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Glossary and abbreviations

PLA2R1vs PLA2R: PLAZ2R stands for receptor of phosphokpa2. PLA2R1is the name of

the gene, PLA2R that of the antigen encode@b&2R1gene

Locus: In genetics, alocus is a specific, fixed position a chromosome where a
particular gene or genetic marker is located. Heeehave sequencddlLA2R1and HLA-D

loci

SNP: Single Nucleotide Polymorphism; it is a substn of a single nucleotide at a specific
position in the genome, that is present in a Seffity large fraction of the population (e.g.

1% or more)

Variant: A single-nucleotide variant (SNV) is a haion in a single nucleotide

Alleles: When there is a SNP at a specific posjttbe two possible nucleotide variations — C

or A — are said to be the alleles for this spegbsition

Allotypes: here we use the term allelotype to desige classical alleles of théLA-D locus

that code for HLA class-2 molecules responsibleafttigen presentation

GWAS: Genome-Wide Association Studies search theme for SNPs that occur more
frequently in people with a particular disease thapeople without the disease. GWAS only
investigate part of the genome. Here, we sequetheddlLA2R1andHLA-D loci to provide a

detailed analysis of all the SNPs asoociated wigmitranous nephropathy in those 2 loci.

eQTL : Expression quantitative trait loci (eQTLs)e agenomic loci or SNPs that explain

variation in expression levels of mMRNAs, sometiregndistantly in the genome.



ABSTRACT 259 words

Recurrence of primary membranous nephropathy téiasplantation occurs in up to 44% of
patients and is driven by PLA2R antibody. Here asked whether genetic determinants
could improve risk prediction. First, we sequenBé@2R1andHLA-D loci in 248 patients
with primary membranous nephropathy and identifieal independent single nucleotide
polymorphisms (SNPs) at risk for primary membranoeghropathy at each locus. These
were rs9271188 (intergenic betwagbA-DRBlandHLA-DQAL) and rs9275086 (intergenic
betweerHLA-DQBlandHLA-DQA2 at theHLA-D locus along with rs6726925 and
rs1301896&t thePLA2R1locus. Then, we investigated whether primary memduia
nephropathy at-risk variants were associated weithinrence in a retrospective cohort of 105
donor-recipient pairs and a replication cohort @fpéirs. Seven SNPs located betwkikr\-
DRBlandHLA-DQALin linkage disequilibrium with rs9271188, and #&®NPs in the
PLA2R1region predicted recurrence when presented bydherdbut not when presented by
the recipient. The two SNPs in thik A-D region most stronglgssociated with recurrence
(rs9271705 and rs9271550) were confirmed in thicatpmn cohort. A genetic risk score
based on the two best predictors at each 1Gs@271705, rs9271550, rs17830558, and
rs3828323) identified a group of patients with higgk of recurrence. Thus, our results
suggest that the graft contributes to recurrenqeiofary membranous nephropathy through
the disease susceptibili§LA-D andPLA2R1SNPs in an autoimmune milieu. Further studies
are needed before implementation of the genetimtes donor selection.

Key words: membranous nephropathy, recurrence,sptantation, genetics, HLA-D,

PLA2R1, genetic risk score, next generation segugnc



INTRODUCTION

Considerable progress has occurred in the pathaneshs of membranous nephropathy
(MN) with the identification of phospholipase A2ceptor antibodies (PLA2R-ADb) in ~70%
of patients with primary MN (pMN). Development of serological tests has induced a
paradigm shift in patient care. Yet, many patiesti§ reach advanced kidney faildreA
major threat is recurrence in the graft. Recurrenag occur in the first weeksr later when
immunosuppression is tapefe®ecurrence rate varies from 7% to 44% dependingiopsy
policy’ © Half of the patients with nephrotic recurrencel idse their graft although
prognosis is now improved with anti-CD20 antiboityximal®. Living donor transplantation

was the only known but controversial risk factar fecurrence until PLA2R-Ab discovery.

Screening for PLA2R-Ab has improved risk predictiond patient monitoring™®. Recurrence
rate is~70% if PLA2R-AD titers are high at trangpéion, while it is~30% in the PLA2R-Ab
and PLA2R-antigen negative patiefitsThe positive predictive value of pre-transplaiotat
PLA2R-Ab for recurrence is 83%, while the negativedictive value is 42%. These results
indicate there are many outliétsFurthermore, in the largest series from the M&jiaic*,
PLA2R-Abs were positive in only 58 % of patient8/31) pre-transplant. This relatively low
percentage of positivity is explained by the faetttpMN is often immunologically inactive at
the time of transplantation and that other spétiii like THSD7A may be involvéd Since
PLAZ2R status is unknown in about 40% of patientgaisplantation, additional biomarkers

are highly desired.

PLA2R-related pMN is a genetically determined amoaune disease. Two series of single
nucleotide polymorphisms (SNPs) HLA-DQAland PLA2R1loci are strongly associated
with pMN through all ethniciti€d *> In addition to those mostly non-coding SNPs, sitz

HLA-D allotypes that code for histocompatibility clagsnolecules are at risk for pMN. A



recent trans-ethnic GWAS meta-analysis of 3,782<a$ pMN and 9,038 controls reported
ancestry-specific effects of three classidalA alleles:DRB1*15:01in East AsiansDQA1*
05:01in Europeans, an®RB1*03:01in both ethnicitie¥. Of note, PLA2R-Ab titers were
correlated both with the lead SNPsHfA-DQAT’ and with theHLA-D allotypesDQA1*
05:01 and DQB1* 02:01in Caucasiarts 2 and DRB1*15:01 and DRB3*02:02 in Han
Chinesé’. Furthermore, strong gene-gene interaction waschbetween the lead SNP in
PLA2R1and the allotype®RB1*15:01/ DRB1*03:01which was suggestive of a role in
PLA2R epitope presentatioff. Sructural models further suggested that amino aeitls
positions 13 and 71 in the MHC-DR betal chain migbmfer susceptibility to pMN by

facilitating presentation of T cell epitopes on PR’ .

