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The molecular mechanisms underlying renal damage of IgA nephropathy (IgAN) remain
incompletely defined. Here, single-cell RNA sequencing (scRNA-seq) was applied to
kidney biopsies from IgAN and control subjects to define the transcriptomic landscape at
single-cell resolution. We presented a comprehensive sScCRNA-seq analysis of human renal
biopsies from IgAN. We showed for the first time that IgAN mesangial cells displayed
increased expression of several novel genes including MALAT1, GADD45B, SOX4, and
EDIL3, which were related to cell proliferation and matrix accumulation. The
overexpressed genes in tubule cells of IQAN were mainly enriched in inflammatory
pathways including TNF signaling, IL-17 signaling, and NOD-like receptor signaling.
Furthermore, we compared the results of 4 IgAN patients with the published scRNA-
Seq data of healthy kidney tissues of three human donors in order to further validate the
findings in our study. The results also verified that the overexpressed genes in tubule cells
from IgAN patients were mainly enriched in inflammatory pathways including TNF
signaling, IL-17 signaling, and NOD-like receptor signaling. The receptor-ligand
crosstalk analysis revealed potential interactions between mesangial cells and other
cells in IgAN. IgAN patients with overt proteinuria displayed elevated genes participating
in several signaling pathways compared with microproteinuria group. It needs to be
mentioned that based on number of mesangial cells and other kidney cells analyzed in this
study, the results of our study are preliminary and needs to be confirmed on larger number
of cells from larger number of patients and controls in future studies. Therefore, these
results offer new insight into pathogenesis and identify new therapeutic targets for IgAN.
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INTRODUCTION

IgA nephropathy (IgAN) is the most common primary
glomerular disease worldwide (1, 2). IgAN takes a slow but
relentless clinical course which eventually progresses to end-
stage renal disease (ESRD) in 30-40% of patients within 20-30
years of diagnosis (3).

There is now strong evidence that IgAN is an autoimmune
disease, and a multi-hit hypothesis has been proposed to explain
the immunopathogenesis of IgAN (4-6). Other mechanisms
including mesangial- podocytic-tubular crosstalk, genetic
factors, and complement activation also participate in
pathogenesis of IgAN (6, 7). However, comprehensive analysis
of the cell types and molecular pathways that promote disease
progression is lacking.

Traditional bulk RNA sequencing (RNA-seq) is a powerful
tool to profile transcriptomic variations in different diseases.
However, bulk RNA-seq only evaluates the average gene
expression of a large population of cells in the tissue (8). The
fast development of single-cell RNA sequencing (scRNA-seq)
technology allows the inquiry of transcriptomic profiles and
signaling pathways in diverse cell types from a given sample
simultaneously, and unlike bulk RNA-seq, it can define
comprehensive gene sets at the single-cell level (9, 10).
Recently, this new methodology has been employed in various
renal diseases (11-14). In the present study, we applied scRNA-
seq to kidney samples from patients with IgAN to identify gene
expression at the single cell level, and explore novel cellular
interactions and crucial molecular pathways contributing to the
disease development.

METHODS

Ethical Approval and Consent

Samples were collected as part of the Kidney Precision Medicine
Study which was approved by the Medical Ethics Committee of
the Xiangya Hospital of Central South University for Human
Studies (approval number 201711836). All subjects provided
written informed consent, and all experiments were performed
in accordance with study protocol.

Public Dataset Acquisition and Processing
The scRNA-Seq data of healthy kidney tissues of three human
donors were downloaded from the Gene Expression Omnibus
(GSE131685). We reproduced the downstream analysis using the
code provided by the author in the original paper. We applied
Harmony to integrate samples and performed downstream
analysis using Seurat (version 3.1, Satija Lab, https://satijalab.
org/seurat/). All gene expression was normalized and scaled
using NormalizeData and ScaleData. Top 2,000 variable genes
were selected by FindVariableFeautres for PCA analysis.
Clustering analysis using FindClusters was performed by first
reducing the gene expression matrix to the first 20 principal
components and then using a resolution of 0.3 for graph-
based clustering.

Clinical Sample Procurement

Kidney specimens from four newly diagnosed IgAN patients
were obtained from department of nephrology in Xiangya
Hospital, Central South University. Kidney sample as a portion
of renal core needle biopsies by 18-gauge needles indispensable
for clinical diagnosis was obtained from consented IgAN
patients. Control kidney tissues were collected at one site by
needle biopsy of living donor kidneys after removal from the
donor and before implantation to the recipient. Only small
amount (2-3 mg) of renal biopsy was acquired for the scRNA-
seq procedure. Kidney tissues were cleaned with sterile PBS
after obtainment.

