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ABSTRACT (245 words)

Autoantibodies against phospholipase A2 (PLAZR] thrombospondin type 1 domain-containing 7A
(THSD7A) are emerging as biomarkers to classify im@mous nephropathy (MN) and to predict
outcome or response to treatment. Anti-THSD7A antibadies are detected by western blot and indirect
immunofluorescence test (IIFT). Here, we developaénsitive ELISA optimized for quantitative
detection of anti-THSD7A autoantibodies. Among 10idpsy-proven MN patients from 6 cohorts, 28
THSD7A-positive patients were identified by ELISAdicating a prevalence of 2.8%. By screening
additional patients, mostly referred because of BR2-unrelated MN, we identified 21 more cases,
establishing a cohort of 49 THSD7A-positive patgeitwenty-eight patients (57%) were male, and male
patients were older than female patients (67 vetSugears). Eight patients had a history of malmgpya

but only 3 were diagnosed with malignancy withipears of MN diagnosis. We compared the results of
ELISA, IIFT, western blot, and biopsy staining, &dnd a significant correlation between ELISA and
IIFT titers. Anti-THSD7A autoantibodies were predoantly IgG4 in all patients. Eight patients were
double positive for THSD7A and PLA2R1. Levels ofiafrHSD7A autoantibodies were correlated with
disease activity and with response to treatmertieiita with high titer at baseline had poor clihica
outcome. In a subgroup of patients with seriatditpersistently elevated anti-THSD7A autoantibsdie
were observed in patients who did not respondei@titnent or did not achieve remission. We conclude
that the novel anti-THSD7A ELISA can be used taidg patients with THSD7A-associated MN and to
monitor autoantibody titers during treatment.



INTRODUCTION

The primary form of membranous nephropathy (MNansautoimmune kidney disease in which
circulating autoantibodies target podocyte autgems, leading to deposition of immune
complexes in the glomerular capillary wall, podecynjury and proteinurid™. Overall, MN
affects more men than women (sex ratio 2:1), wiffeak incidence at 50-55 yedrs. Clinical
outcome varies from spontaneous remission to gengiproteinuria and end stage renal disease

in about 30% of cases.

In 2009, phospholipase A2 receptor 1 (PLA2R1) veksniified as the major target autoantigen
with circulating autoantibodies present in abouk76f MN patients. In 2014, thrombospondin

type 1 domain-containing 7A (THSD7A) was identifiad a second autoantigen for another
group of 2-5% MN patients. Most cases of PLA2R1- and THSD7A-associated MR ar

mutually exclusive yet rare cases of dual posititiave been describ&d®.

Both PLA2R1 and THSD7A autoantigens are expressédiman podocytes and are membrane-
bound proteins (180 and 250 kDa, respectively) vaittong extracellular region comprising
multiple but distinct domains with disulfide bonds’. Anti-PLA2R1 and anti-THSD7A
autoantibodies exclusively bind to conformationpit@es present in one or more respective
domains and are predominantly of the 1gG4 subcltas® Epitope spreading associated with

disease worsening has been suggested for PLA2K1

Although the pathogenic role of anti-PLA2R1 autdamdies is still a matter of debate, multiple
studies have shown that anti-PLA2R1 autoantiboaiesspecific and sensitive biomarkers for 50
to 80% of MN patients, depending on the studiedbastt’” *® Anti-PLA2R1 autoantibodies are

nowadays measured by robust biological assays asidiFT*® and ELISA?® 22 Furthermore,



PLA2R1 antigen accumulated in glomerular immuneogép is detected by standardized biopsy
staining protocol$*?* These assays are now routinely used in clinicattice to identify and
diagnose patients with PLA2R1-associated MN, ptediaical outcome and improve clinical
% 25-36

management from conservative therapy to treatmétit potent immunosuppressof

Other specific assays have also been desctib&d

Concerning THSD7A, patients' autoantibodies hawenty been shown to be pathogenic in a
mouse modef® *° However, the detection of circulating autoantilesds currently possible by
WB 7 and IIFT*, which provide only semi-quantitative titers. Asr fPLA2R1-related MN,
standardized biopsy staining protocols that caedeIHSD7A antigen in glomerular immune
deposits have been reported ** ** Developing more robust and rapid assays such_t&AE
for the sensitive and quantitative measurementubdamtibody levels in THSD7A-associated

MN patients would be helpful for both diagnosis afidical follow-up.

In this study, we describe the set up of the fisISA for the sensitive and quantitative detection
of anti-THSD7A autoantibodies. We used the assascteen a combined cohort of 10
patients and identified 28 THSD7A-positive patientslicating a prevalence of 2.8%. We also
screened additional PLA2R1-negative patients actlided in total 49 THSD7A-positive MN
cases. We tested all cases by WB and IIFT, charaetethe anti-THSD7A IgG subclasses and
analyzed their reactivity for PLA2R1. We finally stgibed the clinical characteristics of this
population for age, gender, disease activity argbipte links to etiology including malignancy.
Our results show that this ELISA is rapid, sensit@and specific to measure anti-THSD7A

autoantibodies and will be useful for better diagja@nd clinical follow-up of MN patients.



