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ABSTRACT 

Background. Although primary membranous nephropathy ( pMN ) associated with podocyte autoantibodies ( POS ) is 
becoming well-known, the molecular characteristics of the specific type of pMN that is negative for podocyte 
autoantibodies ( NEG ) is still unclear. 
Methods. We performed single-cell transcriptome sequencing and single-cell B cell receptor sequencing on circulating 
CD19 + cells and kidney cells of a NEG paediatric patient with pMN. The single-cell datasets of POS patients and healthy 
control individuals were included for integrative analysis. 
Results. The gene expression characteristics and clonal expansion of naïve and memory B cells in the NEG patient 
changed significantly. We found that a group of CD38 + naïve B cells expanded in the NEG patient, which had the 
functional characteristics of cell activation. In addition, the conversion between immunoglobulin M ( IgM ) /IgD and IgG1 
in the NEG patient was increased. Parietal epithelial cells ( PECs ) and podocytes shared similar signature genes ( WT1 , 
CLIC5 ) , and new candidate marker genes for PECs, such as NID2 , CAV1 and THY1 , might contribute to the definition of cell 
subsets. PECs might have undergone significant changes in the disease, mainly manifested by changes in the expression 

of CCN2 , PLAAT4 and SEPTIN2 . The scores of gene sets related to extracellular matrix, cell adhesion and calcium channel 
in podocytes of the NEG patient was significantly increased. The gene expression of sodium transporter in a group of 
proximal tubule cells in the disease was significantly increased, especially SLC5A12 , which might be related to the 
oedema of patients. 
Conclusions. Our research demonstrated the cell type–specific molecular features in the circulation and kidney of the 
NEG pMN patient. 
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NTRODUCTION 

embranous nephropathy ( MN ) is one of the most common 
auses of nephrotic syndrome ( NS ) in adults but is seen less 
ommonly in children [ 1 ]. MN is defined as primary MN ( pMN )
hen circulating autoantibodies are present and its target anti- 
en is endogenously expressed on podocytes [ 2 , 3 ]. Approxi- 
ately 70% of adult patients with pMN are associated with phos- 
holipase A2 receptor ( PLA2R ) antigen, and the situation is sim- 
lar for adolescent patients [ 4 ]. In the past decade, new podocyte 
ntigens, including thrombospondin domain-containing 7A 

 THSD7A ) [ 5 ], neural EGFL-like 1 ( NELL1 ) [ 6 ], semaphorin-3B 
 SEMA3B ) [ 7 ] and others [ 8 ], have been discovered. 

Autoantibodies produced by autoreactive B cells are key 
rivers of immune pathogenesis in MN [ 4 , 9 ]. In the acute phase
f pMN, the proportion of naïve B cells increases, while the 
roportion of switched memory B cells and unswitched mem- 
ry B cells decreases [ 10 ]. The frequencies of circulating plasma 
ells and regulatory B ( Breg ) cells are significantly higher in 
N patients than in both non-immune-mediated chronic kid- 
ey disease patients and healthy individuals [ 11 ]. A study of B 
ell receptor ( BCR ) in MN patients found that among the im- 
unoglobulin heavy-chain variable region ( IGHV ) , the frequency 
f IGHV3 was lower, while the frequency of IGHV4 was higher 
 12 ]. Recent research found that MN has a glomerular transcrip- 
ional signature that is enriched in targets of the transcrip- 
ion factor nuclear factor κB, which distinguishes it from other 
lomerulonephropathies [ 13 ]. Accumulating evidence suggests 
hat there are cellular and molecular changes in the circulation 
nd kidney tissue in pMN, but such evidence is mainly from the 
tudy of podocyte autoantibody-positive pMN ( POS ) [ 14 , 15 ]. 