Kidney Sample Processing

and Single-Cell Dissociation

The fresh kidney sample was placed into the GEXSCOPE Tissue
Preservation Solution (Singleron Biotechnologies) immediately
at 2-8°C (15). After washed by Hanks Balanced Salt Solution
(HBSS) for three times, biopsy sample was cut into small pieces
(1-2 mm). Subsequently, sample was digested in 2 ml
GEXSCOPE Tissue Dissociation Solution (Singleron
Biotechnologies) in a 15 ml centrifuge tube by continuous
agitation maintained at 37°C for 15 min. Sample was then
filtered through a 40-pum sterile cell strainer (Corning). After
centrifuged at 1,000 rpm for 5 min at 4°C, cell pellets were
resuspended with 1 ml phosphate buffer saline (PBS) (HyClone).
The cell suspension was incubated with 2 ml GEXSCOPE Red
Blood Cell Lysis Buffer (Singleron Biotechnologies) for 10 min at
25°C to remove red blood cell. After centrifuged at 1,000 rpm for
5 min, the cell pellet was resuspended with PBS. Then cells were
counted using a TC20 automated cell counter (Bio-Rad). Live
cells were determined by trypan blue staining (Gibco). If the cell
viability exceeded 85%, the subsequent sample processing
was performed.

Library Preparation and Preprocessing

of scRNA-Seq Data

The single-cell suspension was adjusted to a concentration of 1 x
10° cells/ml in PBS. Subsequently, single cell suspension was
loaded onto the microfluidic chip. The single cell RNA-seq
libraries were prepared following the manufacturer’s protocols
(Singleron GEXSCOPE Single Cell RNA-seq Library Kit,
Singleron Biotechnologies) (15). The captured single cell RNA-
seq libraries were sequenced were sequenced by using an
Mlumina HiSeq X10 instrument and 150 bp paired-end reads.

Marker Genes Analysis in Different

Cell Types

After cell cluster identification, the marker genes of each cell
population in kidney were determined relative to other cell
clusters with the “Wilcox” (Likelihood-ratio test) using the
FindAllMarkers function in Seurat. The selected marker genes
were expressed in over 10% of the cells in one cluster and average
log (Fold Change) was more than 0.25. The heatmap was
completed by the top 20 marker genes of each cell cluster.
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Differentially Expressed Genes
Identification Between Groups

We identified differentially expressed genes (DEGs) in each cell
cluster of kidney by comparing the transcriptional profile of
IgAN and control subjects. The DEGs of each cell cluster
between the two groups were defined with the "wilcox"
(Likelihood-ratio test) by the FindAllMarkers function in
Seurat. Avg.exp replied the average expression of the gene in
the cell type. The gene with absolute value of average log (Fold
Change) exceeded 0.25 and P value smaller than 0.05 was
identified as differentially expressed gene.

Enrichment and Cell Interaction Analysis
Gene ontology (GO) and Kyoto encyclopedia of genes and
genomes (KEGG) enrichment analysis were performed by
“cluster Profiler” R package. We also conducted cell the
analysis of cell interactions via Cellphone DB.

RESULTS

A total of five renal biopsy specimens were collected from
patients with IgAN (n = 4), and healthy control (n = 1)
obtained from living donor kidney. All four IgAN patients had
proteinuria ranged from 0.27 to 2.57 g per 24 h. IgAN subjects
were divided into microproteinuria and overt proteinuria group.
Microproteinuria which was determined as daily urinary protein
excretion amount 20-300 mg (16), was observed in one IgAN
patient (25%). Overt proteinuria which was defined as daily
urinary protein excretion exceeding 300 mg (16), was observed in
three IgAN subjects (75%). The estimated glomerular filtration
rate (eGFR) of IgAN patients ranged from 32.72 to 114.09 ml/
min/1.73m” (81.83 + 38.07 ml/min/1.73m?). Serum IgA
concentration was elevated in one patient (Supplemental
Table 1). IgAN subjects had no coexistent diseases such as
diabetes and lupus. Other secondary kidney diseases were also
excluded. At the time of biopsy, all IgAN patients have not
received any medications including RAAS blockers in the past.
The information about blood pressure was shown in
Supplemental Table 1. The living relative donor was a 41-
year-old male, with no history of diseases including
hypertension and diabetes. His creatinine was 0.94 mg/dl, and
eGFR was 100.47 ml/min/1.73m> He has not been prescribed
any medications in the past.