RESULTS
ELISA set-up

We prepared the full extracellular domain of hunfafSD7A in HEK293 cells (Figure S1) as
soluble antigen and set up an ELISA that can sigadij detect anti-THSD7A autoantibodies in
serum from a subset of patients with MN but notrfrpatients with other diseases or from
healthy donors (Figure 1). Since many studies tsnmvn that 1gG4 is the predominant IgG
subclass in MN patienfs 7 20 21 24 42.44. 43 js more sensitive than total IgG to measutie an
PLA2R1 autoantibodie® " ** % 4" we optimized the ELISA for detection of IgG4 aftiSD7A
autoantibodies. Using the above serum samples ecglver operating characteristics (ROC)
curve analysis, we defined a cut-off value of 16/RU above which serum samples are
considered positive for anti-THSD7A (Figures 1 &&R). We also established a standard curve

for conversion of OD values into RU/mL (Figure S2B)

Identification of THSD7A-positive patients

Screening by ELISA of baseline serum from a tofal@l2 biopsy-proven MN patients from 6
national and international cohorfs? 34 33 8-3fed to the identification of 28 THSD7A-positive
patients, indicating an overall prevalence of 2% THSD7A-associated MN (Table 1). Three
of these patients were also positive for anti-PLAZRitoantibodies, indicating a prevalence of

about 0.3% for double-positive MN patients (Tabje 1

Additionally, our consortium screened THSD7A pagiyi in baseline serum or biopsy from

other MN patients (mostly referred to our differer@phrology centers because of PLA2R1-



unrelated MN over the last 4 years) by either & tbur techniques available to identify
THSD7A-associated MN, ie ELISA, IIFT, WB or enhad¢EHSD7A staining in biopsy * 14 3%

“1 This led to the inclusion of 21 additional THSDPAsitive patients, among which 5 were
double positive. Collectively, our cohort thus wméd 49 THSD7A-positive MN patients

(Figures 1 and S3, Tables 2 and S1).

Comparison of THSD7A positivity between ELISA, WB and IIFT and 1gG subclasses

We then compared the positivity for THSD7A in baselserum from the 49 patients by the 3
techniques: ELISA, WB and IIFT (Figure 2 and TaBlg). In total, 43/49 patients were fully
positive by ELISA (Figure 1 and Table S1, IgG4 datn), IIFT (Figure S4 and Table S1, total
IgG detection) and WB (Figure S5 and Table S1, Igletection). Among the 6 remaining
patients, MN40 and MN41 were positive by IIFT wressayed at a 1:10 dilution with detection
of total IgG (Figure S4) but negative by WB and ERlwhen detected for IgG4 (Table S1). On
the other hand, MN46 was positive by ELISA and WB hegative by IIFT (Figure 3). The last
3 patients (MN47, MN48 and MN49) were negative @rusm by all 3 techniques but were

positive based on THSD7A biopsy staining (Figuresm8 S6 and).

Since ELISA titers ranged over several logs (Figuleand S3), we compared the different
assays for 3 representative patients having lowigh range anti-THSD7A titers and analyzed
the correlation of titers measured by ELISA andrifér the whole cohort. Figure 2 shows that
the 3 patients can be detected by ELISA at a 1sE00m dilution (Figure 2A), by WB at the

same dilution or lower (Figure 2B) and by IIFT, wl@ppropriate dilution ranging from 1:10 to

1:1,000 gave a specific signal (Figure 2C). Theantibody titers measured by ELISA and IIFT



correlated significantlyrE0.8592, p<0.0001, Figure 2D for 1IgG4 ELISA and Ufigy S3B for

total 1IgG ELISA).

We also tested the positivity of the 49 patientsH)ySA when detection of anti-THSD7A

autoantibodies was performed with secondary ani#sodpecific for other IgG subclasses or
total 1gG. In our conditions, we detected 1gG1, Igénd IgG3 anti-THSD7A autoantibodies in
only 14, 18 and 20% of patients, respectively (Feg8&3C). As for total 1gG, 38 of the 49

patients (78%) were positive, with autoantiboderst spanning 3 log units and correlating
significantly with 1gG4 titers (r=0.925, p<0.000Ejgure S3D and E). More careful analysis
showed that 37 of the 38 patients positive withlttdG were among the 44 patients positive for
lgG4 (see above) while the last patient was negdtiv IgG4 (see below). Among the 7 patients
negative for total IgG but positive for IgG4, siadchlow IgG4 anti-THSD7A titers and were

negative for IgG1, IgG2 and IgG3 subclasses wihigelast one was positive for both 1IgG4 and
IgG3. The higher number of patients detected wiiti-l|gG4 secondary antibodies is likely due
to the better signal to noise ratio of these autig® as compared to anti-total IgG (Figure S3),

and the fact that anti-THSD7A autoantibodies arstigdgG4’.4¢ 475152

Among the 5 patients negative with IgG4 detectibrwere also negative for total IgG, IgG1,
IgG2 and IgG3. However, the last patient, MN4Qsttated a unique case in our cohort since it
was negative for IgG4 but positive for total IgGeWarefully double-checked the positivity of
this patient when using total 1gG versus 1gG4 atieenlgG subclasses by ELISA, western blot
and IIFT, and we confirmed that this patient wasadly positive for anti-THSD7A total IgG as

well as IgG1, but not IgG2, IgG3 and 1gG4 (Figugss S4 and S5).