Therefore, we hypothesized that genetic varian8LiA2R1andHLA-D loci could contribute

to recurrent MN when expressed by the donor orréogpient.. Because in all previous
studies, risk alleles were identified by genomeenideta-analysifGWAS), we sought to
finely map theHLA-D and PLA2R1loci by next-generation sequencing (NGS), thetetl
whether the identified risk alleles for pMN would Bble to predict recurrence when present

in the recipient and/or the donor kidney.

RESULTS
I dentification of pM N-associated SNPsand HLA-D allotypes

The first step of our study was to identify pMN-a@sated variants. Genotyping was
performed according to established procedure (®upghtary material) in 248 Caucasian
PMN cases recruited at Tenon hospitalr referred for the current study on recurrence (i

the 105 recipients of the discovery cohort), and92 ethnically matched controls from the

Etablissement Francais du Sang Auvergne Rhone-Alpgm, France(Fig 1A). Written
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consent was obtained before sample collecfibagnosis of pMN relied on a kidney biopsy.
Secondary MN was excluded in the absence of malignauto-immune disorder, infectious

disease and a toxic cause.

At the HLA-D locus, the SNP most significantly associated vdibease was rs9271188
(P=8.1x10'®, odds ratio [OR], 3.45; 95% confidence interval][@.6-4.6), localized between
HLA-DRB1 and HLA-DQAL genes. This SNP is in low LD 0.33) with the lead SNP
rs2187668 located in intron 1 BILA-DQA1previously identified as disease-associated in the
first GWAS", and in high LD #= 0.71) with the lead SNP rs9271541 located betwsk-
DRB1 and HLA-DQAL genes identified in Europeans by the latest GWAGTable S1).
Logistic regression analysis revealed a second 3$§82,75086, upstream fromMLA-DQB1
that was also associated with disease risk (P=P:3x@R 2.43; CI 1.8-3.3). No additional

SNP was significant when conditioning on the fRSSNPs (Fig.2A).

At the PLA2R1locus, the SNP most significantly associated witdease risk was rs6726925
(P=5.7x10", OR, 2.48; Cl, 1.9-3.3), localized in intron 4.igead SNP is in low LD {=
0.30) with the lead SNP rs4664308, located in mtilg previously identified as disease-
associated in the first GWASand with the lead SNP rs17831251, also locatedtion 1
identified in both East Asian and European ethigisiby the latest GWAS (Table S2).
Logistic regression analysis revealed a second &B018963, intergenic betweBhA2R1
and ITGB6 that was independently associated with disea&e(is3.4x10°, OR, 1.84; ClI,
1.3-2.5). No additional SNP was significant whemditioning on the first 2 SNPs (Fig.
2B).These two lead SNPs are located in differenpldigpe blocks, separated by a
recombination hotspot in intron These results obtained by NGS of #ieA2R1locus are

suggestive of a second risk haplotype that habeen revealed by large GWAS studfes



Because the cohort of 248 patients included 10@&msatthat had to have renal transplantation
and represented a higher proportion with very adedmenal failure than in the usual cohorts,
we asked whether the top signals in these 105matmmpared to the remaining patients
who did not develop severe renal failure. To ansther question, we redid the association
studies considering only the 105 transplanted petjeor only the 143 other cases, compared
with the same control series used for the wholeodonNe obtained globally consistent
results in both comparisons, with ta#LA signals in theDQA1/DQB1 region, and top

PLA2R1signals in the 5' or upstream regiorPafA2R1gene (not shown).

These results were in agreement with the observahiat all lead SNPs identified by GWAS
in previous studies popped up in our NGS with highgnificant P values (Table?}* They
indicated that the profiling of genetic at-risk mets was not skewed by enrolling more

severe patients and thus could be used in recg®ndies.

The PHLAT software was used to predict the classitbA-D allotypes from the raw
sequence data. We found that the allotygdsA-DQA1*05:01, DQB1*02:01 and
DRB1*03:0], defining a common haplotyddLA-DR3-DQ2 were significantly enriched in
cases (Table S3). None of the risk allotypes reethsignificant after controlling for the 2
HLA-D lead SNPs (not shown). These results are consigigh the recent analysis of
classicalHLA-D allotypes showing thaiLA-DQA1*05:01was the most strongly associated
risk allotypes in Europeans, followed B)RB1*03:01that remained genome-wide significant

after conditioning otLA-DQA1*05:01°,
Recurrenceof MN in the discovery and thereplication cohorts

The second step of our study was to identify resmoe associated variants. To this end, we
collated a discovery cohort and a replication cohbor the discovery cohort, 138 donor-

recipient pairs were retrieved from archival resofdom 1982 through 2015, 105 were

10



available for the present study (Fig 1B). Fifteeenters in Europe and one in Canada
participated (See Supplementary material). Theiga&pdn cohort enrolled all 40 donor-
recipient pairs with biopsy-proven primary MN andagable DNA, recruited at the Mayo
Clinic, Rochester, MN and in Manchester, UK, fro89& through 2017 (Fig. $1Baseline
characteristics of the discovery and the validatiohorts are shown in Table 2 and Table S4,
respectively. The discovery cohort was charactdrizg an age at transplantation of 50.4+
12.8 years, a large male (81.0%) and Caucasiat®¥95preponderance, a high rate of
PLAZ2R- status positivity (76.9%), and of Caucas{@n.7%) and deceased (82.7%) donors.
The replication cohort had similar age at trandalthon of 53.7+ 11.5 years, large male
(80%) and Caucasian (82.5%) preponderance, but @@uo the discovery cohort, a lower
rate of PLA2R-status positivity (46.7%) and decda@) %) donors. The PLA2R1 status

overall and the PLA2R-AD status at transplantatimndetailed in the legend of Table 2.