At present, it is unclear whether different pathogenic anti- 
odies have different cellular and molecular characteristics be- 
ause there is a lack of research on non-PLA2R pMN patients 
nd some identified podocyte-associated autoantibody-negative 
NMs The investigation of such patients will help to further 
nderstand the pathogenesis of pMN. Therefore, we performed 
ingle-cell transcriptome sequencing ( scRNA-seq ) and single- 
ell BCR sequencing ( scBCR-seq ) on circulating CD19 + cells and 
idney cells of a paediatric patient with pMN who was negative 
or seven common podocyte autoantibodies ( NEG ) . 

ATERIALS AND METHODS 

thical approval 

his study was approved by the Ethics Committee of Children’s 
ospital Affiliated to Chongqing Medical University ( file num- 
er: 2022 NO.124 ) . The consent of paediatric patients and their 
uardians was obtained before sample collection. 

articipant details 

 paediatric patient with pMN was admitted to the Inpa- 
ient Department of Nephrology, Children’s Hospital Affiliated 
ith Chongqing Medical University. This patient was negative 
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or seven autoantibodies and was included in the study 
 Supplementary Table S1 ) . The validation cohort for flow cytom- 
try analysis included nine paediatric patients with primary NS 
 Supplementary Table S2 ) . 

rocessing of peripheral CD19 + cells in scRNA-seq and 

cBCR-seq 

eripheral blood mononuclear cells ( PBMCs ) were frozen and 
hawed according to the 10X Genomics recommended proto- 
ol ( CG00039 ) . They were incubated with CD19-FITC antibody 
 11-0199-42; eBioscience, San Diego, CA, USA ) . CD19 + cells were
orted by flow cytometry ( FACSAria III; BD Bioscience, Franklin,
akes, NJ, USA ) . The cell viability was > 80%. CD19 + single-cell
uspensions were diluted to a concentration of 240 cells/μl 
nd loaded onto the Chromium Single Cell Controller ( 10X Ge-
omics, Pleasanton, CA, USA ) . Libraries were constructed with a
hromium Single Cell 5 ́GEM Library & Gel Bead Kit following the
0X Genomics Chromium protocol ( PN-1000263 ) . BCR libraries 
ere constructed with a Chromium Single Cell V ( D ) J Enrichment
it ( Human B Cell; 10X Genomics ) . Libraries were sequenced by
 NovaSeq 6000 ( Illumina, San Diego, CA, USA ) . 

Cell Ranger ( version 6.1.2; 10X Genomics ) was used to pro-
ess raw reads for single-cell 5 ′ gene expression. The human
eference data file refdata-gex-GRCh38-2020-A was used. All 
amples were integrated by Seurat ( version 4.1.0 ) . The quality
tandards are provided in Supplementary Table S3 . Gene expres-
ion was normalized by the NormalizeData function in the Seu-
at R package. The first 2000 highly variable genes were chosen
y the FindVariableFeatures function for principal component 
nalysis ( PCA ) . The BCR sequences of each B cell were assem-
led by the Cell Ranger vdj pipeline ( version 6.1.2 ) . Chain com-
lementary determining region 3 ( CDR3 ) sequences, rearranged 
ull-length V ( D ) J fragments and clonotypes were obtained. The
uman reference data file refdatacellranger-vdj-GRCh38-alts- 
nsembl-3.1.0 was used. 

rocessing of kidney scRNA-seq 

esidual kidney biopsy tissue after meeting clinical need was 
tored in GEXSCOPE tissue preservation solution ( Singleron 
iotechnologies, Köln, Germany ) immediately and transported 
t 4°C [ 15 , 16 ]. It was then cut up, digested and put into
EXSCOPE tissue dissociation solution ( Singleron Biotechnolo- 
ies 1200050003 ) . The cell viability exceeded 81.4%. The kid-
ey single-cell suspensions were diluted to a concentration 
f 400 cells/μl and loaded onto the Matrix Single Cell Con-
roller ( Singleron Biotechnologies ) . Libraries were constructed 
ith a GEXSCOPE Single Cell RNA Library Kit ( Singleron 
iotechnologies ) . Libraries were sequenced using a HiSeq X10 
 Illumina ) . CeleScope ( version 1.8.1 ) was used to process raw
eads for single-cell 3 ′ gene expression. The human reference 
ata file refdata-cellranger-GRCh38-3.0.0 was used. 