MN patients double positive for THSD7A and PLA2R1

We carefully evaluated the 49 patients for thewlae positivity for THSD7A and PLA2R1 by
detection of anti-THSD7A and anti-PLA2R1 autoantiies in baseline serum by ELISA, WB
and IIFT, and of THSD7A and PLA2R1 antigens in inmaudeposits (when biopsies were
available). In total, 8 patients (MN42 to MN49) weiound to be double positive (Figure 3).
Four of these patients were previously reportechfem American cohort (MN42 and MN45
and a Chinese cohort (MN47 and MN3&ut none of them were compared for levels of-anti
THSD7A and anti-PLA2R1 autoantibodies by quantf&atELISA. Analysis with baseline serum
showed that double positive patients can haveréifietiters of anti-THSD7A and anti-PLA2R1
autoantibodies (Figure 3A). Four patients had retht higher titers of anti-THSD7A than anti-
PLA2R1, one patient had low titers of both autdamdies and the last three patients had no
detectable levels of anti-THSD7A but high anti-PIR¥Rtiters. The first five patients (MN42 to
MN46) were clearly double positive in serum by EAISnd WB (Figure 3AB) but some of them
appeared less positive by IIFT, which may be exjldj at least in part, by the low titers
measured by ELISA (Figure 3C). The last 3 pati¢htis47, MN48 and MN49) were positive in
serum by all 3 techniques (ELISA, WB and IIFT) #8LA2R1 but not for THSD7A (Figure

3ABC).

Among the 49 patients, renal biopsies were availédyl a total of 11 patients and were tested for
THSD7A and PLA2R1 staining. This includes data presly published for MN42, MN45,
MN47 and MN48% °. In agreement with ELISA, 6 patients (MN 5, 6, 28, 34 and 41) were
positive for THSD7A but negative for PLA2R1 on bsyp(Figure S6). The 5 other patients had
enhanced staining for both THSD7A and PLA2&% for MN42, MN45, MN47 and MN48 and

Figure S6 for MN48 ° data summarized in Figure 3D).



Taken together, we conclude that 8 patients arebldopositive for THSD7A and PLA2R1
(Figure 3E). Our analyses also illustrate the nefedlsing all available techniques for detection
of anti-THSD7A and anti-PLA2R1 in serum and antigéaining in biopsy to identify these rare

cases of double positive MN patients.

Clinical characteristics of THSD7A-associated MN paents

Overall, the baseline clinical characteristicshed 49 THSD7A-associated MN patients (Tables 2
and S1) did not strongly differ from patients wRhA2R1-associated MN including those from

the cohorts listed in Table % 27 33 34 41 49. 33at haseline, the median age of the 49 anti-
THSD7A-positive patients was 59.9 years. Medianenuria and eGFR were 6.1 g/day [4.1-

10.2] and 76.5nL/min/1.73 nf [49.8-90.0], respectively. There was no significaarrelation

between anti-THSD7A titer and proteinuria (Figui®.S

Since we previously observed a high proportion @men in THSD7A-positive patients as
compared to PLA2R1-positive patiedtsve investigated the influence of gender on theaal
parameters and anti-THSD7A titers in our cohortb{@a2). Among the 49 patients, 28 were
males (57%) and 21 were females (43%), giving algeratio of 1.3:1 which contrasts with the
2:1 ratio typically observed in the general MN plapion (for instance it is 2.1:1 in our
combined cohort of 1012 patients, Table 1) or thAZR1-associated MN specific subgroti
Interestingly, females were significantly youngleart males (48.8 versus 67.0 years, p=0.003).
Data on menopausal age were lacking for our coiitet. average age at menopause of women
with CKD is 51 year¥" *° which suggest that a significant number of wordemeloped MN

before menopause (Table 2 and Figure 4A). Howeflier|evels of anti-THSD7A titers did not



significantly differ between males and females, wih age when analyzed by tertiles or when
females were compared as two subgroups below amcedil years (Figures 4B and S8A, Table
S2). Titers separated by gender did not correlatie proteinuria (Figure S7). Proteinuria and
serum albumin did not differ between males and femarrespective of age (Table 2 and Figure
S8B). Serum creatinine was higher and eGFR wasrlawmales, which might be partly age-

related or due to more severe disease in malesg Pab

It has been reported that THSD7A-associated MN bealnked to malignanc$’. In our cohort,
only 8 patients (16%) had a history of malignanogjuding 6 males and 2 females (Tables 2
and S3). Clinical parameters were similar betwdwse patients and others, except for serum
albumin which was lower, possibly due to superingabsnalnutrition®®. Interestingly, all 8
patients with malignancy were significantbfder, and only 3 of them were diagnosed for
malignancy within 2 years of MN diagnosis (Table3 &d S4). Titers of anti-THSD7A
autoantibodies tended to be higher in patients ag$ociated malignancy but the difference did
not reach statistical significance (Table S3). ailtbh the pattern of IgG subclass may differ
between primary and secondary MN associated withgmency?* *> °? no differences in the

relative levels of anti-THSD7A 1gG subclasses watserved between patients with and without

malignancy (Table S5).