In the discovery cohort, median follow-up time froransplantation was 72 months (IQR: 20-
118). Diagnosis of recurrence was established lopdy (44 patients) or suspected on
undetermined nephrotic syndrome (lpatient). Renogeoccurred after a median time of 7
months (IQR: 3-14). No recurrence was establishedrbtocol biopsy, usually performed at

3 and 12 months (38 patients), or was suspectedoitinuria was <0.5g/day on repeated
measurements after >1 year (22 patients). Medilowfeup in these non-recurrent patients
was 75.5 months (IQR: 25.5-121). Because of missia of proteinuria and long-term

outcome, we opted for a histological definitionre€urrence, while being aware that weakly

proteinuric recurrence cases were likely missed.

In the replication cohort, median follow-up timesyv@l months (IQR: 57-227). Diagnosis of
recurrence was established by biopsy in 9/9 patiaftér a median time of 9 months (IQR: 5-
34) ; no recurrence was established by protocobdyian 14/31 patients or on the same

clinical criteria as above (17 patients) after alrae follow-up of 137 months (IQR: 69-243).

11



Clinical predictors of recurrence for the discoveohort are shown in Table S5 and Fig. S2.
By univariable analysis, PLA2R1 positive statusay time was associated with recurrence
(Table S5). By multivariable analysis in a modethout PLA2R status, the recipient gender
(male) was associated with recurrence. When PLA2RIS was added (40 missing values),
PLA2R status was the only variable associated waturrence (P=0.009; HR, 4.5; ClI, 1.5-

13.9).

We also looked at the correlations with PLA2R-Absipeity rate at the time of
transplantation. These results show that the lez@hplementation of the PLA2R-Ab assay
developed since 2011 was low until 2015. Among4Berecurrent patients, 12 received a
transplant between 2011 and 2015: 4 were testedresplantation (all positive), 5 were tested
after (all positive), 3 have not been tested. Amthrgg60 non-recurrent patients, 16 received a
transplant between 2011 and 2015: 5 were testdregplantation (all negative), 1was tested

after (negative), 10 have not been tested.

Predicting recurrence from genotypes

The 105 recipients were part of the cohort of 2d8emts with pMN that had been genotyped
in the case control study to determine pMN assediaisk alleles (Fig. 1)HLA-D and
PLA2R1loci were genotyped by NGS in the 105 donor samplethe same platform as for
the recipients ("Integragen Genomics", Evry, Frantée reasoned that the allele variants
that were the most at risk for the development iNpwould also be at risk for disease
recurrence on the graft. We tested 15 SNPs oHtb&-D region and 9 SNPs of tHiRLA2R1
region. For theHLA-D region, we focused on the lead SNP (rs9271188)tlemdecond lead
SNP (rs9275086) identified by logistic regressiarour study, the lead SNPs identified by

Stanescu et al (rs2187668and by Xie et al (rs927154%) and SNPs with highly significant

12



P values representative of each haplotype groug.3FiTables 1&S1). For thLA2R1
region, we selected the lead SNP (rs6726925) amrdstdtond lead SNP (rs13018963)
identified by logistic regression in our study, aaltllead SNPs previously reported in the

literature (Fig. 4, Tables 1&S2).

The classicaHLA-D allotypesHLA-DQA1*05:01, DQB1*02:0JandDRB1*03:01were also
tested for association with recurrence. We onltetéghose 3 allotypes because they were the
only ones identified at thé&lLA-D locus as at-risk for pMN in Caucasians in previous

reports® ?*as well as in the current study.

All the selected SNPs and classiedlA-D allotypes were tested both in the donor and the

recipient kidneys.

Whole discovery cohort

Among the 15 SNPs tested, our lead SNP rs9271188 &NPs in LD (0.5% r* < 0.89) in
the haplotype block 1 (Fig. 3) were associated watturrence when present in the donor (
2x10%<P<0.025), (Fig. 5A) but they did not predict reemce when present in the recipient
(Fig. S3&S4). Fig. 6 shows Kaplan-Meier curve foiF% rs9271550 and rs9271705 that were
the best predictors of recurrence in the discoeehort (rs9271550, P=2.5x$0rs9271705,
P=1.1x10%) and were confirmed as at risk for recurrencénnreplication cohort (see below).
By contrast, the other SNPs (including the secaatl ISNP rs9275086) in the haplotype
block 2 that did not show significant LD with rs92B8 (Fig. 3), were not associated with
recurrence (Fig.5A). None of the riskLA-D allotypes conferred risk of recurrence when

present in the donor or the recipient (Fig.5A & .S5)

To confirm that the donor SNPs at risk for pMN canéd risk of recurrence irrespective of
whether the donor has the classical haplotyleA(DQA1*05:01 HLA-DQB1*02:01 HLA-

DRB1*03:0)), we redid the analyses of disease recurrencthéomost predictive SNPs after

13



restricting the cohort to (1) pairs for which bolile donor and recipient share the classical at-
risk haplotype (n=35), (2) pairs for which neitltee donor nor the recipient has the classical
at-risk haplotype (n=45) and (3) pairs for whichlyothe donor or the recipient has the
classical at-risk haplotype (n=25). Results suggestthe SNPs we identified are associated
with relapse risk in absence of the at-risk hagletyand at least for the td#LA-D SNP
rs9271550, when the donor and the recipient stharattrisk haplotype (not shown). Because
this stratified analysis is underpowered, largardigts will be needed to unravel with

confidence the potential interactions between ptedi SNPs and at-risk haplotype.

