A titers by enzyme-
linked immunosorbent assay (ELISA) and indirect immunofluorescence test (IIFT). (A) Scatter plot
showing the distribution of anti-THSD7A titers for the 49 THSD7A-positive patients, as measured with
total IgG as a secondary antibody. Titer for membranous nephropathy patient (MN40) is shown with
asterisk (*). (B) Correlation between total IgG anti- THSD7A titers measured by IIFT versus ELISA.
The correlation is highly significant (n=49, r=0.8359, P < 0.0001). (C) Distribution of anti-THSD7A IgG
subclasses measured by ELISA for the THSD7A-positive patients (n=49) versus control subjects (other
diseases and healthy donors, n=101). The anti-THSD7A titer for IgG3 and IgG4 subclasses was
significantly different from that of control subjects using one-way analysis of variance test (¥**<0.01,
*#%%<0.001). Optical density (OD) values for MN40 are shown with asterisk (*). (D) Correlation between
anti-THSD7A titers measured by ELISA using IgG4 and total IgG secondary antibodies (n = 49, r =
0.9251, P < 0.0001). (E) Zoom on the low to middle range titers of anti-THSD7A titers measured by
ELISA using IgG4 and total IgG secondary antibodies (n = 47).
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Figure S4: Indirect immunofluorescence test (IIFT) data for thrombospondin type 1
domain-containing 7A (THSD7A)-positive patients. Autoantibody titers were estimated by the
fluorescence intensity at various dilutions. Data are shown at the dilution titer. Data for
membranous nephropathy patient 5 (MN5), MN13, MN26, MN31, and MN42 to MN49 are
presented in the main figures.
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Figure S5: Western blot analysis of purified recombinant thrombospondin type 1 domain-containing
7A (THSD7A) and phospholipase A2 receptor 1 (PLA2R1) antigens (50 ng each) probed with all
sera from THSD7A-positive patients under nonreducing conditions. Serum reactivity of patients was
tested at optimal serum dilution (1:10 to 1:100). The blots were exposed for different times. Results
for membranous nephropathy patient 5 (MN5), MN13, MN26, MN31, and MN42 to MN49 are
presented in the main figures.
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Figure S6: Immunofluorescence staining of thrombospondin type 1 domain-containing 7A
(THSD7A) and phospholipase A2 receptor 1 (PLA2R1) antigens for available patients’ biopsies.
(A) Available immunofluorescence biopsy staining for THSD7A antigen for the anti-THSD7A-positive
patients included in this study (membranous nephropathy patient 5 MNS5, MN6, MN13, MN26, MN34,
MN41) and for 1 double-positive patient (MN49). An anti-PLA2R1 positive serum (MNP+) was used as
a positive control for PLA2R1 staining. Bar=50 pm.
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Figure S7: Correlation of proteinuria with IgG4 and total IgG anti-thrombospondin type 1
domain-containing 7A (THSD7A) titers measured by enzyme-linked immunosorbent assay
for anti-THSD7A-positive patients as a whole or by sex. (A) Correlation between proteinuria
and IgG4 anti-THSD7A titers for all (n=49, r=0.2767, P=0.0542), male or female THSD7A-
positive patients. (B) Correlation between proteinuria and total IgG anti-THSD7A titers for all
(n=49, r=0.2711, P=0.0595), male or female THSD7A-positive patients. Proteinuria levels show no
significant correlation with anti-THSD7A titers.
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Figure S8: Relationship between anti-thrombospondin type 1 domain-containing 7A
(THSD7A) titer, proteinuria, and age of anti-THSD7A-positive patients by tertiles. (A)
Relationship between anti-THSD7A median titer (relative units [RU]/ml) and age of patients in
tertiles for all, male, or female THSD7A-positive patients. (B) Relationship between proteinuria
levels (g/d) and age of patients in tertiles for all, male, or female THSD7A-positive patients. Anti-
THSD7A and proteinuria levels show no significant correlation with age.
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Figure S9: Anti-thrombospondin type 1 domain-containing 7A (THSD7A) titer and proteinuria
levels during clinical follow-up for membranous nephropathy patient 13, a THSD7A-positive
pediatric patient (4 years old at baseline) treated with rituximab. The patient had nephrotic range
proteinuria at baseline and received 2 courses of rituximab (RTX) at months 2 and 7. See more clinical
details in the Supplementary Methods. (A) Respective levels of anti-THSD7A autoantibodies measured
by enzyme-linked immunosorbent assay for the different IgG subclasses and proteinuria during a follow-
up of 27 months. (B,C) Anti-THSD7A levels measured by Western blot and indirect immunofluorescence
test. Enzyme-linked immunosorbent assay and indirect immunofluorescence test detect the fluctuation of
serum anti-THSD7A levels more quantitatively than Western blot. Bar=70 um. There is a significant
correlation between anti-THSD7A titers measured by enzyme-linked immunosorbent assay and indirect
immunofluorescence test (not shown). (D) IgG4 anti-THSD7A titer shown in relative units (RU)/ml while
it is shown as optical density (OD) values in panel A.
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Discussion

At the beginning of this PhD, controversial works had just identified several
epitopes in PLA2R1, with seemingly complex relationships to anti-PLA2R1
titer and an hypothetical mechanism of epitope spreading, possibly unifying the
two factors. At first sight, this gave the impression of a conundrum in the PLA:R1
autoimmune response, which may differ either because studies were using
different methodologies on heterogeneous and limited patients' serum samples, or
because of true differences in the natural course of MN for individual patients,
from aetiology to smouldering and overt disease, resulting in different patterns of

autoantibodies as observed in clinical serum samples.

The main work of this PhD project helped to clarify our view on the anti-PLA2R1
autoimmune response observed in patients, i.e. during the overt phase of MN
disease. Using a well-defined large cohort of MN patients, we identified in detail
which PLA:R1 domains contain epitopes and which ones are the most prevalent
and immunodominant, and thus act as the main drivers of the autoimmune
humoral response. Hopefully, our work will bring new insights into the
pathogenesis of PLA2R1-associated MN and will help to provide new ways to look
at the anti-PLA2R1 autoantibody humoral response by monitoring not only titer
but also specific autoantibodies and profiles such as immunodominance, for a
better stratification of patients in the daily clinical practice, towards more

personalized medicine.