nalysis of scRNA-seq of peripheral CD19 + cells and kidney 
ells 

atch effects between datasets were removed before down- 
tream analysis. The graph-based clustering algorithm was used 
or clustering and constructs a K-nearest neighbour graph for 
nsupervised clustering of cells. Cells were visualized in two- 
imensional space using uniform manifold approximation and 
rojection ( UMAP ) algorithms. Highly variable genes of each 
luster were identified by the FindAllMarkers function. The Find- 
arkers function was used for differentially expressed gene
 DEG ) analysis. An absolute value of log 2 fold-change > 0.25 and
 P -value < .05 were considered significant. Gene ontology ( GO )
nd Kyoto Encyclopedia of Genes and Genomes ( KEGG ) enrich-
ent analyses were performed by the Metascape webtool ( www.
etascape.org) and clusterProfiler ( version 4.2.2 ) . The R package 
onocle2 ( version 2.18.0 ) was used to construct pseudotime tra-

ectories. Gene set-based scores ( Supplementary Table S4 ) were
alculated by the AddModuleScore function from Seurat. 

CR analysis 

ifferences of the VJ pairing between the healthy control group
 CTRL ) and NEG patient were compared by the DESeq2 ( version
.30.1 ) package. VJ pairings with an absolute value of log 2 fold-
hange > 1 and a P -value < .05 were considered significant. Cir-
os 0.69 was used to display the ring graph. The clone size
as defined as the number of times a clonotype was expanded.
he clonotypes were mapped to UMAP plots according to the
orresponding barcode. Somatic hypermutation ( SHM ) was as- 
essed using the shazam ( version 1.1.0 ) package. The clonality
as clustered using the Change-O ( version 1.3.0 ) package, and
he immunoglobulin ( Ig ) class switch recombination ( CSR ) was
ssessed in the same cluster. 

low cytometry analysis 

BMCs were isolated from 1 ml of venous blood and incubated
ith the following antibodies: CD19-APC ( 302212 ) , CD24-BV421 

 311121 ) , CD27-FITC ( 356403 ) and CD38-PE ( 303506 ) ( all from Bi-
Legend, San Diego, CA, USA ) . The expression of B cell sur-
ace markers was evaluated by flow cytometry ( FASCCanto; BD
iosciences ) . The datasets were analysed using FlowJo ( version
0.8.1; FlowJo, Ashland, OR, USA ) . 

tatistical analysis 

eurat R package ( version 4.1.0 ) and GraphPad Prism software
 version 9.4.0; GraphPad Software, San Diego, CA, USA ) were
sed for statistical analysis. Data produced by Seurat R pack-
ge were analysed using the Wilcoxon rank sum test. Unpaired
 -tests and one-way analysis of variance were used for com-
arisons between two and three groups of normally distributed
ariables, respectively. The Mann–Whitney U test and Kruskal–
allis test were used for comparisons between two and three
roups of non-normally distributed variables, respectively. Ad- 
usted P -values were calculated by the Benjamini–Hochberg test.
 P -value < .05 indicated statistical significance. 

ESULTS 

ignificant changes in naïve B cells and memory B cells 
n the NEG patient 

 10-year-old boy presented with massive proteinuria, hypoal-
uminemia and hyperlipidaemia ( Supplementary Figure S1A ) .
e diagnosed him with stage III MN according to the patho-

ogical manifestations ( Supplementary Figure S1B ) . Immunoflu- 
rescence results of seven types of podocyte autoantibodies in
he kidney were negative, including PLA2R, THSD7A, SEMA3B,
ELL1, exotosin 1 ( EXT1 ) , exotosin 2 ( EXT2 ) and protocad-
erin 7 ( PCDH7 ) . The patient was negative for serum anti-
LA2R and THSD7A antibodies ( Supplementary Table S1 ) . We
amed him NEG. At this time, NEG was treated with sufficient