Nine PLA2R1SNPs most associated with pMN, including the 21 I8&Ps rs6726925 and
rs13018963, were tested for association with recwe. Thred’LA2R1SNPs (rs3828323,
rs17830558, rs3749117) out of the 9 tested werecadsd with recurrence only when
present in the donor kidney (0.01P<0.035 (Fig.5C & S3). These SNPs were in low to
moderate LD (0.24 r* < 0.49) with the pMN risk-associated lead SNP rs®286(Fig.4). No
other SNP, including the second lead SNP rs13018&&¥erred risk of recurrence in the
donor or the recipient (Fig.5C, S3&S4). Fig. 6 sboWaplan-Meier curves for SNPs
rs17830558 and rs3828323 that were the best poesliof recurrence in the donors of the

discovery cohort (rs17830558, P=0.012; rs3828328,(5).

PLA2R-positive population

PLAZ2R status could be established in 65 recipidmsed on identification of PLA2R-Ab in
serum and/or PLA2R antigen in immune deposits wttiame. Fifty patients were positive, 15
were negative. In PLA2R-positive patients, HbA-D SNP was associated with recurrence,
while morePLA2R1SNPs (n=5) than in the discovery cohort (n=3) wassociated with risk,
including rs1684475, rs4664308 and rs3749119 (HB&D). Those 3 SNPs are in strong

LD, while they are in low or no LD with the 3 SNRs3828323, rs17830558, rs3749117)
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identified as predictors in the whole cohort (Ff. None of the SNP in the recipient
predicted recurrence (Fig. S3). Fig.6 shows Kaplemer curves for the two SNPs that were
the most significantly associated with recurrengethe donors (rs17830558, P= 0.016;

rs3828323, P=0.05) but were not predictors in gogorents (Fig. S4).

Overall, these results suggest that recurrenceiverd by the donoHLA-D and PLA2R1
variants in the whole cohort, and only by the doAbA2R1variants in the PLA2R-positive
population. However, interpretation of the dataudtide cautious given the small size of the

PLA2R-positive population.

Replication cohort

In the replication cohort, we genotyped both in tbepients and the donors, the SNPs most
associated with recurrence in the discovery colibable S6) Fifteen out of the 16 SNPs
tested for recurrence in the discovery cohort warecessfully genotyped by PCR in the
replication cohort (Table S6). We first verifiedaththe pMN-associated SNPs tested for at
risk of recurrence in the discovery cohort wer& afieles for pMN in the replication cohort
(Table S6). Then we tested whether they predicestirrence. The 2 non-codirtgLA-D
SNPs that were the best predictors in the discowetyort were also associated with
recurrence, albeit with large Cl, when presenthi donor (rs9271550, P=0.038; rs9271705
P=0.042), (Fig. S6). None of tiLA2R1SNPs was at risk of recurrence most likely because
of small size of the cohort and low number of reence events. None of the disease-

associatedHLA-D allotypes predicted recurrence, in the donor ordogient.

Genetic Risk Score (GRS)

We built a genetic risk score based on the comionaif the two SNPs most predictive of
recurrence at théHLA-D locus (rs9271550 and rs9271705) and at BieA2R1 locus

(rs17830558 and rs3828323). When donors were dhiitte low (GRS 0 = 0-2 alleles, n=41
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patients), intermediate (GRS 1 = 3-5 alleles, npdfients) and high (GRS 2 = 6-8 alleles,
n=24 patients) genetic risk categories, the riskectirrence was strongly associated with the
score both in the discovery (GRS1, HR, 4.6; GRSIR, 5.3, P=6.4x18) (Fig. 7A) and in

the replication (GRS 1, HR, 1.9; GRS 2, HR, 104 0R005) (Fig. 7B) cohorts.

In the 65 patients with informed PLA2R status, &S score remained predictive (GRS1,
HR, 2.9; GRS 2, HR, 3.0, P=0.016), (Fig. 7C). Tisk of recurrence at 24 months was 25.3%
(3.4-42.3%), 62.4% (39.7-76.5%) and 62.5% (29.4-%).for GRS of 0 (n=20), 1 (n=29) and
2 (n=16), respectively. By comparison, the risk Wa€99% in PLA2R positive patients (n=50)
and 13.8% in the negative ones (n=15), (Fig.7D)nBjtivariable analysis, the high genetic
risk category and PLA2R status independently ptedicecurrence (GRS 0, reference; GRS1,
HR, 2.2 (0.91-5.24), P=0.081; GRS2, HR, 3.1 (1.Z=48 P=0.017; PLA2R positive status,
HR, 4.05 (1.4-11.8), P=0.010). To see if the genatk score increased performance, we
plotted receiver operating characteristic (ROC)vearthat include models with clinical,
laboratory and genetic predictors, and comparedtéas under the curve (AUC). Results are
shown in Fig. 7E. The ROC curve based on cliniealables previously reported to predict
recurrence (including recipient gender, donor gentyge of donor, number of transplants
and PLA2R status), gave an AUC of 0.72, the gerRC curve based on GRS gave a
similar AUC (0.71), while the addition of the GR&the clinical variables increased the AUC

to 0.81.