Cell Lineage in Kidney Identified

by scRNA-seq

A total of 20,570 cells were isolated and sequenced in five
specimens. The cell viability ranged from 85 and 91%
(Supplemental Table 2). We performed data pre-processing
and quality control, then got the transcriptomic data. Fourteen
distinct cell clusters were defined using unsupervised clustering
analysis, and labeled according to lineage-specific marker gene
expression (Figure 1A). Enrichment of different cell clusters was

calculated for each subject respectively (Figure 1B). The
numbers of cells in each cluster in kidney from individual
patients and control were provided in Supplemental Table 8.
Bar plots represented frequency of cell clusters in kidney of each
subject (Figure 1C). The expression of top 20 marker genes for
each cell population among 14 clusters proved the reliability of
cell classification method (Figure 1D and Supplemental Table
7). Figure 1E and Table 1 showed each cell population identified
by selected cell lineage-specific marker gene expression.

Identification of Gene Expression Changes
in Glomerulus of IgAN Subjects

We next compared transcriptomes of intrinsic renal cells from
glomerulus in IgAN patients with healthy counterpart. Entire
lists of cell-type-specific DEGs were displayed in Supplemental
Table 3. We defined representative DEGs in mesangial cells,
endothelial cells, and podocytes through comparing the
transcriptional profile of IgAN and control subjects (Figure
2A). Detailed information about DEGs in each cell cluster in
kidney from IgAN and control subjects were displayed in
Supplemental Table 9.

Overexpression of several genes (MALATI, GADD45B, SOX4,
and EDIL3) in IgAN mesangial cells were reported here for the
first time. MALATI, a highly conserved nuclear long non-coding
RNA molecule, which is implicated in extracellular matrix
(ECM) production, oxidative stress, and fibrosis (17), was
upregulated in IgAN mesangial cells. GADD45B, a member of
the growth arrest and DNA damage related gene family, has been
proved to play significant roles in DNA damage, cell growth, and
apoptosis (18). GADD45B probably participated in podocytes
injure of focal segmental glomerular sclerosis (FSGS) (19). The
effects of tumor related genes (SOX4 and EDIL3) in IgAN need
further clarification. FOS is a member of the FOS gene family
which acts as a regulator of cell proliferation, differentiation, and
apoptosis (20). One recent study demonstrated that FOS
expression was enriched in IgAN patients with important roles
in mesangial proliferation and glomerular sclerosis (21).
Consistently, gene expression profiles showed FOS expression
was elevated in mesangial cells of IgAN. GO enrichment analysis
showed DEGs in the mesangial cells were enriched for biologic
processes including integrin binding and ion channel binding
(Figure 2C).

In order to further validate the findings in our study, we
compared the results of four IgAN patients with the published
kidney cell atlas data downloaded from the Gene Expression
Omnibus (GSE131685). As shown in Supplemental Table 10,
compared with our previous data, there were more highly
expressed DEGs in IgAN mesangial cells and endothelial cells.
Consistent with our previous findings, we also detected
overexpression of several genes (GADD45B, FOS, ID2, and
MT-RNR1) in IgAN mesangial cells. Furthermore, several
genes (SOX4, MT-RNR1, PECAM1, UTRN, MTATP6P1, and
MT-ND4L) were also found to be upregulated in IgAN
endothelial cells.

As shown in Figure 2A, IgAN podocytes had increased
expression of the serine protease PRSS23, which has been
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FIGURE 1 | Cell lineage analysis by comprehensive single-cell RNA-sequencing in IgAN and control subjects. (A) Fourteen distinct cell clusters identified by UMAP
plotting, and clusters were colored and labeled distinctively. The color of cells represented the group origin. (B) UMAP plot of cell clusters from different subjects of
IgAN patients (n = 4) and control (n = 1). The color of cells reflected the individual origin. (C) Bar plots represented frequency of cell clusters in kidneys from different
subjects. Blocks represented different subjects, and block height was in proportion to the number of cells. (D) Heatmap of top 20 specific marker genes for each
cluster from kidney. Each column represented a kind of cell cluster, and each row corresponded to marker gene for individual cluster. (E) Violin plot of selected
marker genes that identified the clusters generated by UMAP plotting. It was colored by different cell subtypes. Abbreviations were as follows: PTC, proximal tubule
cells; LOH, loop of Henle cells; PC, principal cells; IC, intercalated cells; DTC, distal tubule cells; EC, endothelial cells; POD, podocytes; MES, mesangial cell; SMC,
smooth muscle cells; DC, dendritic cells; MC, macrophages; MON, monocytes; CC, cycling cells; FIB, fibroblasts.

TABLE 1 | Cell-lineage-specific marker genes

of different cell types.