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad215#supplementary-data
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Figure 1: Molecular features of peripheral blood B cells in NEG. ( A ) The experimental workflow of scRNA-seq and scBCR-seq of peripheral blood B cells. ( B ) UMAP plots 
of B cells from all merged samples, coloured by cell type. Each dot represents an individual cell. ( C ) Violin plots of the selected marker genes in all B cell types. Bar 
plots show the proportion of CTRL and NEG in each cell type. Blue and red represent samples collected from CTRL and NEG. ( D ) Donut plots show the proportion of 

each cell type in CTRL and NEG. The proportion of CD38 + naïve B cells was increased in NEG compared with CTRL. ( E ) Functional enrichment analysis of CTRL and 
NEG in each B cell type. GO and KEGG terms shown come from Supplementary Figure S2D . The size of dots represents the proportion of genes enriched to each term 

and the redder colour key indicates the smaller adjusted P -value. CD38 + Naïve: CD38 + naïve B; Naïve: naïve B; Unswi M: unswitched memory B; Inter M: intermediate 
memory B; Switched M: switched memory B. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad215#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad215#supplementary-data
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Figure 2: Molecular features of CD38 + naïve B cells in NEG. ( A ) GO analysis indicated the main related biological process of CD38 + naïve B cells. Genes involved in 
the analysis were DEGs between CD38 + naïve B cells and all other cell subsets ( P > .05 ) . ( B ) Volcano plots show DEGs in CD38 + naïve B cells of NEG compared with 
CTRL. Red dots represent significantly upregulated genes in NEG, green dots represent significantly downregulated genes in NEG and grey dots represent genes with no 
significant difference between NEG and CTRL. Particular genes are labelled with the gene name. ( C ) Pseudotime trajectory of all B cell subsets. ( D ) Pseudotime trajectory 
plots denote the expression of genes enriched in a particular branch, including GAPT , TLR10 and IFITM1 . 
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lucocorticoids, without immunosuppressant therapy, and still 
ad massive proteinuria, which was in the acute stage of the
isease. We obtained the scRNA-seq data of CD19 + cells from
he peripheral blood of NEG. We integrated public data on pe-
ipheral blood samples from paediatric individuals ( n = 6 ) , which
erved as controls ( CTRLs ) ( Fig. 1 A, Supplementary Table S5 ) [ 17 ].
e performed reclustering analysis and obtained 13 clusters of 
 cells ( Supplementary Figure S2A –C ) , which were then anno-
ated into 12 cell subsets ( Fig. 1 B and C, Supplementary Table S6 ) .
he percentage of CD38 + naïve B cell subsets in NEG was higher
han those in CTRL ( Fig. 1 C and D ) . The lymphocyte activation, B
ell receptor and antigen processing and presentation–related 
athway are enhanced in each B cell subset of NEG ( Fig. 1 E,
upplementary Figure S2D ) . In addition, the viral process path-
ay was also activated in NEG ( Supplementary Figure S2D ) .
he results of the gene set score also confirmed our findings
 Supplementary Figure S2E ) . Some viral infections were closely 
ssociated with the development of MN, such as hepatitis B virus
 18 ], syphilis [ 19 ] and coronavirus disease 2019 [ 20 ]. NEG had no
linical evidence of viral infection, but both circulating naïve B
ells and memory B cells showed virus-related changes. 
ctivated CD38 + naïve B cells expanded in NEG 