We finally compared the clinical characteristicspaitients with single positivity to THSD7A
(n=41) versus double positivity to THSD7A and PLAZRvhich included 4 males and 4 females
(n=8). No significant differences were observeddge, gender and baseline clinical values nor

percentage of malignancy-associated MN betweetwbgroups (Table S6).
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Association of anti-THSD7A titer with disease actiity

We compared anti-THSD7A titers at baseline and ndurfiollow-up to test the association
between anti-THSD7A titers and disease activitgluding response to treatment or spontaneous
remission. Overall, we observed higher titers di-aRSD7A autoantibodies in patients with
active disease as compared to those in partiabmptete remission (Figure 5A). We only had
follow-up sera for 12 patients with a median folloyy of 17 months [7.0-31.3], but this number
was sufficient to demonstrate that the anti-THSDi&r is a relevant biomarker of the
immunological autoimmune response and helps to tmonesponse to treatment (Figures 5B
and 5C). At baseline, the 12 patients had nephtotgub-nephrotic range proteinuria (median
5.9 g/day [3.0-6.6]) and relatively high anti-THSDiiters (median 206 RU/mL [68.8—472.8]).
At the last follow-up serum sample available, pagevho had reached spontaneous remission or
remission after conservative or immunosuppressieatrinent had non-nephrotic proteinuria
levels (median 1 g/day [0.8-2.7]) and no detectablstrongly decreased anti-THSD7A titers
[16—26.5 RU/mL]. In contrast, patients who did nedch remission, either untreated or resistant
to immunosuppressive treatment, had nephrotic rangteinuria (median 10.8 g/day [6.5-14.0])

and persistently high anti-THSD7A titers (media® FIJ/mL [381.3-993.3].

The utility of anti-THSD7A titer to monitor diseasctivity and response to treatment was
further illustrated by the clinical follow-up of pant MN13, a 4-year old girl treated twice with
rituximab over 27 months (Figure S9). At baselitie, patient had high proteinuria (6.1 g/day)
and anti-THSD7A titer (715 RU/mL). Treatment wittukimab led to a progressive decrease of
anti-THSD7A titer which was followed by fluctuatirtoyt finally decreasing proteinuria down to
the sub-nephrotic range at month 18. Between mo@thgo 27, anti-THSD7A titer and

proteinuria increased again, suggesting an ongoelgpse. Comparison of anti-THSD7A

11



autoantibody levels by ELISA, WB and IIFT showedttELISA was the most accurate assay to
detect subtle changes of anti-THSD7A levels, wigis4 and 1gG3 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 ¢ladcal outcome and detectable anti-
THSD7A autoantibodies at baseline for 36 patienteng a median follow-up of 37 months
(range 6.5-180 months) (Tables S1 and S7). Duahow-up, 10 (28%) patients were untreated
or treated with antiproteinuric therapy (angiotersonverting enzyme inhibitors and/or
angiotensin 2 receptor blockers and diuretics) evBd (67%) patients received an additional
immunosuppressive  treatment  (cyclosporine A, cyobgphamide, rituximab or
adrenocorticotropic hormone). Treatment was noll@ve for 2 patients. Twelve (33%) patients
remained in active disease among which two reaeheédstage kidney disease, while 24 (67%)
reached complete (n=16) or partial (n=8) remissidmwo patients (MN29 and MN33)
experienced relapse after partial remission (ot&r gpontaneous remission and the other after
treatment with cyclosporine A). Among the 12 pasewho remained in active disease, 10
(83%) patients had received an immunosuppresseatntient (Tables S1 and S7). Among the 24
patients who reached remission, 14 (58%) patiesdisréceived an immunosuppressive treatment

(Tables S1 and S7).

We evaluated the association between anti-THSDT& @t baseline and clinical outcome.
Overall, baseline anti-THSD7A titer significantlyffédrs between patients reaching remission or

not during follow-up (134[52; 959 versus 536[250; 1671 RU/mL, respectively p=0.04)

12



(Figure 6A), while these two groups were comparafde age, sex ratio, proteinuria,

albuminemia, eGFR and immunosuppressive treatrmaifié S7).

We then divided the patients into tertiles basedaot-r THSD7A titer and analyzed outcome.
Patients in the lowest tertile (titers 23-122 RUJnénded to have a higher rate of remission
(11/12, 92%) compared to patients in the middter&i134-566 RU/mL) and highest (titers 606-
13920 RU/mL) tertiles (6/12, 50% and 7/12, 58%,peesively, p=0.07),while persistent
proteinuria and renal failure tended to be morguest in patients with high anti-THSD7A titer,
but none of these trends reached statistical sogmi€e (not shown). Because of the small sample
size, we combined the middle and highest tertiled @mpared renal survival during the first
three years after diagnosis to the lowest terBiients from the lowest tertile had better renal
survival with more remission compared to patientsnfthe medium and highest tertiles (Figure

6B, p=0.006).

13



DISCUSSION

This study had two major aims: 1) the developméat mbust ELISA allowing the sensitive and
guantitative measurement of anti-THSD7A autoantibedand 2) the analysis of a relatively
large retrospective cohort of THSD7A-positive patsefrom which we may identify clinical

characteristics specific for THSD7A-associated MN.