Cell type

Marker genes

Mesangial cells (MES)
Endothelial cells (EC)
Phagocytes (POD)
Proximal tubular cells (PT)
Distal tubular cells (DT)
Loop of Henle cells (LOH)
Principal cells (PC)
Intercalated cells (IC)
Macrophages (MC)
Monocytes (MON)
Dendritic cells (DC)
Fibroblasts (FIB)

Smooth muscle cells (SMC)
Cycling cells (CC)

FN1, FHL2, CTGF, MYL9
PECAM1, VWF, CLDN5, ACKR1
NPHS2, PODXL, PTPRO

CUBN, SLC13A1, LRP2, ALDOB
SLC12A3, CALB1, SLC8A1
UMOD, SLC12A1, CLDN16
AQP2, AQP3

SLC26A7, SLC4A1, ATPGV1G3
LYZ, CD68, MRC1, C1QA, C1QB
LYZ, VCAN, CD14, FCN1

CD1C, CD1E, FCER1A, CLEC10A
LUM, COL1A1, DCN

ACTA2, TAGLN, MYH11, MYLK
TOP2A, MKI67

demonstrated to be highly expressed in the glomeruli of human
fibrotic kidneys and may play a pathogenic role in renal fibrosis
(22). NGF, a protective factor overexpressed in the kidney of
various renal disorders (23), was elevated in podocytes of IgAN.
As a growth factor, NGF protects immune and non-immune cells
from apoptotic cell death and might be involved in kidney
physiopathology in previous findings (23). IgAN podocytes
expressed increased HESI, which acts as an effector of Notch
signaling pathway. It was reported previously that HESI
expression in podocytes mediated epithelial to mesenchymal
transition (EMT) (24). We found that DEGs included
overexpressed cellular adhesion gene (SELP and PECAMI) and
angiogenesis (XIPS) in glomerular endothelial cells of IgAN.
IgAN endothelial cells also expressed increased levels of the
transcription factor SOX4, a central component of TGF-f3
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FIGURE 2 | DEGs and intercellular signaling in glomerulus and immune cells of IgAN and control subjects. (A) Representative DEGs in mesangial cells, endothelial
cells and podocytes in kidney by comparing the transcriptional profile of IgAN and control subjects. (B) Representative DEGs in monocytes and macrophages by
comparing the transcriptional profile of IgAN and control subjects. (C) GO enrichment analysis displayed that upregulated DEGs were involved in some biological
processes in mesangial cells comparison with control subject. (D, E) GO and KEGG enrichment analysis revealed DEGs were mainly enriched in some biological
processes and pathways in endothelial cells and glomerular endothelial cells respectively. Abbreviations were as follows: pct.exp, percentage of cells expressing
gene; count, number of genes annotated to GO terms or KEGG pathway.

signaling to mediate EMT in various types of cancer (25), which
has not been reported in IgAN yet. The elevated expression of
atypical chemokine receptor ACKRI was displayed in IgAN
endothelial cells. ACKRI, which is enriched within endothelial
junction, has a role in supporting leukocyte recruitment (26).
Interestingly, endothelial cell cluster highly expressed the
endothelial extracellular endonuclease RNASEI, acting as a key

regulator to maintain endothelial homeostasis and protect the
endothelial layer (27). Furthermore, endothelial cells were
divided into glomerular endothelial cells and vascular
endothelial cells. GO and KEGG enrichment analysis showed
DEGs in the endothelial cells were enriched for the biologic
processes or signaling including positive regulation of cell-matrix
adhesion, apoptotic signaling, and oxidation (Figures 2D, E).
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Tubular Cells From IgAN Patients Were
Enriched With Inflammatory, Matrix
Remodeling and Related Signatures

The epithelial cells were obtained and sub-clustered into five
groups based on marker genes. We also identified representative
DEGs in renal tubules in IgAN and control subjects (Figure 3A
and Supplemental Table 4). Altered signaling networks in the
tubular cells were identified in IgAN subjects. Comparison of
proximal tubule cells from IgAN and control subjects revealed
upregulation of genes participating in TNF signaling, IL-17
signaling, NOD-like receptor signaling, and regulating
leukocyte transendothelial migration (Figure 3B). Comparison
of the DEGs in the distal tubule cells revealed enrichment of
genes participating in MAPK cascade, p38MAPK cascade in
IgAN (Figure 3C). The loop of Henle cells in IgAN had increased
genes participating in TNF signaling, IL-17 signaling, Th17 cell
differentiation, NOD-like receptor signaling. Moreover, genes
participating in PI3K-Akt signaling, including ITGB6, ITGBS,
and YWHAH, were increased in the loop of Henle cells in IgAN.
Also, genes participating in Toll-like receptor signaling,
including SPP1, JUN, and FOS were increased in the loop of
Henle cells in IgAN (Figure 3D).

As illustrated in Figures 3E, F, principal cells and intercalated
cells were enriched for genes participating in TNF signaling, IL-
17 signaling, Th17 cell differentiation in IgAN. Furthermore,
NFKBIA, TXNIP, CXCL3, and CXCL2, which were all get
involved in NOD-like receptor signaling regulation (28), were
increased both in principal cells and intercalated cells. Further
studies are needed to elucidate NOD-like receptor signaling in
pathogenesis of IgAN.