D38 + naïve B cells ( Supplementary Figure S3A ) in NEG were not
nly increased in cell number, but also exhibited activated lym-
hocyte activation function ( Fig. 1 E ) . Previous studies have sug-
ested that glucocorticoids ( GCs ) can induce a decrease in the
umber of this cell subset [ 21 ]. The results of GC-related gene
et–based score analysis ( Supplementary Figure S2F ) and flow
ytometry analysis ( Supplementary Figure S2G ) indicated that 
D38 + naïve B cells were markedly increased in the disease con-
ition but not induced by GCs. Functional enrichment analysis
f signature genes found that the CD38 + naïve B cell subset was
ainly related to B cell activation and positive regulation of the

mmune response ( Fig. 2 A ) . VAV3 , RAC2 , BLNK , GRB2 , MAP2K2 and
ALT1 were significantly upregulated in NEG and HLA-A , HLA-B ,
LA-C and HLA-DQA2 were significantly downregulated in NEG
ompared with those in the CTRL group ( Fig. 2 B ) . CD38 + naïve
 cells were highly enriched at the start of pseudotime trajec-
ory ( Fig. 2 C, Supplementary Figure S3B ) . GAPT , TLR10 and IFITM1
ere significantly expressed in CD38 + naïve B cells, suggesting a
otential important role in the differentiation process ( Fig. 2 D ) . 
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Figure 3: Features of BCR in NEG. ( A ) Circos plots show the differential heavy ( left ) and light ( right ) VJ pairs in NEG and CTRL. Red links represent NEG-specific VJ 
pairs and blue links represent CTRL-specific VJ pairs. ( B ) Bar plots show the relative percentage of each clonal expansion status by individual sample. The colour 
blocks represent different clonal expansion status. ( C ) UMAP plots show the distribution of clonally expanded B cells. ( D ) The distribution of CDR3 length in the clonal 

expanded and non-clonal expanded B cells of NEG and B cells of CTRL. ( E ) Heatmap plots show the difference in immunoglobulin isotypes between CTRL and NEG. 
The colours represent the P -value of the significant positive or negative; red: P < .05, grey: P > .05. ( F ) Class-switching events in CTRL and NEG. The thickness of the 
line indicates the number of sharing clonotypes between two immunoglobulin isotypes. ( G ) The differential analysis of somatic hypermutation rate between CTRL 
and NEG. Blue and orange represent CTRL and NEG, respectively. 
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lonal expansion of both naïve and memory B cell 
ubsets in NEG 

he BCR lineage signature is an important part of the immune 
nvironment in MN [ 12 ]. For the VJ pair of the heavy chain, the
requency of IGHV3-30/IGHJ4 was significantly reduced in NEG 

 Fig. 3 A ) . For the VJ pair of the light chain, the frequency of
GLV2-14/IGLJ3 and IGKV2D-29/IGKJ2 was significantly increased 
n NEG ( Fig. 3 A ) . The proportion of clonally expanded B cells 
(
 clone size > 1 ) in NEG was 24.38%, while the proportion in CTRL
as only 7.85% ( Fig. 3 B, Supplementary Figure S3C ) . Surprisingly,
oth naïve and memory B cell subsets in NEG showed clonal 
xpansion ( Fig. 3 C, Supplementary Figure S3D ) . In addition, the 
DR3 length of NEG clonally expanded B cells was significantly 
horter than that of NEG non-clonally expanded B cells and CTRL 
ells ( Fig. 3 D ) . In NEG, the levels of IGHD and IGHA2 were sig-
ificantly increased and the level of IGHM was also increased 
 no significant difference ) , suggesting their correlation with the 
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Figure 4: Similarities and differences of molecular features between podocytes and PECs. ( A ) The experimental workflow of scRNA-seq in kidney cells. ( B ) UMAP plots 

of cells from all merged samples, coloured by cell type. Each dot represents an individual cell. Bar plots show the proportion of CTRL, POS and NEG in each cell type. 
Blue, orange and red represent samples collected from CTRL, POS and NEG, respectively. ( C ) Violin plots of the selected marker genes in all kidney cell types. ( D ) Violin 
plots show the normalized expression level of marker genes in PECs and podocytes. The x -axis is log scale normalized read count. ( E ) Human Protein Atlas images 

show proteins encoded by new marker genes of PECs. Partial images enlargement ratio 1:4. Images are available from https://www.proteinatlas.org/ . ( F ) GO biological 
process analysis of podocytes and PECs. The size of the dots represents the gene ratio and the redder colour key indicates the smaller adjusted P -value. POD: podocytes; 
DTL: descending thin limb; ATL: thin ascending limb; TAL: thick ascending limb; DCT: distal convoluted tubule; PC-CNT; principal cells-connecting tubule; PC: principal 
cells; IC: intercalated cells; EC: endothelial cells; MSC: mesenchymal stromal cells; Pro: proliferating cells; Mac: macrophage. 