This finding was corroborated in PLA2R positiveipats (n=50) in whom recurrence was
still driven by the GRS (GRS1, HR, 2.1; GRS 2, BR,, P=0.022); the risk of recurrence at
24 months being 39.4% (5.3-61.3%), 65.8% (41.49%0.8nd 81.8% (36.3-94.8%) for GRS

of 0 (n=13), 1 (n=26) and 2 (n=11), respectivélg. 7F).
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DISCUSSION

As recently suggested by a group of expert invagtig, genetic factors such BsEA2R1or
HLA polymorphism might contribute to recurrent MN, athis genetic susceptibility could
enhance the risk of recurrence in the case ofdivilated donoPs Our findings first provide
strong clues to the unexpected implication of HieA-D and PLA2R1loci of the donor,
which suggests that the donor kidney plays a nrajerin antigen presentation.. Furthermore,
our results suggest that recurrence is driven biPsSicalized to non-codingLA-D region

of the donor but not by thdLA-D allotypes typically associated with MN in nativielkeys.
Third, we provide arguments that recurrence pregiatan be improved by the GRS both in

recipients with unknown PLAZ2R status and in tho#h WLA2R-related MN.

A prerequisite to this study was the fine mappiygN$sS of theHLA-D and PLA2R1loci
identified by GWAS* 22 At the HLA-D locus, stepwise conditional analysis revealed 2
independent pMN- associated SNPs (rs9271188and’3688) which accounted for the
entire signal at this locus. We confirmed a strasgociation withHLA-DQA1*05:01,
DQB1*02:01andDRB1*03:0%&llotypes that define the common haplotyfieA-DR3-DQZ2,
These findings are consistent with the most reGMIAS data in Europeans in whom the lead
SNP rs9271541was in strong LG #0.71) with our lead SNP rs9271188 (and with augro
of SNPs located in the same haplotype block (FigBiIDQA1*05:01andDRB1*03:0lwvere

at risk for the development of MRl Of note, the fact that none of the 3 classidaA-D
alleles remained significant after controlling 180271188 and rs9275086 (the second lead
SNP after logistic regression analysis) suggesds rlon-codingHLA-D regulatory variants
may play an important functional role. As shown B®TL analyses in the human
glomerulug®, these variants may reguldt#A-D transcripts (haploblocks 1 and 2), and the
complement componer@4A and RNF5 (haploblock 2) which codes for a membrane bound

ubiquitin ligase involved in autophagy, a procebsttplays a key role in podocyte
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biology?®%”. These findings are in keeping with the potentidé of podocytes as antigen-
presenting celf§. Thus although we do not provide evidence forraatiimplication ofHLA-
D allotypes in recurrence of pMN, our results suggfest their level of expression might be

regulated by SNPs located in the non-codithgh-D region of the donor.

Apart from the amount of class Il expression, ottiéierences between recurrent and non-
recurrent disease may regard the way relevant PLp@Rides are loaded into class I, or
transported/expressed on the cell surface of tigeampresenting cells, or there is a oA

related mechanism (see below the discussion on)Ly75

At the PLA2R1 locus, we identified 2 independent pMN-associag®dPs, rs6726925
localized in intron 4, and rs13018963 ML.A2R1regulatory region that both explained the
entire signal at this locus. These 2 SNPs are ddcat different haplotype blocks, separated
by a recombination hotspot in intronl. Althoughsieesults differ from the findings of Xie
et al® who identified a uniqgue common haplotype in bo#istEAsians and Europeans, it must
be noted that their lead SNP rs1783251 was in cet@plD (F= 1) with a group of SNPs
located in the same intron 1 (rs16844715, rs466/3(8ig.4). Intron 1, particularly
rs1783251, plays an important roleRhA2R1gene expressidf which is probably a key to
the pathogenesis of the disease since under naomaitions expression of PLA2R at the
podocyte surface is low. This intron might be irveml in epigenetic regulation of PLA2R1.
On the other hand, eQTL analysis showed that thE 88828323, associated with pMN
recurrence, increases Ly75 transcripts in the gtalg® . Ly75 (DEC-205) belongs to the
mannose receptor family (like PLA2R) and functiamgdendritic cells as an antigen uptake
receptor targeting its cargo to intracellular corppants where it is processed for
presentation to T cells. We suggest that by analeigy the immune systeff) Ly75 might
play a role in antigen presentation in the podd€yfehus rs3828323 might act in concert

with intron-1 SNPs to enhance immune response &2RL
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It is, however, conceivable that in the post-trdasiation state, host antigen presenting cells
may continue to present self-antigen to host Tscalid provide help to host B cells to
produce anti-PLA2R antibodies. At-risk SNPs in th@nor, in some indirect way besides
antigen presentation, might render the donor kidmeye liable to disease recurrence from
deposition of host-derived anti-PLA2R antibodiekIPS recently identified in other loci such

as NFKB1 and IRF£ may render the podocyte more susceptible to imfogital attack.

Because pMN has a slow evolution and is often inofagically inactive in patients with
advanced CKD, PLA2R status is unknown in about 40%e recipients at transplantatfon
We anticipated thaPLA2R1and HLA risk variants might help with donor selection. We
found that recurrence was driven by the donor SHifRg Unexpectedly, none of thélLA-D
classical allele was associated with recurrencelewhdividual SNPs located in théLA-D
region were. These results suggest that recurnaigte be fostered by the level of expression
of transcripts regulated by a groupHifA-D andPLA2R1SNPs acting in concert to enhance
antigen presentation. However, considering thdively small size of the cohort, one cannot
exclude that associations withLA-D alleles might be revealed by larger size studfs.
note, when analysis was restricted to PLA2R-pasifiatients, the predictive valuelaEA-D

SNPs lost significance although we cannot exclusiee effect.