As shown in Supplemental Tables 11 and 12, we compared
the results of four IgAN patients with the published kidney cell
atlas data in order to further validate the findings in our study.
The tubular epithelial cells were sub-clustered into five groups.
Many altered signaling networks in renal tubular cells were also
identified and validated in IgAN subjects. Interestingly,
comparison of the DEGs in the proximal tubular cells from
IgAN patients also revealed enrichment of genes participating in
TNF signaling, IL-17 signaling, and NOD-like receptor signaling.
Distal tubular cells from IgAN subjects had elevated expression
of genes participating in IL-17 signaling. The loop of Henle cells
in IgAN also had increased genes participating in TNF signaling,
IL-17 signaling, Th17 cell differentiation, NOD-like receptor
signaling, and PI3K-Akt signaling. Consistently, principal cells
were also enriched for genes participating in TNF signaling, IL-
17 signaling, and NOD-like receptor signaling in IgAN.

Identification of Gene Expression

Changes in Immune Cells in Kidney

of IgAN Subjects

We identified leukocytes which were composed of macrophages,
monocytes, and dendritic cells in kidney sample of IgAN
patients, which was consistent with previous research (29).
However, significant numbers of some leukocyte
subpopulations including T cells in kidney were not detected,
that might be a potential limitation due to either dissociation

technical limitation and/or the cell number below our detection
limit, as the infiltration and effect of renal T cells in pathogenesis
of IgAN is well-proven (30). Because few numbers of leukocytes
appear in control, we used two peripheral blood mononuclear
cell (PBMC) datasets specimens commonly available as control
(31, 32).

Dataset integration showed DEGs of monocyte and
macrophage subsets (Supplemental Table 5). GPX3, a member
of glutathione peroxidase family, which could protect cells
against oxidative stress (33), was reduced in renal macrophages
of IgAN. As illustrated in Figure 2B, macrophages from kidney
in IgAN displayed decreased expression of FAM49B, which is
primarily localized in the mitochondria and its downregulation
leads to increased fission and mitochondrial reactive oxygen
species (ROS) production (34). FCGBP, a negative regulator of
EMT, which is proved to have the function of cell protection and
anti-inflammation in tissues (35), was under-expressed in
macrophages from kidney of IgAN.

Comparative Analysis Identify Cell-Cell
Crosstalk in IgAN Through Ligand-
Receptor Interactions Analysis

Exploring the intercellular communication and signaling
network may provide new opportunities to identifying new
therapeutic targets in IgAN. Potential interactions of receptors
and ligands in distinct cell types of kidney were presented
(Figure 4A). IgAN mesangial cells expressed CXCLI and a
potent monocyte-attracting chemokine CCL2. CXCLI, a
member of the CXC chemokine family, serves as a mesangial-
derived adjuster to induce damage of other cells in IgAN, other
than its neutrophil chemoattractant ability (36). We found
CXCL1 and CCL2 expressed in mesangial cells might both
interact with the chemokine receptor ACKRI expressed at
endothelial junctions. In addition, mesangial cells expressed
JAGGEDI, and its receptor NOTCH4, was expressed in
endothelial cells, indicating involvement of Jagged/Notch
signaling pathways in pathogenesis of IgAN (Figure 4B).
Mesangial cells expressed the growth factors FGF2 and
PDGEFD, which promote proliferation and matrix-production
of mesangial cells by interacting with their respective receptors
FGFR1 and PDGFRB expressed in podocytes or Loop of Henle
(Figures 4C, D). PDGFRB, indicating a potential mechanism for
mesangial proliferation and renal fibrosis (37), was also
expressed in fibroblasts (Figure 4E). Similarly, ligand-receptor
pair analysis could be performed for the remaining interactions
between different cells of interest for further study.

DEGs and Pathway Analysis in Kidney
From IgAN Patients With Overt Proteinuria
Compared With IgAN Patients With
Microproteinuria

The gene expression profile was compared between IgAN
subjects with microproteinuria and overt proteinuria. Detailed
information of cell-type-specific DEGs in two groups of IgAN
was shown in Supplemental Table 6. The gene expression profile
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FIGURE 3 | DEGs and intercellular signaling in tubules of IgAN and control subjects. (A) Representative DEGs in proximal tubule cells, distal tubule cells, loop of Henle cells, principal cells, and intercalated cells by
comparing the transcriptional profile of IgAN and control subjects. (B) GO enrichment analysis displayed that upregulated DEGs in proximal tubule cells were enriched in some biological processes, KEGG analysis
showed these genes in proximal tubule cells were mainly involved in the pathways, such as TNF signaling, IL-17 signaling, and NOD-like receptor signaling pathway. (C-F) GO and KEGG enrichment analysis of
DEGs in distal tubule cells, loop of Henle cells, principal cells, and intercalated cells respectively comparing IgAN to control subjects. Abbreviations were as follows: pct.exp, percentage of cells expressing gene;
count, number of genes annotated to GO terms or KEGG pathway.
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LOH