We set up an ELISA to detect anti-THSD7A autoardibs in serum with characteristics and
performance similar to those previously reported fLA2R1, using the purified full
extracellular region of THSD7A as antigen for tledidsphase assay, validation of the ELISA
with MN patients versus negative controls and detedor either total IgG or IgG4 secondary
antibodies® ?% Using this ELISA to screen a combined cohort 612 MN patients, we
identified 28 patients, indicating a prevalenc&@%, in accordance with the prevalence range
of 2-5% previously reported for Caucasian or Asiahorts (data are summarized in Table 58)

9. 4143, 58, 59 By screening additional patients mostly refefpedause of PLA2R1-unrelated MN,
we included 21 more cases, providing a cohort opd@ents with THSD7A-associated MN”
41-43,58. 59 \We validated the novel ELISA by comparing itssivity against the 49 MN patients
with the original WB method and the commercially available IIFT as$dyWe found similar
levels of sensitivity by ELISA and WB, and a sigeaint correlation between anti-THSD7A
titers measured by IIFT and ELISA. Among the 49igrdas, 43 were positive by the 3
techniques: ELISA (IgG4 detection), WB (IgG4 deima} and IIFT (Total IgG detection). One
was positive by ELISA, WB and IIFT (Total IgG detien). One was only positive by ELISA
(IgG4 detection) and WB (IgG4 detection). One waly positive by IIFT (total IgG detection).
The last 3 were negative in serum by all 3 techesqd’ hese discrepancies may be explained by

the different autoantibody detection systems amdgntation of antigens in solid-phase ELISA,

14



WB and IIFT cell-based assay. We also found thatBEhISA is more sensitive when detection
of anti-THSD7A autoantibodies is made with anti-fg@s compared to anti-total 1gG. Indeed,
six patients could be detected only with anti-Igfd4ile one patient could be detected only with
anti-total 1gG. It is thus preferable to use agi¥ as a secondary antibody to detect the highest
number of MN patients with THSD7A-associated diseaad avoid false-negative cases, yet

further screening with anti-total IgG may help demtify additional patients.

The 3 patients who had no circulating anti-THSD 1#oantibodies detected by ELISA, WB and
IIFT were positive on biopsy with the presence mfune deposits containing the THSD7A
antigen. Such discrepancies have been initiallyetesi for PLA2R1-associated MR and

more recently for THSD7A-associated M We conclude that the new ELISA is reliable and

in accordance with available methods of detectimhsas WB and IIFT %%

Among the 49 patients, we identified 8 patientskdeositive for THSD7A and PLA2R1. No
major clinical differences were observed betweaendimgle and double positive patients. Four
double positive cases were novel and from Europgewitvo were already reported from an
American cohoftand two from a Chinese cohbrThree of the new cases were identified from
the screening of 1012 MN patients, indicating aerall prevalence of about 0.3%. However,
these 3 double positive cases actually represenitd®% of the 28 THSD7A-positive patients
(identified from 1012 patients) but only about 0.4%the 684 patients identified with PLA2R1-
associated MN (Table 1). With the observed respeqtrevalence of about 70% and 3% for
PLA2R1 and THSD7A in our combined cohort, and assgrthat the respective production of
anti-PLA2R1 and anti-THSD7A autoantibodies is ad@n event, one would expected much
more double positive patients in the PLA2R1-posityroup than in the negative one, suggesting

a negative association between the two events. Haweve could not determine from these

15



studies whether the presence of both anti-PLA2Rd amti-THSD7A autoantibodies is co-
incidental or associated one to another (for irctasy inter-molecular epitope spreadffig and

what autoantibody would precede the other one duhia natural history of the disease.

Careful analysis of the 8 double positive patidets us to make two additional observations.
First, the respective circulating levels of antiSBI7A and anti-PLA2R1 could be very different
between patients, with all scenarios observedlaveer titer of anti-THSD7A than anti-PLA2R1
and vice-versa, or similar titers of both autoamfiies. Second, among the 5 patients with
available serum and biopsy, two were fully positive. for both antigens in serum and biopsy
(MN42 and MN45), while three (MN47, MN48 and MN4@gre positive in both serum and
biopsy for PLA2R1 but only positive for THSD7A indpsy. This different pattern of positivity
in serum versus biopsy is reminiscent of what wavipusly observed for MN patients with

single positivity for PLA2R1 or THSD7A2 *:

In this study, we also present the clinical analydithe largest cohort of patients with THSD7A-
associated MN with quantitative analysis of antiSIDYA titers for the different IgG subclasses.
First, we observed that the titer of anti-THSD7Aaantibodies is heterogeneous and can vary
by up to 3 orders of magnitude in both genderso@cwe showed that IgG4 is the predominant
IgG subclass for anti-THSD7A autoantibodies in mpatients, regardless of co-incidental
diseases. Third, we observed no strong correldiemveen anti-THSD7A titer and levels of
proteinuria, as previously observed for PLA2R1-aied MN ?°. Nonetheless, the anti-
THSD7A titer appears to be a relevant biomarkemtmitor disease activity during follow-up
and treatment with immunosuppressors, as exengliiethe 12 patients with available follow-
up. Fourth, we showed that patients with low aiSD7A titer at baseline had better clinical

outcome, as previously observed for PLA2R1-assedidN 20 2 27 28. 31 35. 8415 a4dition to
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anti-PLA2RL1 titer, PLA2R1 epitope spreading waserely identified as a prognosis biomarker
to predict outcome in MN* 3% Despite the recent identification of several @pits in THSD7A
18 it remains to determine whether epitope spreadisg occurs in patients with THSD7A-

associated MN and may be a relevant biomarkersafadie activity and clinical outcome.