9.1 From analysis of the autoimmune humoral response to
a working model of the autoimmune response in PLA:R1-
associated MN

Specifically, my PhD work definitely demonstrated that (i) CysR and CTLD1 are
two independent epitope-containing domains, (i1)) CTLD5 and CTLDS8 are two novel
epitope-containing domains, and (1)) CysR and CTLD1 domains contain the
immunodominant epitopes which are the driving force of the autoimmune humoral
response and might also be at the origin of the disease, leading us to propose a
working model for a step-by-step development of the autoimmune response,
resulting in the production of pathogenic autoantibodies that lead to podocyte

injury and kidney failure.
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9.1.1 The saga of PLA:2R1 epitopes' discovery and relationship to
titer

"Macroepitopes" versus "microepitopes" in PLA2R1 — It is important to keep in
mind that PLA2R1 is a large protein with an extracellular region comprising 10
globular domains, each folded with disulphide bonds while the conformational
genuine or true epitopes are expected to consist of less than 10 surface-exposed
residues, in a non-linear sequence manner. Thus we can distinguish the so-called
"epitope-containing domains" that we routinely call in the laboratory the

"macroepitopes" and the genuine epitopes that we call "microepitopes".

9.1.1.1 PLA:R1 epitope-containing domains or "macroepitopes"

With the identification of PLA2R1 as the major autoantigen in MN, several
groups worked hard towards the identification of the epitopes targeted by the
autoantibodies (chapter 4.2). In 2013, Behnert and colleagues (Behnert et al., 2013)
suggested that patients’ autoantibodies may target seven specific epitopes within
CysR, CTLD1, CTLDZ2, CTLD6, CTLD7 and CTLDS, ie. spanning the full
extracellular region of PLA2:R1. However, their results relied on the use of linear
peptides while previous works had demonstrated that anti-PLLA2R1 autoantibodies
only recognize conformational epitopes. Naturally, we cannot exclude the
hypothesis that some other autoantibodies recognizing these non-conformational
epitopes might be produced during the course of the autoimmune response or in
certain patients. Their low titer or affinity may also prevent their detection by
techniques using the full receptor, when the signal is due to multiple
autoantibodies, with most of them being conformational. However, our screen with
142 patients against the 10 individual domains did not highlight any epitope in the
CTLD2 nor CTLD6 domains which were proposed by the authors to exhibit 3 of the
7 epitopes described. Therefore, we believe that the epitopes identified in this study
do not represent any of the major epitopes in PLA2R1-associated MN.

In 2015, Kao and colleagues (Kao et al, 2015) suggested that the CysR-Fnll-
CTLD1 region contains a single interdomain epitope where deletion of either CysR
or CTLD1 apparently prevents patients’ autoantibodies recognition. Shortly after,
Fresquet and colleagues (Fresquet et al., 2015) showed that CysR may be sufficient for
autoantibody binding, yet assistance by other domains may be needed to maintain
the conformation of the epitope, while not suggesting epitopes in the CTLD1
domain, but more distant ones. In 2016, our laboratory showed that in fact
patients’ serum could react to single CysR or CTLD1 domains in the absence of

each other (Seitz-Polski et al., 2016). The contradictory results raised doubts regarding
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the exact number and location of the epitopes in the N-terminal region of PLA2R1.
My PhD work definitely demonstrated, through two different techniques, that
patients’ autoantibodies present distinct reactivities towards either CysR and/or
CTLD1 expressed as single epitope-containing domains or as chimera with MRC2
or after appropriate cleavage of the CysR-FnlI-CTLD1 region (Figure 1 and
Figure 2 from article 1). Part of the conflicting results were in fact due to errors in
the strategy used by Kao and colleagues, both at the design of PLA2R1 constructs
and by the fact that they used a small number of patients to probe epitopes. First,
after verifying that their single serum sample was able to recognize the CysR-FnllI-
CTLD1 region, the authors tried to dissect this region by producing the soluble
forms for single CysR and CTLD1 domains. Facing expression problems for the
CTLD1 domain while no reactivity was observed for the CysR-Fnll domain with
that particular patient's serum, the authors designed an apparently elegant
technique in which they introduced a thrombin cleavage site between CysR and
Fnll domains or Fnll and CTLD1 domains, and tested the reactivity of their
patient's serum before and after protease digestion. However, instead of
introducing the protease cleavage site in the linker region between FnlIl and
CTLD1 domains, they placed it within the first disulphide bridge of the CTLD1
domain (Figure S3 from article 1). This technical error prevented the separation of
CysR and CTLD1 domains after digestion under non-reducing conditions, since the
disulphide bridge will still maintain together the three domains in a covalent
manner, despite actual cleavage of the peptide bond. Additionally, irrespective of
the disulphide problem, protease cleavage may lead to the destruction of the
epitope recognized by a patient or alter its conformation by a bystander effect,
preventing its detection. Indeed, in the study by Kao and colleagues, it appears
that their patient's serum no longer recognized the CysR-FnII-CTLD1 domain after
thrombin cleavage, even though it would have been maintained as a triple domain
by the CTLD1 disulphide bond. However, in our study, all eight patients’ sera
tested could recognize the triple domain after protease cleavage of the same
construct where the cleavage site was inserted in the wrong place. These
discrepant results can be best explained by the unfortunate case that the authors
used a single patient to test their hypothesis, with this patient likely having more
(or exclusively) autoantibodies targeting CTLD1 than CysR. Thus, our data provide
step-by-step and detailed explanation about the reason of these discrepancies.
Nevertheless, our strategy cannot completely exclude the hypothesis that patients
might produce autoantibodies towards conformational interdomain epitopes.

However, if present, they do not represent major epitopes in the anti-PLA2R1
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humoral response, as our competition assays suggest that single CysR and CTLD1
compete for most of the signal. Finally, demonstrating that CysR and CTLD1
domains comprise independent epitopes was important as it turned out that they

are the major immunodominant domains.