FIGURE 4 | Possible ligand-receptor interactions between different cell types in the kidney of IgAN patients. (A) Ligand-receptor signaling pathways between cell
clusters in the kidney were analyzed and shown. (B) Representative ligand-receptor interactions between mesangial cells and endothelial cells. (C) Representative
ligand-receptor interactions between mesangial cells and podocytes. (D) Representative ligand-receptor interactions between mesangial cells and loop of Henle cells.
(E) Representative ligand-receptor interactions between mesangial cells and fibroblasts. Lines represented interrelations between the mesangial cells and other cells.
Lines between the ligand and conjuncted receptor were shown. Each cell type was depicted by colors. Only IgAN patients (n = 4) were analyzed.
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in kidney of microproteinuria group was different from that of
overt proteinuria group. SPARC, an extracellular matrix-
associated glycoprotein, was significantly increased in
mesangial cells of overt proteinuria group, compared to
microproteinuria group. Overexpression of SPARC has been
shown to colocalize with collagen, and participate in
extracellular matrix deposition and renal fibrosis (38). IgAN
patients with overt proteinuria exhibited higher mesangial
expression of ROCK2, compared with microproteinuria group,
indicating it might be a new potential therapeutic target for
IgAN. Previously, ROCK2 has been proved to promote mesangial
proliferation and ECM production by strengthening the
inflammatory process and fibrotic circuitry in diabetic
nephropathy (39). Furthermore, in comparison to
microproteinuria group, overt proteinuria group showed
upregulated endothelial TXNIP expression, which facilitates
oxidative stress and inflammatory response (40). Also,
SPARCLI and CD74, which are involved in the regulation of
cell adhesion, migration, and proliferation, were higher in
endothelial cells of the overt proteinuria group compared to
the microproteinuria group (41, 42).

Comparison of the DEGs in mesangial cells displayed
enrichment of genes participating in complement activation
and alternative pathway in IgAN with overt proteinuria in
comparison to microproteinuria (Figure 5A). Endothelial cells
in IgAN with overt proteinuria had increased genes involved in
extracellular matrix binding and cell-substrate adherens junction
(Figure 5B). Furthermore, genes involved in many pathways
including leukocyte transendothelial migration, chemokine
signaling, and type I interferon signaling pathway were
increased in proximal tubule cells of IgAN subjects with overt
proteinuria (Figures 5C, D). The loop of Henle cells had elevated
genes participating in ECM-receptor interaction, interferon-
gamma-mediated signaling, and neutrophil activation (Figures
5E, F). Correspondingly, principal cells had elevated genes
involved in granulocyte activation and p38MAPK cascade
(Figure 5G). Intercalated cells had increased genes involved in
interferon-gamma-mediated signaling pathway and T cell
costimulation in IgAN with overt proteinuria compared with
microproteinuria group (Figure 5H).

DISCUSSION

In this study, we comprehensively generated profiles of distinct
cell types and gene expression in kidney biopsy specimen using
scRNA-seq in IgAN subjects and living donor control. We also
verified that scRNA-seq analysis of kidney sample obtained from
IgAN patients was a feasible and effective technique. We
presented a comprehensive scRNA-seq analysis of human renal
biopsy tissue from IgAN. Our findings revealed upregulation of
cell proliferation and cell adhesion related genes and activation
of inflammatory pathways by comparing DEGs in different cell
populations. Our study provided several novel insights into
pathogenesis of human IgAN through detecting and analyzing

cell subpopulations, cell-type-specific gene expression, and
distinct signaling pathways.

Although the exact pathogenesis has not been fully elucidated,
increased polymeric IgA deposition in the mesangium within the
kidney is the characteristic of IgAN (2). Also, it is considered
universally that hypercellularity of mesangial cells and mesangial
expansions represent primary pathological mechanisms in the
development of IgAN (43). In this study, we show for the first
time, several upregulated genes (MALATI, GADD45B, SOX4,
and EDIL3) in IgAN mesangial cells. Their overexpression might
be related to mesangial cells proliferation and matrix
accumulation. Only few studies have reported that
upregulation of GADD45B expression participating in
podocytes injury of FSGS (19). There were no published
studies about MALATI in kidney diseases so far. These
findings suggested mesangial expression of these genes might
emerge as novel potential biomarker and therapeutic targets
underlying IgAN.