https://www.proteinatlas.org/
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Figure 5: Molecular features of PECs in NEG. ( A ) UMAP plots show the marker gene CFH of PEC ( UP ) and the reclustered PEC ( DOWN ) . Red, blue and grey represent cells 
from NEG, POS and CTRL, respectively. ( B ) GO biological process analysis of upregulated DEGs in PEC of NEG ( UP ) and POS ( DOWN ) compared with CTRL. GO terms are 
labelled with name and sorted by −log10 ( P ) value. A darker colour indicates a smaller P -value. The top 15 enriched GO terms are shown. Interesting terms are labelled 

in red. ( C ) UMAP plots show the expression of marker genes CCN2 , PLAAT4 and SEPTIN2 in reclustered PECs. Red curve marks the location of cells derived from NEG and 
POS samples. ( D ) Pseudotime trajectory of the reclustered PEC subset. ( E ) Pseudotime trajectory plots denote the expression of genes enriched in a particular branch, 
including CCN2 , PLAAT4 and SEPTIN2 . 
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isease ( Fig. 3 E ) . CSR plays an important role in the immune re- 
ponse to disease [ 22 ]. CSR analysis showed that the switching 
etween immunoglobulin M ( IgM ) /D and IgG1 was increased in 
EG. The switching between IgM/D and IgG3 occurred in NEG,
s well as IGA1 and IgG3 ( Fig. 3 F ) . SHM was more frequent in
EG than in CTRL ( Fig. 3 G ) , suggesting maturation of antibody 
ffinity. 

ignificant changes in PECs of NEG 

e integrated the kidney scRNA-seq data of NEG ( n = 1 ) , POS 
 n = 6 ) and CTRL ( n = 4 ) ( Fig. 4 A, Supplementary Table S5 ) [ 15 ].
e annotated 24 clusters as 15 cell subsets by marker genes 
 Fig. 4 B and C, Supplementary Table S7 ) . Podocytes are closely 
elated to the pathogenic mechanism of MN [ 8 ]. The classic
arker genes of podocytes had significant expression in both 
lusters 21 and 22, including WT1 , MYL9 and CLIC5 ( Fig. 4 D ) .
luster 22 significantly expressed CFH and VCAM1 and was de- 
ned as PECs ( Fig. 4 D, Supplementary Figure S4A and B ) [ 23 ]. In
ddition, we found new marker genes that differentiated PECs 
 cluster 22 ) from podocytes ( cluster 21 ) , including NID2 , CAV1 
nd THY1 ( Fig. 4 D and E, Supplementary Figure S4A and B ) . The
unctions of phagocytic vesicles, peptide binding and antigen 
rocessing and presentation of peptide antigen were more ev- 
dent in podocytes ( Fig. 4 F ) . PECs may play a replacement role
fter podocyte injury and shedding [ 24 , 25 ]. PECs of the disease
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Figure 6: Molecular features of podocytes in NEG. ( A ) Violin plots show the particular gene expression of podocytes in each group. CTRL, POS and NEG are shown in 
different colours. Normalized expression levels are shown. ( B, C ) UMAP plots and scatter plots show the expression levels of particular GO terms across clusters derived 
from CTRL, POS and NEG. On the left, the colour key from blue to red indicates low to high expression level. On the right, groups are shown in different colours. GO 