Concerning the more distal part of PLA2R1 beyond CTLD1, the work from
Fresquet and colleagues suggested that a few patients may have epitopes within
the region CTLD3-CTLD8 while our work indicated epitopes within
CTLD7+CTLD6 and possibly CTLD8 (unpublished data from Dolla and colleagues)
(Dolla, 2017; Seitz-Polski et al., 2016). During this PhD, we either confirmed or identified
CTLD5, CTLD7 and CTLDS8 as three additional PLA2R1 domains containing

independent epitopes.

Together, the humoral autoantibody response to PLA2R1 is thus polyclonal, with
in total 5 of the 10 (50% of the structure) PLA:R1 domains targeted by
autoantibodies, with the possibility for several epitopes within each domain. By
screening a cohort of 142 patients with PLA2R1-associated MN we demonstrated
that the prevalence was very different between each domain, as high as 100% for
CysR and as low as 3.5% for CTLDS8 (Figure 4 from article 1). The low prevalence of
CTLD8 might explain why this epitope-containing domain was not identified in
previous works. As for CTLD5, while we observed that CTLD5 is the second most
prevalent epitope-containing domain, its late discovery was probably due to its
unique sensitivity to temperature and denaturation, as it is only recognized in its
most native conformation, by ELISA or immunoprecipitation techniques, but not by
western blot, even under non-reducing conditions (Figure S8 from article 1).
Indeed, previous works mainly used western blot to identify the epitopes targeted
by the autoantibodies, a technique that requires denaturation in SDS (usually after
boiling at 95°C) and thereby altering the conformation of the CTLD5 domain. Our
attempts to sort out what makes CTLD5 sensitive to denaturation and not
recognized by western blot was only partially successful. We could indeed
demonstrate that the CTLD5 epitope(s) is/are sensitive to temperature and DTT.
However, for western blot experiments, we could not demonstrate that SDS is
sufficient by itself to denature the epitope(s). Indeed, direct loading of CTLD5 (in
Laemmli SDS buffer but without heat denaturation), followed by electrophoresis
and transfer of the gel in ice-cold buffers did not maintain CTLD5 reactivity.
Furthermore, attempts to renature the CTLD5 epitope(s) by incubating the
western blot membrane in semi-chaotropic conditions like urea buffers did not
rescue the conformation and patient's reactivity (data not shown). The very

sensitive loss of epitope reactivity of CTLD5 was further observed when the

266



Discussion

antigen was coated on ELISA plates and lyophilized, with absence of patients’
autoantibodies reactivity after lyophilisation (data not shown). In fact, this was
also observed for CTLD7 but not CTLD1 and CTLDS8 (data not shown).
Interestingly, the globular structure of both CTLD5 and CTLD7 domains is
maintained by two disulphide bonds whereas that of CTLD1 and CTLD8 domains
is maintained by three disulphides, partially explaining their different resistance
to temperature- and/or SDS-dependent denaturation. Our findings further
underline that PLA2R1 epitopes are highly conformational and those technical
approaches maintaining as much as possible the conformation of the native antigen
should be used to detect patient's reactivity. Other factors such as glycosylation or
the quaternary structure of PLA2R1 may also alter the reactivity of patients'
autoantibodies. Indeed, the overall structure of PLA2R1 1is pH-dependent,
presenting a compact conformation at acidic pH and a more flat extended
conformation at basic pH (Dong et al., 2017; Fresquet et al., 2015; He et al., 2011; West et al.,
2004). Moreover, PLA2R1 ligands may alter its overall structural organization and
autoantibody reactivity, either inhibiting this latter or unmasking new epitopes.
Therefore, even though up to five epitope-containing domains have already been
identified, we cannot exclude that other epitopes might be revealed by using
different and more specific approaches taking into account the specific complex
structure of PLAsR1. As an example of such a complexity in autoantibody
reactivity, about 5% of patients with myasthenia gravis have autoantibodies
targeting exclusively the acetylcholine receptor when expressed as a multimer of
pentamers (Jacob et al., 2012). Last but not least, the particular sensitivity of CTLD5
and CTLD7 to lyophilisation (when lyophilized as single domain) indicates that the
commercial Euroimmun ELISA assay which uses lyophilized full PLA2R1 may not
measure the full reactivity to these domains, but the one due to CysR and CTLD1,

and in fact underestimate the full titer.

9.1.1.2 Towards the identification of the genuine epitopes or
"microepitopes"

When investigating the correlation between anti-PLA2R1 titer and epitope
profile, and as one could expect "by nature of the autoimmune response", we
observed that the anti-PLA2R1 titer increases as more and more epitope-containing
domains become positive. However, exceptions are observed, with patients having
low anti-PLA2R1 titer and presenting reactivity towards 3 or 4 epitopes, and vice-
versa with patients having high titer but presenting limited reactivity towards 1 or

2 epitope-containing domains. Plots displaying the relationships between anti-
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PLA:R1 titer and epitope profiles revealed these factors, meaning that patients
with the same number of epitopes but different profiles (for example CRC5 versus
CRC7) or even patients with the same profile might present distinct anti-PLA2R1
titers (Figure 5 from article 1). The differences observed may also be due to the
presence of more than one "microepitope" within the same domain due to
"Intradomain spreading", associated with different titers for each corresponding
autoantibody. In fact, a mechanism of intramolecular (intradomain) spreading is
observed for myeloperoxidase (MPO) and proteinase 3 (PR3), which are the two
globular autoantigens involved in anti-neutrophil cytoplasmic autoantibody
(ANCA)-associated vasculitis (AAV) (Land et al., 2014; Roth et al., 2013). Several studies
have been performed to map the epitopes of both MPO and PR3. A study from
Bruner and colleagues (Bruner et al., 2010) identified seven epitopes at the surface of
PR3 that could be commonly recognized by patients. Similar observations were
made by the same group for MPO, in which screening of overlapping peptides (10
amino acids each) allowed to verify that patients could present reactivity to
multiple regions of MPO (Bruner et al., 2011). Systemic evaluation of epitope profiles
by mass spectrometry showed patients' reactivity to multiple portions of MPO, and
the number and specificity of certain "microepitopes" is associated with
smouldering or overt disease activity (Roth et al., 2013). Thus, a similar scenario of
intradomain spreading may also occur in each domain of PLA2R1, increasing the
complexity of the autoimmune response from five "macroepitopes" or epitope-

containing domains to likely much more "microepitopes" or genuine epitopes.