Glomerular endothelial proliferation and adhesion are
involved in progression of IgAN, and the upregulation of
adhesion molecules in endothelial cells correlates with severity
of glomerular inflammation in IgAN (44). The overexpressed
genes in our investigation were mainly enriched in the processes
of cell-matrix adhesion, leukocyte migration, and EMT. SCRNA-
seq detected several genes which have not been reported in IgAN
previously. Glomerular endothelial cells had upregulated genes
of regulators of angiogenesis (XIPS), leukocyte adhesion
molecules (PECAM1I), EMT (SOX4), and leucocyte recruitment
(ACKRI). Among them, XIPS was not reported previously in
kidney pathologies. Together, these observations indicate that
these glomerular endothelial cells alterations may be involved in
pathogenesis of IgAN, the significance and specificity of these
markers need further investigation to validate.

We also detected DEGs and related signaling pathways in
tubule cells from IgAN subjects and control. A growing body of
literature indicates that the tubulointerstitial inflammation and
fibrosis are common features of chronicity and disease
development, and renal prognosis correlates more closely with
the degree of tubulointerstitial injury than the severity of
glomerular lesions. The crucial role of tubular epithelial cells in
IgAN has also been suggested (45). Our findings showed the
overexpressed genes in proximal tubule cells were mainly
enriched in TNF signaling, IL-17 signaling, and leukocyte
transendothelial migration. TNF signaling pathway plays a
crucial role in a variety of physiological and pathological
processes, including cell proliferation, apoptosis, differentiation,
induction of inflammation, and regulation of immune reactions,
and it also acts as a pathogenic signaling in progression of IgAN
(46, 47). T-cell-derived cytokine IL-17 and related signaling can
activate downstream pathways including NF-kappa B and
MAPKSs to increase the expression of pro-inflammatory
cytokines and chemokines (48). IL-17 signaling has been
implicated in promoting inflammatory cytokines release,
leukocytes recruitment, and progression of kidney injury in
IgAN (49). Our group previously found that IgAN mice had
increased elevated frequency of Th17 cells, and Th17-related
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FIGURE 5 | DEGs involved in biological process and intercellular signaling in kidney from IgAN patients with overt proteinuria compared to microproteinuria.
(A, B) GO enrichment analysis in mesangial cells and endothelial cells respectively between IgAN patients with overt proteinuria and with microproteinuria. (C-F) GO
and KEGG enrichment analysis in proximal tubule cells and loop of Henle cells. (G, H) GO enrichment analysis in principal cells and intercalated cells between IgAN
patients with overt proteinuria and with microproteinuria. Abbreviations were as follows: count, number of genes annotated to GO terms or KEGG pathway.

cytokines including IL-17A and CCL20 were all increased in the
kidneys (50). In our study, TNF signaling and IL-17 signaling
were also observed in other tubule cells including loop of Henle
cells, principal cells, and intercalated cells, indicating the effects
of these signaling may be extensive in IgAN. Interestingly, we
identified elevated genes participating in NOD-like receptor
signaling in tubule cells including proximal tubule cells, loop of

Henle cells, principal cells, and intercalated cells. NOD-like
receptor signaling can translate danger recognition into the
production of proinflammatory cytokines and chemokines, and
play a critical role in human diseases (28). One previous study
has shown that NLRP3, a member of NLRs, localized mainly to
the tubular epithelium, and increased NLRP3 expression
correlates with better clinical prognosis in IgAN patients (51).
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Furthermore, a prior study from our group showed that kidney
tissue NLRC5 expression was significantly increased in the [gAN
compared to that in the healthy control (52). Therefore, our
novel finding about the upregulated genes involved in NOD-like
receptor signaling will provide new insights into in pathogenesis
of IgAN. Furthermore, in order to further validate the findings in
our study, we compared the results of four IgAN patients with
the published scRNA-Seq data of healthy kidney tissues of three
human donors. The results also verified that the overexpressed
genes in tubule cells from IgAN patients were mainly enriched in
inflammatory pathways including TNF signaling, IL-17
signaling, and NOD-like receptor signaling.

By analyzing the receptor-ligand crosstalk among distinct cell
types in kidney of IgAN, we determined intercellular signaling
networks. For example, fibrotic related signaling and chemokine
signaling pathway were observed in kidney of IgAN. We found
mesangial cells expressed the growth factors FGF2 and PDGFD
indicative of a fibrotic reaction, which interacted with their
respective receptors FGFRI and PDGFRB detected in resident
kidney cells including podocytes and fibroblasts. The FGF and
PDFG pathways are associated with ECM accumulation and
renal fibrotic processes (37). We also found chemokines CXCLI
and CCL2 in mesangial cells interacted with their chemokine
receptor ACKRI expressed in endothelial junctions, implying
renal resident cells cross-talk may serve as modulator for
immune cells recruitment and infiltration in the kidney.
Further confirmation of these interactions would be important
for developing novel therapeutic targets.