terms are about extracellular matrix ( B ) and cell adhesion ( C ) with details in Supplementary Table S4 . All differences with P < .05 are indicated. * P < .05, **** P < .0001. 
POD: podocytes. 
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roup ( NEG and POS ) and CTRLs showed obvious differences 
 Fig. 5 A ) , suggesting that PECs might have undergone signifi-
ant changes in the disease. The functional enrichment results 
f DEGs in PECs suggested that oxidative phosphorylation and 
roton transmembrane transport were upregulated in NEG and 
OS ( Fig. 5 B, Supplementary Figure S5A ) . In PECs of NEG, cellu-
ar communication network factor-related genes ( CCN1 , CCN2 
nd CCN6 ) , phospholipase A and acyltransferase family genes 
 PLAAT4 and PLAAT3 ) and septin family genes ( SEPTIN2 and 
EPTIN7 ) were significantly upregulated ( Fig. 5 C, Supplementary 
igure S5B ) . Pseudotime trajectory analysis showed that PECs in
EG and POS distributed in different trajectory branches ( Fig. 5 D,
upplementary Figure S5C ) . On the trajectory branch of NEG,
CN2 , PLAAT4 , SEPTIN2 and other genes were significantly ex-
ressed ( Fig. 5 E ) , which might represent the molecular charac-
eristics of PECs in NEG. 

ctivated cell adhesion and extracellular matrix 

unctions of podocytes in NEG 

odocyte injury in MN leads directly to proteinuria and involves
istal nephrons [ 1 ]. LGALS1 , ECM1 , TFPI and MAP1B were all
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Figure 7: Sodium transport capacity in each segment of renal tubule in MN. ( A ) Comparison of LtoB gene set–based scores of each renal tubule segment among CTRL, 
POS and NEG. All differences with P < .05 are indicated. * P < .05, ** P < .01, *** P < .001 and **** P < .0001. ( B ) UMAP plots show LtoB gene set–based scores across clusters 

derived from CTRL, POS and NEG. The colour key from blue to red indicates low to high expression level. ( C, D ) Scatter plots show LtoB gene set–based scores in cluster 1 
( C ) and cluster 4 ( D ) . Groups are shown in different colours. Horizontal lines represent median values. All differences with P < .05 are indicated. *** P < .001, **** P < .0001. 
( E ) The expression levels were compared including particular genes involved in sodium lumen-to-blood transport for each segment of the renal tubule in CTRL, POS 
and NEG. The proteins encoded by particular genes are marked below. 
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ignificantly upregulated in podocytes of the disease group.
UCB2 and DSTN were significantly upregulated in the 
odocytes of POS, while NPR3 , SULF2 , ITGB8 , BGN and LRRC55
ere significantly upregulated in podocytes of NEG ( Fig. 6 A ) .
ignificantly upregulated genes in the podocytes of NEG were 
ssociated with functions such as positive regulation of cell 
igration and cell adhesion ( Supplementary Figure S6A ) .
ubepithelial immune deposits were closely related to the 
rocesses of extracellular matrix and cell adhesion [ 26 ]. The
ene set score comparison confirmed that the extracellular 
atrix and cell adhesion gene sets in the podocytes of NEG
ere significantly increased ( Fig. 6 B and C, Supplementary 
igure S6B and C ) . LRRC55 was significantly upregulated in
EG, and previous studies have suggested that altered calcium 

hannels associated with LRRC55 may be one of the key mech-
nisms of podocyte injury [ 27 ]. The calcium channel gene set
core was indeed significantly increased in podocytes of NEG 

 Supplementary Figure S6D ) . 