The detailed analysis of these "microepitopes" would be important for a better
understanding of the autoimmune response but their identification will be
challenging as they are conformational. In fact, the first possible "microepitope"
would be the one identified by Fresquet and colleagues (Fresquet et al., 2015) in the N-
terminal 35 amino acids of CysR but it is likely still preliminary. Our data in fact
could not confirm that the identified peptide has reactivity with several patients
known to react with the CysR domain. Furthermore, our preliminary data from a
cross-reactivity study testing patients’ sera reactivity against epitope-containing
domains from human, mouse and rabbit PLAsR1 showed that the positivity
towards a specific domain is not always conserved among species (data not shown).
For instance, while serum from a patient reacts against a specific epitope-
containing domain from the three PLA2R1 species, another serum presents
reactivity towards the same human epitope-containing domain but not against one
or more PLA2R1 orthologs. Although indirect, these data suggest that patients’

sera probably contain different autoantibodies targeting different "microepitopes"
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within the same "macroepitope" PLA2R1 domain. To elucidate the different
epitopes within each domain, several strategies can be used among the three

strategies listed below.

One strategy would rely on pursuing the comparative analysis of cross-reactivity
of PLA2R1 domains from different species to pinpoint different stretches of amino
acids which may be part of the specific "microepitopes". Swapping of these
sequences between for instance mouse and human CysR may reveal gain or loss of

reactivity.

Similarly, a second strategy, more "all or none", may be elaborated by the
production of chimeras between PLA2R1 and its paralog MRC2, which do not react
at all with patients' autoantibodies while being the closest paralog. In parallel with
the above cross-reactivity studies to display epitopes, we have already started to
prepare a series of chimeras in which we have swapped a domain region of MRC2
by the corresponding portion from PLA2R1 and vice-versa. However, the detailed
PLA:2R1 structure is not yet elucidated which makes difficult to predict which
regions of the domain could be swapped without structural clashes, i.e. how this
would affect the conformation of the domain relative to the potential "microepitope"
region. Indeed, when introducing a full domain of PLA2R1 and MRC2, the patients’
serum could recognize it, which was considered as a proof-of-concept of this
strategy between PLA2R1 and MRC2 (Figure 2 from article 1). However, when we
started to swap only partial sequence segments of a domain, we could either not
express the protein or we lost patient's reactivity in most of the cases, indicating
the limitation of this strategy without a good model of the structures (data not

shown).

A third strategy can rely on performing single point site-directed mutagenesis
by alanine scanning of each epitope-containing domain. ELISA screen of these
mutants may allow to identify the location of the “microepitopes”, assuming that a
single point mutation is sufficient to significantly decrease or even abolish the
epitope recognition, and of note, this would work if the epitope contributes to the

signal in that PLA2R1 domain.

Finally, when performing the cross-reactivity studies just referred above, we
used recombinant proteins expressed in HEK293 cells and E. coli. During these
experiments, we observed that serum reactivity was detected for the epitope-
containing domain produced in HEKZ293 cells but sometimes lost for the
recombinant protein produced in E. coli (data not shown), suggesting that some

post-translational modifications (PTMs) are also involved in epitope reactivity and
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maybe in the development of the autoimmune response. Interestingly, Tramontano
and colleagues (Tramontano et al., 2004) demonstrated that N-glycosylation of megalin
is important for induction of MN in the Heymann nephritis rat model. More work
with "elegant techniques" 1is clearly needed to identify these so-called

"microepitopes" within each PLA2R1 domain.

9.1.2 Prevalence and PLA:2R1 epitope spreading

Screening of 142 patients with PLA:R1-associated MN for each epitope-
containing domain established the prevalence towards these domains. We
confirmed that CysR is the most prevalent epitope-containing domain while other
domains become less and less positive, roughly from the N-terminal to the C-
terminal end, except for CTLD1 versus CTLD5 (Figure 4 from article 1) (Seitz-Polski
et al., 2018; Seitz-Polski et al., 2016). These observations further support the hypothesis
that the autoimmune response progresses from the CysR domain to the other
domains by a mechanism of epitope spreading. However, our hypothesis still needs
to be experimentally proven. Ideally, we would like to analyse the natural course of
the humoral autoimmune response by testing the reactivity of patients’ serum
obtained at the very early stages of the disease, i.e. during the smouldering phase
of MN and before the clinical onset or diagnosis of MN, after which the MN disease
1s in its overt phase. This strategy has been used to demonstrate a mechanism of
epitope spreading in the development of the autoimmune response for pemphigus
foliaceus and for type 1 diabetes (Brooks-Worrell et al, 2001; Li et al, 2003)
(chapter 1.4.1). However, so far we only have analysed patients' sera during the
overt phase of MN, with the first serum samples collected at the time of diagnosis
or later, when the patient is already in an advanced stage of the disease, and likely
with a mature autoimmune response in which the mechanism of epitope spreading
may have already occurred. What we see might thus probably be "reminiscent" of
the early steps of the autoimmune response leading to the formation of
immunodominant and non-immunodominant epitopes, with "waves" of
autoantibody titers depending on the stage of the immunological response, from
remission to relapse phases. A new hope for the analysis of serum from patients
during the smouldering phase arose with the recent work from dJoshi and
colleagues (Joshi et al, 2018 with a cohort of patients from the US army,
demonstrating the presence of circulating anti-PLA2R1 autoantibodies months to
years before MN diagnosis and even before the earliest documentation of non-
nephrotic range proteinuria. Future studies of this cohort regarding epitope profile

but also immunodominance (see below chapter 9.1.3) or anti-PLA2R1 IgG
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subclasses would significantly contribute to a better understanding of the early

phase of the autoimmune response.