The relatively large size of our cohort allowedtastratify patients by gender and compare their
epidemiological and clinical parameters. First, aserved a male:female ratio of 1.3:1 which
contrasts with the 2:1 ratio typically reported wheonsidering all MN cases or PLA2R1-

associated MN™ 2 Second, we observed that females were youngarrtisdes at diagnosis,

suggesting different etiologies. To confirm ourdimgs, we compiled the available data on
gender and age from all previous studies identifyéases of THSD7A-associated MN (Table
S8) and observed that females were indeed moreopdepant and younger in THSD7A-

associated MN than PLA2R1-associated MN. Third,olsserved that females had on average
similar levels of anti-THSD7A autoantibodies, yie¢ levels seemed to vary with age. However,
we could not evidence significant differences igedise activity, response to treatment and

clinical outcome between males and females.

The underlying etiologies leading to PLA2R1- and SIP¥A-associated MN are currently
unknown? * ® We observed many associated diseases in our tcohdHSD7A-associated
diseases (Table S1). Recent studies reported tbb#8 (20%) THSD7A-positive MN patients
had an associated malignancy within a median tifhhe& anonths from diagnosis of MN,
suggesting that THSD7A-positive patients are ahéigisk of having an underlying malignant
disease and may be intensively screened for cascampossible etiolody ®% In our cohort, we
found that 8 of the 49 THSD7A-positive MN patiet$%) had a history of cancer, including

one double positive patient. However, only 3 paidrad cancer (gastric, colonic and prostatic)
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within 2 years of MN diagnosis. Furthermore, weeked that 7 of the 8 patients were older
than 65 years, with 6 males and 2 females. Theserations are in line with the study by
Hoxha et al where 5 of the 8 patients were oldantB5 years, and with 5 males and 3 females
“1 We also observed that the 8 THSD7A-positive pasievith associated cancer tended to have
higher anti-THSD7A titers, but no significant difémces in IgG subclasses. Since earlier studies
reported that the prevalence of malignancy in MNigmaés is higher than in the general
population, while it increases with a§&®® our data converge to the point that most cases of
THSD7A-associated MN with malignancy were likely-iogidental in our subgroup of 8

patients.

Another cause of MN may be associated with pregnand pre-eclampsf® "2 including recent

observations for THSD7A-associated MR " In line with this hypothesis, we observed a
significant subgroup of young THSD7A-positive femalatients (before menopause, Figure 4B)
in our cohort but we could not evidence a relatigmsbetween MN and pregnancy or pre-

eclampsia.

We also described 2 cases of pediatric and adaiedtid with no associated underlying disease.
A 4-year-old girl who was treated with rituximabdareached partial remission, and a 17-year-

old boy who had high anti-THSD7A titer at baselam& was resistant to rituximab.

In conclusion, we have reported a novel ELISA tisauseful to diagnose MN patients for
THSD7A-associated disease, to carefully monitoeasg activity and response to treatment
during follow-up, and predict clinical outcome. Viéso described new cases of patients with
THSD7A-associated MN supporting the hypothesis Tda8D7A-associated MN differs from

PLA2R1-associated MN in the natural history andiepiiological features, such as gender, age
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at onset and associated etiologi@s’™ Interestingly, this situation appears reminiscenthat

observed for myasthenia gravis, a neuromusculairaotune disease with multiple autoantigens

and different paths and etiologies towards the sdisease entit{’.
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METHODS

Patients

Since the prevalence of THSD7A-associated MN is, lawe included patients from several
national and international nephrology centers. Baseserum samples of patients with biopsy-
proven MN were collected within 6 months from rermbpsy. A total of 1012 patients
originating from 6 independent retrospective coharid additional patients who were referred to
us mostly for PLA2R1-unrelated MN were screenedafti-THSD7A autoantibodies. Estimated
GFR (eGFR) was calculated by applying the Modifarabof Diet in Renal Disease 4 (MDRD4)
formula. Disease activity was defined as no rerarssif nephrotic syndrome. Partial remission
was defined as proteinuria lower than 3.5 g/24 th ainleast 50% reduction from the time of
inclusion in the study with normalization of thewa albumin concentration and stable serum
creatinine. Complete remission of proteinuria waned as proteinuria lower than 0.5 g/24 h,
normal albuminemia and stable eGFR. Remissions wlassified as spontaneous if they were
occurring without the administration of immunoswggsive agents during follow-up. The
negative control groups included serum samples fratrents with other diseases such as lupus
nephritis (n=9), membranoproliferative glomerulohegis (n=9), ANCA vasculitis (n=3), IgA
nephropathy (n=11), other renal diseases (n=18)faord healthy blood donors (n=52). The
studies were approved by the relevant institutioegiew boards in the different countries and
were conducted according to the principles of thexlBration of Helsinki. Written informed

consent was obtained from participants in all sdi
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ELISA for the detection of anti-THSD7A and anti-PLA2R1 autoantibodies