Our study was limited t¢lLA-D and PLA2R1oci. We cannot exclude that SNPs in other
genetic regions in the recipient can contributeecurrence. This might be the case for the
newly identified genetic risk loci, including NFKBdnd IRF4 (interferon pathway), reported
in the recent trans-ethnic GWASThese two pro-inflammatory pathways might contrébto
clinical expression of the recurrence rather tlatiné recurrence risk. A recent study by Batal
et af° based on serological typing showed that the ontemtial predictor of recurrence was

the recipient HLA-A3 antigen, but failed to identi€lassical riskHLA-DR/-DQ allotypes in
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keeping with our data. Future studies should amaiypre loci in the donor as well as in the

recipient.

We built a 4-SNP (rs9271705, rs9271550, rs17830858,rs3828323) GRS that predicted
recurrence independently of PLA2R status. In afiipations including the replication cohort,

recurrence was associated with increased burdeislotlleles. By ROC curve analysis, we
showed that GRS increased the prediction performaien in the PLA2R-positive

population, the recurrence rate was dependent lete alosage and the GRS defined a
subgroup of patients with high risk of recurrenthese results indicate that the GRS might
provide an added value to serology. These databegyarticularly helpful when more than

one donor is available. The finding that the gcaftributes to recurrence of pMN, possibly
through antigen presentation involvikli. A-D andPLA2R1loci and associated SNPs in an
autoimmune milieu, is of great conceptual interésis concept may apply to transplantation
in other situations and to other organs, and thayg be important for transplantation in other

autoimmune diseases.

This paper has several limitations. The relativahall size of the cohorts is explained by the
rarity of the disease, with only 30% of the patsegbing to advanced CKD. However, there
are still many patients who require a transplametimes in the context of a living donation,
for whom one must decrease the risk of recurrewée.are aware that the study was under
powered, particularly the replication cohort, ane wonsider our prediction data as
exploratory, but they have the merit to show thedtion in future studies. A kidney biopsy
was not mandatory for the diagnosis of no recueeri@espite very strict criteria (daily
proteinuria repeatedly <0.5 g/day, follow-up >12rh®), a few cases of latent recurrence
might have been misclassified as "no recurrenc@weéver, the rate of recurrence in our
series of 105 patients (42.8%) was close to thaorted in the Mayo Clinic series with

protocol biopsies (48% of 63 patiefftsihich suggests that we have missed only a few per
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cent of recurrent cases. This is quite reassurauglise due to the retrospective nature of the
study over 3 decades, protocols were not harmoniktedan ideal world, that is in a
prospective study, where all patients benefit flprotocol biopsy at 3 months and one year
and are systematically followed from a clinical itoof view, it would be possible to have a
histological end-point and a clinical end-point floe diagnosis of recurrence. Serologic status
was missing in 40/105 patients but the study slame1982, that is 27 years before the
discovery of PLA2R and a majority of biopsies was$ accessible. Another limitation is the
small number of PLA2R-negative patients among tivasie informed PLAZ2R status but their

prevalence (23%) is the same as in our generall gt

In conclusion, this study provides the first ansys theHLA-D andPLA2R1loci by NGS. It
strongly suggests that recurrence of pMN is dribgnthe genotype of the donor, and it
provides an exploratory GRS that should prompthiertstudies aimed to choose the best

donor.

METHODS

We declare that the manuscript adheres to the Bxida of Istanbul. The source of donor
kidneys was accidental or natural death. Informausent was obtained from the families or

the living donors according to the national ledislkas.

Genotyping of pMN-associated PLA2R1 and HLA-D SNP variants and HLA-D allotypes

in the discovery cohort (see Supplementary material)

Genotyping of SNPsin thereplication cohort (see Supplementary material)

Statistical analyses
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Clinical data 6eeSupplementary material

Association with recurrence and genetic risk score

To test the hypothesis that pMN-associated rislkeledl could predict recurrence, we
performed log-rank tests for trend comparing foche®&NP the risk of recurrence after
transplantation according to the number of rislela#f (0, 1, or 2) in the donor and the
recipient. We defined a 4-SNP genetic risk scor@$based on the combination of the two
SNPs most associated with recurrence at etigkrD andPLA2Rllocus. The scores were "0"

for zero to two risk alleles, "1" for 3 to 5 riskades, and "2" for 6 to 8 risk alleles. A Cox

proportional-hazards regression model that inclu@®S and PLA2R status was used to

assess adjusted associations with recurrence.

The discriminative performance of clinical paramgt@®LA2R status, recipient gender, donor
gender, type of donor, number of transplant) andSG®& predict recurrence of GEM was
assessed by plotting receiver operating charatite(il®OC) curves and calculating area under

the curve (AUC) values.