Another approach to experimentally demonstrate the phenomenon of PLA:2R1
epitope spreading in MN would be by establishing an in vivo animal model.
Preferentially, this could be done in a rat or mouse model of MN as previously
demonstrated for megalin in the Heymann nephritis rat model (Shah et al., 2007).
However, PLA2R1 is not expressed in rodent podocytes which has been a major
drawback in the development of an animal model for PLA2:R1-associated MN.
Nevertheless, we have started to establish a model of experimental epitope

spreading for PLA2R1 by immunizing rabbits.

Initially, in an immunization protocol of 95 days, we injected two rabbits with
human PLA2R1 in Freund’s adjuvant with boosts every 21 days. Analysis of serum
samples collected at several time points showed that the immune response initiates
by developing antibodies against the CysR domain followed by spreading to other
domains with the exception of Fnll and CTLD5 for the first rabbit (data not
shown). The second rabbit presented a weaker immune response (lower anti-
human-PLA2R1 titer) with antibodies already targeting several domains at the
first time point of sampling. By day 95, the rabbit sera recognized all the domains
except Fnll. Considering that 0.3% of MN patients are positive for both THSD7A
and PLA2R1 and that patients’ may share a common immunodominant epitope
(Fresquet et al., 2019; Zaghrini et al., 2019), we tested the cross-reactivity of rabbits’ serum
against THSD7A, which was negative at all time points. In parallel, we injected
two rabbits with recombinant rabbit PLA2R1 in Freund’s adjuvant with the hope to
Initiate an autoimmune response, but no autoantibodies were detected in the

serum at any time point (data not shown).

In a second series of experiments, we injected rabbits with human PLA2R1, but
with different adjuvants. The strength of the immune response was adjuvant-
dependent as well as the way it developed. With certain adjuvants, the immune
response progressed from the N-terminal to the C-terminal, whereas with others it
seemed to develop from the C-terminal to the N-terminal (data not shown).
Interestingly, in most cases, the antibody response was conformational, as

expected.

These projects provide preliminary data in favour of a mechanism of epitope
spreading occurring during the progression of the PLA2R1 autoimmune response.
However, which domain contains the immunodominant epitope in this rabbit

experimental model remains unclear since several trends have been observed
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depending on the adjuvant, suggesting that different aetiologies might lead to
different responses by the immune system. We also have to take in consideration
that this model involves an immune response and not an autoimmune one;
therefore it will not exactly mimic what happens in the pathogenesis of human
autoimmune MN. Finally, the observations obtained within each rabbit project are
quite preliminary: they are only based on the few experiments performed until now
and mostly rely on the response of two rabbits/group. Future projects should
involve the injection of the individual epitope-containing domains, in particular
CysR and CTLD1 (see below chapter 9.1.3), which hopefully would bring more
insights into the pathogenesis of PLA:R1-associated MN, in particular the
identification of the domains containing the immunodominant epitopes and a

better view of the mechanism of epitope spreading.

9.1.3 Driving-forces of the autoimmune response

After the identification of the most prevalent epitope-containing domains, we
wanted to know which one(s) is(are) the driving force of the humoral autoimmune
response, 1.e. the major contributor(s) of the anti-PLA2R1 titer. In their previous
works, using a western blot competition assay for 10 patients, Kao and colleagues
(Kao et al., 2015) showed that the major driving force of the autoimmune response
was the triple domain CysR-FnIl-CTLD1. Similarly, by performing ELISA
competition assays with the CysR-CTLD3 region for 43 patients, Fresquet and
colleagues (Fresquet et al., 2015) demonstrated that the CysR-CTLD3 region contained
the epitopes mainly contributing to the anti-PLA2R1 titer for most patients. Thus,
within CysR-FnlI-CTLD1 or CysR-CTLD3 regions, is CysR the major contributor
as suggested by Fresquet and colleagues (Fresquet et al., 2015) or is it CTLD1? Finally,
Fresquet and colleagues also observed that for a few cases there was another more

distal epitope-containing domain also contributing to the autoimmune response.

To better define which “macroepitope” domain(s) is/are mainly contributing to
the anti-PLA2R1 titer, we performed ELISA competition assays for all patients
from our cohort with available serum with several regions of PLA2R1 as competing
domains against the full PLA2R1 extracellular domain. Our competition assays
confirmed that for 91% of the patients CysR-FnIl-CTLD1 is the major contributor
of the anti-PLA2R1 titer (Figure S11 from article 1). By performing competition
assays with the individual epitope-containing domains or a combination of them,
we clearly demonstrated that CysR is immunodominant and represents the main

driving force of the autoimmune response for a significant number of patients.
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However, CTLD1 appears as another major immunodominant domain for a
significant group of patients, likely at the expense of CysR immunodominance
(Figure S11 and Figure S12 from article 1). Conversely, the more distal domains
CTLD5, CTLD7 and CTLDS8 have only a modest contribution to the anti-PLA2R1
titer. Of note, all patients produced autoantibodies against the CysR domain and as
observed from competition assays, anti-CysR autoantibodies always contributed to
some extent to the anti-PLA2R1 signal. This implies that a patient cannot have an
humoral autoimmune response 100% driven by another epitope-containing domain.
From a pathophysiological point of view, we also considered previous studies
showing that (1) injection of two monoclonal antibodies targeting the podocyte
aminopeptidase A is more pathogenic than each antibody injected separately, and
(i1) injection of a polyclonal serum versus monoclonal antibodies targeting megalin
produces more dense immune deposits (Allegri et al., 1986; Mentzel et al., 1999). These
studies suggest that the presence in serum of a significant proportion of two main
classes of autoantibodies may be more pathogenic than a single class of antibody.
Thus we reasoned that the presence of circulating anti-CysR autoantibodies as a
main single class of antibodies may be less pathogenic than the presence of both
anti-CysR and anti-CTLD1, when each present at a significant titer and ratio. With
this in mind, we defined three groups of patients based on competition assays. For
iCR patients, binding to CysR-FnlI-CTLD1 should account for at least 65% of the
anti-PLA2R1 signal with most of this binding due to CysR reactivity, i.e. less than
20% due to CTLD1. For iC1 patients, binding to CysR-FnII-CTLD1 should also
account for at least 65% of the anti-PLA2R1 signal but at least 20% of binding
should be due to CTLD1 reactivity. For non-iDom patients, no particular PLA:2R1
domain is driving the autoimmune response and the anti-PLA:R1 signal is
distributed over all domains (Figure 6 from article 1). In our cohort, 55% of

patients were iCR, 36% were iC1 and 9% were non-iDom.