Purified recombinant THSD7A protein (prepared ascdbed in the supplementary appendix) or
the full extracellular domain of human PLA2R1 pregghas describet were used as antigens
to coat 96-well ELISA microplates (Thermo sciemfifin 20 mM Tris pH 8.0 overnight at 4°C.
Plates were blocked with SeramunBlock (Seramun mistjca) for 2 hours. Patients' serum
samples diluted at 1:100 in 0.1% low-fat dry milR$were incubated for 2 hours. Plates were
washed 3 times with PBS-Tween 0.02%. Bound humdibaies were detected with either
anti-human HRP-conjugated 1gG1, 1gG2, IgG3, IgG4atal IgG (Southern Biotech) diluted in
SeramunStab ST (Seramun Diagnostica) at 1:5,0600Q0, 1:20,000, 1:30,000 and 1:200,000,
respectively. Secondary antibodies were all incedbatfor 1 hour. After washes,
tetramethylbenzidine peroxidase substrate (TMB) added and developed for 15 min. The
reaction was stopped by adding 1.2 N HCI. All inatikn steps were carried out at room
temperature on a plate shaker. The optical demgity read at 450 nm using a plate reader. A
standard curve for IgG4 detection was made usihigldly THSD7A-positive serum which was
assigned a value of 99,000 RU/mL when not dilufedtandard curve consisting of 8 dilutions
covering the range from 990 RU to 9.9 RU/mL wadtpbb using the GraphPad Prism software
and applied to each plate to convert OD valuesRitidmL (Figure S2B). Samples that were out
of range were diluted at 1:500 and 1:1,000 andnedyzed. The inter-assay variation was
measured by incorporating a borderline positiveirsesample on each plate. Results from 10
different plates showed a coefficient of inter-gssariation lower than 20% (not shown).
Normal range for IgG1, 1gG2, IgG3 and total IgGed¢ion were defined using serum samples

from disease controls and healthy donors (not shown
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WB and IIFT for the detection of circulating anti-THSD7A and anti-PLA2R1

autoantibodiesand kidney biopsy staining for THSD7A and PLA2R1 atigens

Detailed procedures for WBand biopsy staininff are provided in theupplementary appendix.
We used the commercial cell-based IIFT kit fromdismmun AG containing a mosaic biochip
of formalin-fixed HEK293 cells overexpressing fleélhgth human THSD7A or PLA2R1 or

mock-transfected HEK293 as a negative control.

Statistical analysis

Baseline characteristics of the patients in thedystuere expressed as percentages for qualitative
variables and medians and IQRs for quantitativéabégs. Non-parametric correlations between
several parameters were calculated by Spearmanh'seantitative variables were compared by
Mann-Whitney U or one-way ANOVA tests and categalrigariables were compared by a
Pearson chi-squared test or a Fisher exact tegalues lower than <0.05 were considered as
statistically significant. Statistics were perfoinesing the GraphPad Prism version 6 software.
Renal survival curves were calculated using Kapayer estimates for survival distribution.
The endpoint was the time where patients enteraa nemission (partial or complete) from
baseline. Differences between groups based ofetedf anti-THSD7A titer were analyzed with

the log-rank test.

Supplementary figures and material

Supplementary information is available at Kidnetetnational's website.
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TABLES

Table 1: THSD7A and PLA2R1 reactivity of patients'sera from the different MN cohorts
screened in this studyThe main clinical characteristics of each cohart be found elsewhere:
Nice '*, Saint-Etienné®, Gemritux®, Swedert®, Italy *® and Netherland§'. Values are shown
as n (%).

Patients THSD7A THSD7A positive THSD7A negative
Cohort i PLA2R1 PLA2R1 PLA2R1 PLA2R1
All Male Female Positive I . I .
positive negative  positive  negative
Nice 275 183 (67) 92 (33) 8 (2.9) 1 7 50 o
: (54.6) (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 (713%) 63 (25.1)
Netherlands 318 219 (69) 99 (31) 9(2.8) 0 9 (725’%) 75 (23.6)
Total (n) 1012 690 322 28 3 25 684 300
(%) (68.2) (31.8) (2.8) (0.3) (2.5) (67.6) (29.6)
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Table 2: Epidemiological and clinical baseline chaacteristics of anti-THSD7A positive
patients. The 49 patients were positive for THSD7A by atsteane technique of detection:
ELISA (44/49 positive patients with 1gG4 detectiand 1 additional patient with total 1gG
detection), IIFT (45/49 positive patients, totaGlgletection), WB (44/49 positive patients, IgG4
detection) or biopsy staining (11/11 positive pais¢. Values are shown as n (%) or median
[IQR]. eGFR was calculated using the MDRD4 formula.