Data availability statement

The data supporting the findings of this study Wwél openly available under restricted

conditions in EGA: The European Genome-Phenomeiyech
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Figure Legends

Figure 1: Flowchart of the discovery cohort and genetic workflow

A. Determination of pMN associated variants: To identify SNPs and classicadLA
allotypes associated with pMN, NGS sequencinglloA-D andPLA2R1loci was performed

in a cohort of 248 patients and 192 ethnically medkc controls. Patients with pMN were
recruited at Tenon hospital for clinical care, eferred for PLA2R-Ab or glomerular antigen
determination, or for recurrence studies. pMN-asged SNPs, antHLA-D allotypes and
haplotypes were identified. One-hundred five pasienith end-stage kidney disease were

recipients of kidney grafts in the discovery col@&@j}

B. Discovery cohort for the study of variants-associated recurrence: All patients, 18 years
of age or older, with biopsy-proven pMN, who reeslva kidney graft between 1982 and
2015, were eligible. Thirty-three pairs were exelddor the reasons indicated in the boxes..
Finally, 105 patients were included in the study:of themrecurred (42.9%).Donor samples
corresponding to the 105 recipients were sequenpethe same platform as the recipients.
The PLA2R1and HLA-D SNPs and th&lLA-D allotypes most associated with pMN (Fig.
3&4) were tested in donor and recipient sampleasglgatify recurrence risk-associated alleles

and build a genetic risk score.

Figure 2: Locus zoom with logistic regression analysis and haploblock reconstruction of
the HLA-D (A) and PLA2R1 (B) regions in patients with pMN: identification of pM N-

associated variants

Results are from 248 Caucasian patients with pMN 482 ethnically matched controls

sequenced and analyzed on the same platform. Tosy the SNPs associated with pMN.
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The upper panels show the Manhattan plots withldgetransformed p-value on the y-axis
and the genomic position (in megabases) on theisc-dke top SNP is indicated in purple,
and SNPs in linkage disequilibrium with the top Shife represented with color code, as
indicated in box. The recombination rate acrossréggon is also represented as a red line,
and the differenHLA andPLA2R1region genes are indicated below the respectns.pl'he
red horizontal, dotted lines indicate the locuseviignificance level (2.4x1%). The most
significant SNP identifications are indicated ircleganel. The corresponding lower panels
represent the haploblock reconstructions ofHh&-D andPLA2R1regions, respectively. A.

HLA-D region: B;PLA2R1region.

Figure 3: Summary of SNPs associated with pMN disease considered for recurrence
prediction at HLA-D locus. The upper panel presents SNPs &ldA-D allotypes most
significantly associated with pMN (see Table SHetail of P values and OR). rs in red bold
characters are the lead SNPs associated with pMdtebés927118) and after (rs9275086)
logistic regression analysis. rs2187668 and rs92¥1&re the lead SNPs identified by
Stanescu et al (13) and Xie et al (18), respegtivdD values are shown by color codes. Note
2 groups of SNPs in LD within each haplotype blgckup but showing no or weak LD with
the other groupHLA-D allotypes are in strong LD with the second groupingel by
rs2187668 rs9272729. rs3129716. rs2647004. rs28566d rs1794280. The second lead
SNP rs9275086 associated with pMN shows no LD witd other SNPs an¢éiLA-D

allotypes. The lower panel shows the position efX SNPs in thelLA-D locus.

Figure 4: Summary of SNPs associated with pMN disease considered for recurrence

prediction at PLA2R1 locus. The upper panel presents the SNPs most signifjcan
associated with pMN (see Table S2 for detail ofaRies and OR). rs in bold red characters
are the lead SNPs before (rs6726925) and afteB{is963) logistic regression analysis.

rs4664308 and rs17831251 are the lead SNPs idzhtify Stanescu et al (13) and Xie et al
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(18), respectively. LD values are shown by colade Note 2 groups of SNPs in LD within
each group but showing no or weak LD with the otjreup. rs13018963 in low LD with the
second group is located in a different haploblddte lower panel shows the position of the 9

SNPs in thd°’LA2R1locus.

Figure 5: Hazard ratio and 95% CI of HLA-D and PLA2R1SNPs and HLA-D classical

allotypes of the donor kidneys associated with recurrencein the discovery cohort

The panels show the data for the doRA-D SNPs and allotypes (A, B) and fBLA2R1
SNPs (C, D) in the whole cohort (A, C) and in tHeARR positive population (B, D).The
heterozygous (HR1) and homozygous (HR2) state hosvris for each SNP anHLA-D
allotype. Red indicates the risk alleles associatid recurrence. Note the logarithmic scale

used for HR.

Figure 6 Kaplan-Meier curves of recurrence-free survival by HLA-D and PLA2R1 SNPs

of thedonor kidney in the discovery cohort

The upper panel shows the recurrence-free surinvidde whole cohort, and the lower panel
in the PLA2R positive population for the patientglyoring the SNPs dfiLA-D (rs9271550,
rs9271705) and PLA2R1 (rs17830558, rs3828323hat are the most associated with

recurrence. Color codes refer to 0, 1 (heterozygau (homozygous) risk alleles.

Figure 7: Prediction of recurrence by genetic risk score (GRS) in the discovery and

replication cohorts

We defined a 4-SNP GRS based on the combinatidgheofwo SNPs most associated with
recurrence at each locus (HLA: rs9271550, rs92717BRA2R1: rs17830558 and
rs3828323). The scores are "0" for zero to 2 rikNes, "1" for 3 to 5 risk alleles, and "2" for

6 to 8 risk alleles. Panels A-C show the Kaplanévieurves of survival without recurrence
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("relapse free") in the whole discovery cohort (4105), in the replication cohort (B, n=40),
and in the patients from the discovery cohort vaithinformed PLA2R status (C, n=65). The
Kaplan-Meier curves according to the PLA2R stafisn=65) are also shown for comparison
(compare with C). Panel E shows the ROC curvesudfivariable models of MN recurrence
prediction: blue, clinical ROC curve (PLA2R statuscipient gender, donor gender, type of
donor, number of transplants); red, genetic RO@eyGRS); green, combined clinical and
genetic ROC curve. Note that the AUC is increasgaddding GRS to the clinical variables.
Panel F shows the Kaplan-Meier curves of surviv#thaut recurrence in the PLA2R-positive

restricted population where a high GRS=2 definpspulation at high risk of recurrence.
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Table 1. Association of previously reported lead SNPs with risk of pMN in the present study