Interestingly, most patients (74%) who are CTLD1-positive are also iC1. This
suggests that as soon as a patient becomes CTLDI1-positive the autoimmune
response "switches" and starts to be driven by CTLD1. Analysis of a patient with
two available follow-up serum samples allowed us to obtain preliminary evidence
for this hypothesis of immunodominance switch. In the first serum sample,
patient's serum presented reactivity only towards the CysR domain, defining CysR
immunodominance. Three months later and in the absence of treatment, patient’s
serum targeted CysR, CTLD1 and CTLD5 with a CTLD1 immunodominance. After
another 3 months, the patient was in spontaneous remission with a CysR profile

and a CysR immunodominance (data not shown). If the observation is correct, why
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and when this switch of immunodominance occurs may be better documented. It
might be associated with genetics or other environmental factors. Our data first
need to be confirmed in longitudinal cohorts of patients with analysis of baseline
and follow-up samples from patients either untreated or treated with
immunosuppressors. Analysis of immunodominance in our models of experimental
epitope spreading in rabbits may also bring some insights. Finally, the analysis of
the above specific patient illustrates how quick the immune response may switch,

or be "plastic".
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Figure 9.1 — Progression of the autoimmune response in PLA:R1-associated MN.
By integrating several results obtained throughout this project we proposed that once
tolerance is broken, patients will produce autoantibodies against the CysR domain,
starting as iCR at this stage. Via a mechanism of intradomain and interdomain epitope
spreading, the autoimmune response will develop from the CysR domain towards other
domains with a possible switch of immunodominance from the CysR to the CTLD1 domain
at different stages. The development of the autoimmune response is associated with an
overall increase in anti-PLA2R1 titer, which may be maximal when all epitope-containing
domains become positive and only when either CysR or CTLD1 or both are
immunodominant. The non-iDom patients (not represented) cannot reach such high anti-
PLA2R1 levels and remain "stucked" in middle range titers.
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Our results based on epitope positivity and immunodominance lead us to
propose a working model of the humoral autoimmune response as shown in
Figure 9.1. In this model, patients initiate the autoimmune response by producing
autoantibodies against the CysR domain. As the autoimmune response matures,
they will produce autoantibodies towards other epitope-containing domains by a
mechanism of interdomain epitope spreading. The increase of the anti-PLA:2R1
titer observed will result not only from interdomain spreading, but also from
intradomain spreading, as discussed above, with immunodominance to CysR or
CTLD1 starting to appear. Based on “macroepitope” prevalence, interdomain
spreading occurs from the CysR domain to the CTLD5 and/or CTLD1 and at a later
stage to the CTLD7 and CTLD8 domains. While autoantibodies are produced
towards several epitope-containing domains, the patient may stay on the CysR
pathway with an autoimmune response driven by the CysR domain, or the patient
can switch to the CTLD1 immunodominant pathway. What makes the autoimmune
response being driven by one or the other pathway remains unclear, but one can
hypothesize that different aetiologies or genetic variants are involved. Of note, the
small group of non-iDom patients presenting a low anti-PLA2R1 titer and an
autoimmune response not (or not yet) driven by CysR or CTLD1 may be patients (i)
at the beginning of the autoimmune response (low titer and no defined
immunodominance), (ii) in transition from iCR to 1C1 pathways, (iil) in the process
of immunological remission or (iv) presenting an autoimmune response that
resulted from a different aetiology without a trigger to progress into the
immunodominant CysR or CTLD1 pathways. As said above, our model and the
molecular mechanisms involved should be demonstrated by longitudinal follow-up
of patients during the smouldering and overt phases of MN and by in vivo

experiments in animals mimicking the anti-PLA2R1 autoimmune response.

It is also important to note that progresses have been made towards the
identification of epitopes and immunominant profiles in THSD7A-associated MN
(Seifert et al., 2018; Zaghrini, 2019). Preliminary results have demonstrated that
patients’ autoantibodies can target several epitope-containing domains spanning
all over the extracellular region of THSD7A (Seifert et al., 2018; Zaghrini, 2019). In
contrast to PLA2R1, no THSD7A epitope-containing domain was found to be 100%
prevalent and two of these domains were found to be immunodominant in similar
proportions, while other epitopes may represent interdomain spreading associated
with low titers (Zaghrini, 2019). These preliminary observations suggest common
features but variation on the theme for the autoimmune response observed in
PLA2R1- and THSD7A-associated MN patients, such as a preferential
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immunodominance towards one domain versus another (PLA2R1) or not (THSD7A)

and a mechanism of epitope spreading, both interdomain and intradomain.

9.2 Biomarkers of PLA:;R1-associated MN

As mentioned several times throughout this manuscript, detection of anti-
PLA:2R1 autoantibodies is nowadays used not only to diagnose MN, but also to
monitor disease activity. Anti-PLA2R1 titer reflects the immunological activity of
the disease, with circulating autoantibodies disappearing from circulation months
before clinical signs of remission (Beck et al., 2011; Beck et al., 2010; Hofstra et al., 2011;
Kanigicherla et al., 2013; Seitz-Polski et al., 2014). Monitoring of anti-PLA2R1 titer might
prevent the unnecessary prescription of immunosuppressive treatment, as well as
it might allow earlier treatment withdrawal once autoantibodies are undetectable.
Similarly, a sudden rise of anti-PLA2R1 titer while the patient is in remission
likely indicates relapse before observation of clinical features. Finally, anti-PLA2R1
titer can predict clinical outcome, with low titer associated with spontaneous
remission and high titer associated with progression to severe disease and ESRD

as well as resistance to immunosuppressive treatment (Beck et al., 2011; Dahan et al.,
2017; Hofstra et al., 2012; Hoxha et al., 2014; Kanigicherla et al., 2013; Rodas et al., 2019; Ruggenenti

et al., 2015; Timmermans et al., 2015).