hanges in sodium transport in each segment of the 
enal tubule in pMN 

edema is the main clinical manifestation in NS patients,
ncluding those with MN, which may be related to sodium
etention in distal nephrons [ 28 ]. We defined genes involved
n sodium lumen-to-blood transport as LtoB [ 29 ]. Gene set–
ased scores for LtoB in each cell subset were calculated 
 Supplementary Table S4 ) . In the proximal tubule ( PT ) , thin
scending limb and distal convoluted tubule, both POS and 
EG had significantly increased LtoB gene set–based scores 
ompared with CTRLs, but there was no significant difference 
etween POS and NEG ( Fig. 7 A ) . According to the UMAPs ( Fig. 7 B ) ,
e focused on clusters 1 and 4 in the PT. In these two clusters,
cores of the LtoB gene set were significantly increased in
oth POS and NEG compared with CTRLs, and the score was
ignificantly higher in NEG than in POS ( Fig. 7 C and D ) . SMCT2,
ncoded by SLC5A12 , and Na-bicarbonate cotransporter e1 
 NBCe1 ) , encoded by SLC4A4 , were the major sodium trans-
orters ( Fig. 7 E ) . Surprisingly, the expression of SLC5A12 in
EG was significantly increased in clusters 1 and 4 of the PT

 Supplementary Figure S6E ) . 

ISCUSSION 

ue to the low incidence of MN in children and the low rate of
enal biopsy, there are few studies on MN in children [ 30 ]. The
hild included in this study had typical clinical manifestations 
nd pathological changes of MN and common secondary fac- 
ors were excluded ( Supplementary Table S1 ) . Even more rarely,
he kidney of the child was negative for seven classical podocyte
utoantibodies. At present, there are few studies on anti-PLA2R 
ntibody-negative pNMs, and there is even a lack of compara- 
ive studies on pNMs with different autoantibodies. Our results 
re the first to demonstrate transcriptome changes in kidney 
ell subsets of POS and NEG patients. There were significant dif-
erences between the disease group and CTRLs in each kidney
ell type, but no significant difference was found between NEG
nd POS. The results suggest that different types of MN classi-
ed by autoantibodies had similar changes in kidney molecular 
eatures. 

MN is now considered an autoimmune disease confined to 
he kidney [ 31 ]. Our study found that both naïve B cells and
emory B cells in NEG had undergone significant changes, in-
luding cell number, characteristic gene, molecular function 
nd clonal type. This result indicated that both naïve B cells
nd memory B cells play an important role in the produc-
ion of autoantibodies. Breg cells can reduce inflammatory re-
ponses through the action of immune regulatory cytokines
nd other mechanisms and help maintain immune tolerance
 32 ]. In our study, the expanded and activated CD38 + naïve
 cells in NEG had the molecular characteristics of Breg cells
 CD19 + CD24 + CD27 −CD38 + ) ( Supplementary Figure S3A ) . Breg
ells with such molecular characteristics exerted immunosup- 
ressive effects by secreting cytokines, such as interleukin-10
 32 , 33 ]. Our study indicated that CD38 + naïve B cells may play
 key role in the circulating immune environment in pMN. More
linical and functional studies are needed to clarify the function
nd significance of this cell subset. 

Increased volume overload is a classic pathophysiological 
eature of NS represented by MN. Controlling and improving vol-
me overload is the key clinical method for improving the long-
erm prognosis and complications of NS [ 28 ]. Our study found
hat in NEG and POS patients, both distal nephrons, such as LOH,
nd a group of PT cells showed significant increases in the ex-
ression of sodium transporters ( Fig. 7 A ) . Among these trans-
orter genes, the expression level of SLC5A12 , encoding SMCT2,
as significantly increased ( Fig. 7 E ) . It is necessary to consider
he effect of the changes in expression level of SMCT2 in PT on
odium transport in NS, as this may be one of the mechanisms
nvolved in water and sodium retention. 

This high-throughput multi-omics research on a rare case of
 NEG patient who was limited and observational, which needs
linical cohort validation and systematic mechanistic research 
ith larger sample sizes [ 34 , 35 ]. As with scRNA-seq studies of
ther glomerular diseases [ 36 ], the number of glomerular cells
aptured in this study was limited. With the continuous develop-
ent of omics technologies, such as spatial transcriptomics and
patial proteomics [ 37 ], the current understanding of glomerular
iseases will be greatly improved. 
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