HLA-D region
95% OR confidence 95% OR confidence
Frequency of allele Frequency of interval - lower interval - upper

dbSNP ID 1in controls allele 1 in cases OR bound bound P-value
rs9271188 0.28 0.57 3.4 2.6 4.6 8.13E-18 NGS
rs2187668 0.10 0.33 4.5 3.1 6.7 5.60E-16 Ref 14
rs9272729 0.10 0.33 4.5 3.1 6.7 5.60E-16 Ref 22
rs9271541 0.26 0.51 29 2.2 3.9 1.58E-13 Ref 16

PLA2R1 region
rs6726925 0.35 0.58 2.5 1.9 3.3 5.73E-11 NGS
rs17830558 0.46 0.67 2.4 1.9 3.2 1.46E-10 Ref 22
rs3828323 0.50 0.69 2.2 1.7 2.9 2.39E-08 Ref 23
rs4664308 0.60 0.78 2.3 1.7 3.0 3.22E-08 Ref 14
rs3749119 0.68 0.84 24 1.7 3.3 5.33E-08 Ref 24
rs17831251 0.60 0.77 2.2 1.7 3.0 4.93E-08 Ref 16
rs16844715 0.60 0.76 2.1 1.6 2.8 3.26E-07 Ref 24




Table 2: Basdine characteristics of the patientsin the discovery cohort

Characteristics

Total (n=105)

Recurrent (n=45)

Non recurrent (n=60)

CLINICAL PARAMETERS

Recipients

Age at transplantation. years
Male. n (%)
Caucasian. n (%)*
First transplantation. n(%)
Dialysis prior totransplantation
Lengths of time on dialysis. months
Nbr of HLA mismatch (A-B-DR)***

- 0to 2 mismatc

- 3 mismatcl

- 4 mismatcl

- 5to 6 mismatc
HLA-antibodies at transplantation***
Anti-HLA donor-specific antibodies***
PLAZ2R positive§

Time to recurrence/last follow up. mon

Donors
Age. years*

Male. n (%)’

Caucasian. n (%A

Deceased donor transplant. n(*
Cold ischemia time. min*
TREATMENT at thetime of
transplantation. n (%)

Plasma exchange

IVIG*

ATG*
Tacrolimus*

Ciclosporin®

Mycophenolate mofetil

50.4+12.8

85/105 (81.0%)
95/100 (95.0%)
93/105 (88.6%)

83/94 (88.3%

16.5 (-31)

17/83 (20.5%)
20/83 (24.1%
21/83 (25.3%)
25/83 (30.1%
27/81 (33.3%)
3/75 (4.0%)
50/65 (76.9%)

24 (12-94)

49.7+15.1
57/103 (55.3%
43144 (97.7%

86/104 (82.7%

1115 (726-1410)

2/104 (1.9%
4/103 (3.9%

41/104 (39.4%
51/104 (49.0%)

53/104 (51.0%

89/104 (85.6%

51.@41

41/45 (91.1%)

42/44 (95.5%)
42/43.3%)
39/42 (92.9%

20.5 (+-46)

9/36 (25.0%)
6/36 (16.7%
6/36 (16.7%)
15/36 (41.7%
8/37 (21.6%)
0/37 (0%)
36/40 (90.0%)

7 (>14)

48.1+15.4
27144 (61.4%
17/18 (94.4%
35/45 (77.8%

970 (4350)

0/45 (0%
0/45 (0%

18/45 (40.0%
24/45 (53.3%)

21/45 (46.7%

37/45 (82.2%

49.5 +13.3
44160 378)
63051.6%)

51/60 (85.0%)

44/52 (84.6%

14.5 (7.-29.5

8/47 (17.0%)
14/47 (29.8%
15/47 (31.9%)
10/47 (21.3%
19/44 (43.2%)
3/38 (7.9%)
14/36.0%)

75.5 (25.-121

50.9 + 14.9
30/59 (50.9%
26/26 (100%
51/59 (86.4%

1170 (900-1436)

2/59 (3.4%
4/58 (6.9%

23/59 (39.0%
27/59 §95)

30/59 (50.9%

52/59 (88.1%



Corticosteroids* 102/104 (98.1%) 43/45 (95.6%) BA(B00%)
Anti-IL-2-R* 42/104 (40.4% 18/45 (40.0% 24/59 (40.7%

Rituximab* 2/104 (1.9% 0/45 (0% 2/59 (3.4%

Values reported as numbers and %. meantSD. or mdditerquartile ranges) as appropriate.*betweeand 10

missing values;
**11-20 missing values;
***21 - 30 missing values;

§31-40 missing values; eGFR (estimated Glomerulénafion Rate) was calculated according to thed®ir Kidney

Disease Epidemiology Collaboration equation.

8Among the 45 recurrent patients, 12 receivedraspiant between 2011 and 2015: 4 were testedrapientation (all
positive), 5 were tested after (all positive), ¥daot been tested. Among the 60 non-recurren¢pisti 16 received a
transplant between 2011 and 2015: 5 were testedresplantation (all negative), 1was tested aftegétive), 10 have

not been tested.
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Fig 5
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Figure 6
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Replication cohort, n=40
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