During this thesis, we confirmed that high anti-PLA2R1 titers were associated
with poor renal outcome and less chance of spontaneous remission in two different
retrospective cohorts of PLA2R1-associated MN patients, using both univariable
and multivariable models. Additionally, in the cohort of 142 patients, we also
confirmed that resistance to immunosuppressive therapy was associated to high
anti-PLA2R1 titers. Nevertheless, thresholds for what might be considered as the
low cut-off value of anti-PLA2R1 titer for decision to treat with immunosuppressors
and high cut-off value for likelihood of a response remains unclear, despite the first
studies trying to address this question (Bobart et al., 2019; De Vriese et al., 2017). Future
studies are needed to better define these cut-off values and help clinicians to better

manage patients' healthcare.

Previous studies from our laboratory also have demonstrated that epitope
spreading might help to better predict clinical outcome and treatment efficacy in
combination to anti-PLA2R1 titer (Seitz-Polski et al., 2019; Seitz-Polski et al., 2018; Seitz-
Polski et al., 2016). In our retrospective cohorts, epitope spreading to CTLD1 and/or
CTLD7 was also associated with worse clinical outcome in both univariable and

multivariable analyses (data not shown). These analyses were done without
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considering positivity to CTLD5 which (i) was not yet identified at the time of the
screen or (il) appears to not contribute by itself as a biomarker of pathogenicity.
Indeed, when we compared the clinical features of CTLD5-negative and CTLD5-
positive patients, no differences in clinical parameters except a lower eGFR were
observed (data not shown). Additionally, both groups of patients equally reach
remission or remain in active disease or progress to ESRD (data not shown).
Therefore, we hypothesize that in contrast to CTLD1 and CTLD7, CTLD5
autoantibodies might not be as pathogenic, and thus might be less useful to predict

clinical outcome.

Finally, my PhD work introduced a new stratification of patients based on their
immunodominant profile that also appears as a new potential biomarker to predict
clinical outcome and possibly the likelihood of response to rituximab therapy. In a
multivariable model adjusted for clinical characteristics (proteinuria and eGFR) in
which the interaction between immunodominance and treatment was taken into
account, we demonstrated that iC1 patients had a poorer clinical outcome and that
rituximab treatment was less effective than for iCR/mon-iDom patients. Since 1C1
patients had a significantly higher anti-PLA2R1 titer than iCR/non-iDom patients,
one could argue that the association to clinical outcome is due to the higher anti-
PLA2R1 titer rather than immunodominance. Since previous studies have
demonstrated that patients respond less to rituximab treatment when their anti-
PLA2R1 titer is higher than 200 RU/mL (Dahan et al., 2017; Ruggenenti et al., 2015), we
compared the clinical outcome of patients with different immunodominant profiles,
having an anti-PLA2R1 titer below 200 RU/mL and being treated with rituximab or
with conservative therapy. We observed that half of iC1 patients (52%) remained in
active disease or progressed to ESRD as compared to only 20% of iCR/non-iDom
patients. When considering only patients treated with rituximab, the difference
between the two immunodominant groups was even more clear, with most iCR
patients (90%) responding to rituximab and the majority of iC1 patients (62%) not
responding. In contrast, clinical outcome of patients with a high anti-PLA2R1 titer,
above 200 RU/mL in our analysis, showed that patients had poor renal outcome
and did not respond to rituximab, independently of their immunodominant profile.
Overall, our data suggest that until a certain cut-off of anti-PLA2R1 titer,
immunodominance can be a potential new biomarker to guide immunosuppressive

treatment and identify patients that might best respond to rituximab therapy.

In sum, our data confirmed the clinical value of anti-PLA2R1 titer and epitope
spreading to predict clinical outcome. Additionally, we identify immunodominance

as a potential new biomarker to predict clinical outcome, in particular the response
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to rituximab treatment. Despite the encouraging results, our clinical findings need
to be confirmed in larger prospective cohorts and randomized clinical trials.
Nevertheless, we propose that a close follow-up and evaluation of anti-PLA2R1 titer
in combination with immunodominance profiling might be of importance for better
healthcare of PLA2R1-associated MN patients.

During my PhD work, I also participated in the development of a novel ELISA
for the quantitative detection of anti-THSD7A autoantibodies. Like for PLA2R1, we
observed that anti-THSD7A titer reflects the immunological activity of MN
allowing to monitor disease activity and response to treatment as well as predicting
clinical outcome. Specifically, patients with anti-THSD7A titers in the lower tertile
range were more prone to reach clinical remission, either spontaneous or after
Immunosuppressive treatment. Therefore, similar to what is observed for PLA2R1-
associated MN, we believe that a close follow-up and evaluation of anti-THSD7A
autoantibodies is highly relevant for better healthcare of THSD7A-associated MN

patients.

Finally, studies which I started during this PhD and are still ongoing in
collaboration with Pr. Jack Wetzels, may help to identify patients at risk of
progression to severe disease by monitoring anti-PLA2R1 titer during follow-up and

before any immunosuppressive treatment.
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Membranous nephropathy (MN) is a rare but severe autoimmune kidney
disease characterized in 1957 as a new entity but for which the
autoantigen targets involved in the major adult form of the disease have remained
elusive for many years. Exactly 10 years ago, PLA2R1 was identified as the major
autoantigen for approximately 70% of adult MN patients. Five years ago, this was
followed by the identification of THSD7A as a second autoantigen of adult MN for
another 3-5% of the patients. These discoveries provided a new impetus for a better
understanding of the molecular basis underlying the development of MN. Likely
and more importantly, they have produced a paradigm shift in clinical practice,
providing new clinical assays to diagnose MN and monitor disease activity, leading
to a significant improvement of patients’ healthcare (Beck et al., 2014; Francis et al., 2016;
Ronco et al, 2015; Salant, 2019). During this thesis, I worked towards a better
understanding of the humoral autoimmune response observed in PLA:zR1-
associated MN as well as the clinical value of the different combinations of anti-
PLA2R1 autoantibodies to improve patients’ healthcare towards a more
personalized medicine. Nevertheless, several key questions regarding the natural
course of the disease and its main pathophysiological steps remain to be addressed
(Salant, 2019; van de Logt et al., 2019). At the clinical level, the current knowledge and
future research should help clinicians to better classify MN into different forms
with improved diagnosis, monitoring and guided therapy, all of this leading to

better healthcare with personalized therapy.