Characteristics of THSD7A- All Male Female P value
positive patients (n=49) (n=28) (n=21)

Gender M/F n (%) 28/21 28 (57) 21 (43)

Age at diagnosis (year) 59.9 [48.5-75.0] 67.0 [54.3-75.0] 48.8 [36.5-64.5] 0.003

Proteinuria (g/day) 6.1[4.1-10.2] 6.6 [5.3-11.2] 5.0 [3.0-7.7] 0.106

Serum creatinineufnol/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/1.73 fy 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 n (%) 8 (16) 6 (21) 2 (10) 0.264
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LEGEND TO FIGURES

Figure 1. Comparative analysis of IgG4 reactivity gainst THSD7A determined by ELISA.
lgG4 anti-THSD7A reactivity was validated using TBIBA-positive MN patients (with respect
to positivity by IIFT and WB) versus THSD7A-nega&ivN patients (PLA2R1-positive and DN
patients) and other controls (other diseases amdthlyeblood donors, n=101). The data are
expressed as QRnmand presented as median. The dotted line repsed@ntut-off (ORsonm Of
0.12 corresponding to 16 RU/mL) at a defined spatifof 97% with respect to IFT by ROC
curve analysis (Figure S2). DN: double negative giients, IgA: IgA nephropathy, Lupus:
Lupus  nephritis, ANCA: anti-neutrophil  cytoplasmic autoantibodies,  MPGN:
membranoproliferative glomerulonephritis, ORD: athrenal diseases, HBD: healthy blood

donors.

Figure 2: Comparison of anti-THSD7A detection in serum by ELEA, WB and IIFT. (A)
ELISA reactivity for 3 MN patients with low to higtange titers detected at a dilution of 1:100.
MN5 was further diluted to determine the ELISA titeith accuracy; (B) WB reactivity of the
same patients tested at optimal serum dilution rsgagpurified recombinant THSD7A and
PLA2R1 (50 ng each). Blots were exposed for difieremes; (C) IIFT reactivity at optimal
serum dilution. Scale bar 70 um (D) Correlatiorwsetn anti-THSD7A levels of MN patients
(n=49) as measured by IIFT (detection for total JIggad ELISA (detection for IgG4). The

correlation is significant (r=0.8592, p<0.0001).
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Figure 3: Detection of anti-THSD7A and anti-PLA2R1autoantibodies in double positive
MN patients. (A) Reactivity of sera from double positive MN paits (MN42 to MN49) and
single positive MN controls (MNT+ and MNP+) againgiSD7A and PLA2R1 antigens in
ELISA. All sera were diluted at 1:100 except MN4B25). (B) WB reactivity of sera from
double positive MN patients (MN42 to MN49) agaii$iSD7A and PLA2R1 antigens (50 ng
each) loaded on SDS-PAGE (6%) under non-reducingdidons. All sera were used at a
dilution of 1:25. Soluble forms of THSD7A and PLA2Rave molecular masses of about 230
kDa and 170 kDa, respectively. (C) IIFT showing tleactivity of MN42 to MN49 against
HEK?293 cells transfected with THSD7A or PLA2R1 exggion vectors. Sera were tested at a
dilution of 1:10 or higher depending on titer. &calar 70 um. (D) Summary of positivity by
biopsy staining for THSD7A and PLA2R1 antigens fisies were available for 5 patients:
MN49 staining is shown in figure S6 and for othetignts the original data can be found
elsewheré 9. (E) Summary of positivity for THSD7A and PLA2Rilitoantibody or antigen in

serum or on biopsy respectively. NA: not available.

Figure 4: Distribution of age and anti-THSD7A titers among THSD7A-positive patients as
a whole or by gender.(A) Age distribution of anti-THSD7A positive patits (n=49). The data
are presented as median. Females were significgotlynger than males using the Mann-
Whitney U test (p<0.003). (B) Distribution of aftHSD7A titers for THSD7A-positive
patients, as measured with anti-lgG4 secondarybeditts. The dotted line represents the

threshold value for IgG4 detection.
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Figure 5: Relationships between anti-THSD7A titersand clinical status in THSD7A-
positive patients.(A) Anti-THSD7A titers were measured from baselare follow-up sera of
anti-THSD7A patients with active disease (53 baselnd follow-up serum samples with a
mean proteinuria of 7.4 g/day), partial remissidd (ollow-up serum samples with a mean
proteinuria of 1.9 g/day) or complete remissionf@dow-up serum samples with a mean
proteinuria of 0.3 g/day). The anti-THSD7A titer svaignificantly lower in patients with
complete remission compared to those in activeadiseThe difference in titer between patients
in active disease vs partial remission did not lesignificance. (B) Anti-THSD7A titers during
follow-up of patients who received no or consematireatment and (C) immunosuppressive
treatment. Anti-THSD7A titers of patients who readlremission are shown with dotted lines.

A, active disease; R, remission; LOCF, last obdeyaacarried forward.

Figure 6: Anti-THSD7A titer at baseline predicts clnical outcome.(A) Anti-THSD7A titers

at baseline significantly differ between patientghwemission versus active disease at last
follow-up (n=36, p=0.04). (B) Renal survival attidsllow-up. Renal event is defined by partial
or complete remission within 3 years after anti-TH3 ELISA measured at baseline. Patients
with low titer of anti-THSD7A (titers 23-122 RU/miirst tertile) had a higher incidence of renal
events as compared to patients with medium and titigh (titers 134-13920, middle and high

tertiles together) (n=36, p=0.006).
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