10.1 Pathophysiology and natural course of MN

How many autoantigens at the molecular basis of MN forms? After the
identification of PLA2R1 and THSD7A as two key autoantigens, approximately
27% of 1diopathic MN cases remained double negative, i.e. "orphans" for a putative
"third" autoantigen causing the autoimmune disease. At first, one can ask whether
the prevalence for PLA2R1- and THSD7A-associated MN is accurate, with 70-75%
and 3-5%, respectively. Indeed, are all patients PLA2R1- or THSD7A-negative at
diagnosis truly negative? Or would it be possible that they turn out to be positive if
the detection assays were more sensitive in line with the use of lower cut-off values
in ELISA assays, or if autoantibody levels are measured later during the course of
MN, with examples of patients turning positive during follow-up (Liu et al., 2018;
Tampoia et al., 2018; van de Logt et al., 2015). Even considering this hypothesis, there is no
doubt that a significant proportion of patients (about 20-25%) should have an MN

disease due to other autoantigens (Beck, 2017). Besides exostosins, while writing this

281



Conclusions and perspectives

conclusion, NELL-1 (neural epidermal growth factor-likel protein) was identified
as a new likely third autoantigen in another small group of 3% of MN patients
(Sethi et al., 2019), suggesting that a fourth, fifth and so on autoantigens may be

identified. Future studies should keep targeting these questions.

What are the actual genetic, immunological and biological factors
triggering the autoimmune response? Are they the same among patients
with the same or different autoantigens? The identification of several
autoantigens in MN raises questions about the respective aetiology and the
possible links between these latters. In myasthenia gravis and pemphigus vulgaris,
several autoantigens have been identified, and interestingly, they belong to the
same large protein complex (Gilhus et al., 2019; Schmidt et al., 2019). However, the
disease onset, male to female ratio and severity of the disease vary between
patients positive for one or the other autoantigens. In MN, the typical male to
female ratio is 2:1 but it may be different for THSD7A-associated MN (Zaghrini et al.,
2019). What is the cause of loss of self-tolerance: epitope mimicry or changes in the
structure of the autoantigens, possibly associated with different genetics? In what
context: cancer, inflammation or infections which may depend on the autoantigen?
During the smouldering phase of MN, how does the autoimmune response
progress? What is the dynamics of autoantibody production: is it via a mechanism
of epitope spreading with a switch of immunodominance? Or is the "spreading
route and immunodominance" due to different causes initiated at the origin of the
autoimmune response with also genetic factors (predisposing SNPs are present in
both CysR and CTLD1)? What about the IgG subclass switch that seems to occur
during the different stages of the autoimmune response: is it associated with
immunodominance? Is it possible that epitope spreading and immunodominance
transitions still progress during the overt phase of MN, in phases of remission and
relapse? How B, T and Treg cells dialog to orchestrate this autoimmune response?
And why patients only develop conformational autoantibodies (predominantly
IgG4) in both PLA2R1 and THSD7A? Finally, what complement pathways are
activated relative to the set of autoantibodies targeting podocytes and how does
podocyte injury occur? More work in patients during the smouldering disease and
in bona fide animal models carefully mimicking human MN are definitely needed

to better understand the key steps of the autoimmune response.
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10.2 Clinical impact in MN

Should we re-classify MN forms? After the identification of at least 5 human
autoantigens or alloantigens specifically defining different forms of MN — NEP,
PLA2R1, THSD7A, exostosins and NELL-1 — the time may come to classify MN
based on serology or staining of the specific antigens in kidney biopsy. This has
somehow started for PLA2R1 by Bobart and colleagues (Bobart et al, 2019) who
propose to use a serology-based diagnosis instead of kidney biopsy. For patients
having no antigen positivity as a cause of MN, antigens towards intracellular
podocyte targets may be used as a surrogate or marker of MN severity (Bruschi et al.,

2011; Murtas et al., 2012; Prunotto et al., 2010).

Should we consider personalized medicine based on the different
characteristics of the anti-PLA:R1 autoimmune response? Once the patient
1s diagnosed with PLA2R1-associated MN (the same applies to THSD7A-associated
MN), monitoring of anti-PLA2R1 titer and epitope spreading will help to predict
clinical outcome, decision to treat with immunosuppressors and orientation for the
most adapted treatment with likelihood of a response (Beck et al., 2011; De Vriese et al.,
2017; Floege et al., 2019; Kanigicherla et al., 2013; Rodas et al., 2019; Ruggenenti et al., 2015; Seitz-
Polski et al., 2018; Seitz-Polski et al., 2014). However, cut-off values for what is considered
as low versus high titers of anti-PLA2R1 titers should be more clearly defined. In
that regard, epitope spreading to CTLD1 and/or CTLD7 may better predict clinical
outcome and decision to treat. Based on our work, patients with 1CR
immunodominance would best respond to low or high doses of rituximab while
higher doses of rituximab or other more efficient combined therapies may be
needed for iC1 patients or patients with titers above 200 RU/mL (Seitz-Polski et al.,
2019; van de Logt et al., 2018). The use of second generation anti-CD20 antibodies may

also need to be considered (Du et al., 2017).

Finally, more studies are clearly needed in many directions. For instance, my
PhD project led to the identification of five main “macroepitope” domains with a
first thorough analysis of prevalence, immunodominance and clinical associations
in a large cohort of patients. The next studies may tackle the hot question of
“microepitopes” as well as the progression of the autoimmune response backwards.
What happens during the smouldering phase of PLAzR1-associated MN, up to the
molecular events that trigger the start of the autoimmune response to PLA2R1, i.e.
when PLA2R1 meets MN, caught by the immune system as the culprit autoantigen
while on the course of one of its physiological and pathophysiological roles in

inflammation, cancer or infection, these latters being in fact still mostly elusive.
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