In order to explore molecular signatures in IgAN patients
with different degrees of proteinuria, we examined
transcriptomics of different cell clusters in kidney. Genes
involved in mesangial proliferation and ECM production
(SPARC, ROCK2) were upregulated in mesangial cells from
IgAN subjects with overt proteinuria compared to
microproteinuria group. DEGs analysis of kidney also revealed
that higher expression of genes (TXNIP, SPARCLI, and CD74),
which participated in cell adhesion, migration, and
inflammation, were also displayed in endothelial cells of kidney
from overt proteinuria group than microproteinuria group.
Interestingly, we also found genes participating in diverse
biological processes and signaling pathways including
complement activation, leukocyte transendothelial migration,
chemokine signaling, and type I interferon signaling pathway,
were increased in diverse cell clusters of kidney from IgAN with
overt proteinuria. Our dataset may indicate new mechanisms
correlating with different degrees of proteinuria in the
progression of IgAN.

Infiltration of immune cells in renal tissue of IgAN patients
have been found in clinicopathologic studies previously (30). It
has been reported that interstitial or glomerular immune cells,
especially macrophages/monocytes accumulation are related to
proteinuria and renal damage in IgAN (29). Similarly, our
research revealed an elevated number of macrophages,
monocytes, and dendritic cells in kidney samples of IgAN
subjects. Compared with publicly available PBMC control,
infiltrating IgAN macrophages have decreased expression of

genes (GPX3, FAM49B, and FCGBP), which are cell protective
factors mainly related with anti-oxidation and anti-fibrosis.
Therefore, these alterations may elicit the oxidative and
inflammatory response in kidney of IgAN.

However, our study had several limitations. First, the sample
size in this research was relatively small. Increasing number of
samples is needed to reflect the disease severity and stages, and
limit the heterogeneity and individual variation in IgAN in future
study. Second, we detected relatively few leukocytes and some
resident glomerular cells such as podocytes, which might not
reflect whole gene expression status at different parts and times.
It might reflect dissociation bias of scRNA-seq technology.
Third, the above novel findings were only indicated at the
transcriptomic level in IgAN. Fourth, as no other kidney
disease control group was included in this study, the changes
of DEGs are not specific for IgAN and the changes may be
generic to being proteinuria or glomerular inflammation. Fifth,
based on number of mesangial cells and other kidney cells
analyzed (Supplemental Table 8), the results of our study are
preliminary and needs to be confirmed on larger number of cells
from larger number of patients and controls in future studies.
Furthermore, the results discovered in our study need further
validation using tissue staining, functional studies in vitro using
cell lines or primary human cells, and animal models of IgAN.

Collectively, this study showed cell-specific transcriptional
profiles in kidney, and identified several novel genes, involved
signaling pathway and potential pathologic ligand-receptor
interaction in IgAN patients. SCRNA-seq of kidney tissues
revealed new insights into molecular signatures and provided
potential targets for the treatment of IgAN.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: Gene Expression
Omnibus, GSE171314.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Ethics Committee of the Xiangya Hospital
of Central South University. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

YZ, RT, TM, WL, and XX conceived and designed the research;
YZ, RT, JO, and XX wrote the paper; JO, PE, XA, and WP, QZ,
and PX revised the paper; TM, WL, YZ, YT, and ZX carried out
experiments; RT, TM, WL, and CS generated and provided
analytical tools; JC, RT, YZ, XX, CS, PJ, and XD analyzed data.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 645988


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

ScRNA-seq of IgA nephropathy

All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by the National Key R&D Program of
China (2020YFC2005000 to XX), the National Natural Science
Foundation of China (81800641 to TM and 81500559 to RT), the
Key Research and Development Program of Hunan province
(2018WK2060 to XX and 2020WK2008 to YZ), the science and
technology innovation Program of Hunan Province
(2020RC5002 to JO), the Natural Science Foundation of
Hunan Province (2018]J3818 to RT), Chinese Society of
Nephrology (18020010780 to YZ).

ACKNOWLEDGMENTS

Parts of the present study have been accepted as a Mini-Oral at
the 58th ERA-EDTA Congress, which will be organised from
June 5 to 8, 2021.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
645988/full#supplementary-material

Supplemental Table 1 | Demographic and biochemical characteristics of
patients with IgAN.

REFERENCES

1. Berger J, Hinglais N. Intercapillary deposits of IgA-IgG. ] Urol Nephrol (Paris)
(1968) 74:694-5.

2. Roberts IS. Pathology of IgA nephropathy. Nat Rev Nephrol (2014) 10:445-54.
doi: 10.1038/nrneph.2014.92

3. Lai KN, Tang SC, Schena FP, Novak J, Tomino Y, Fogo AB, et al.
IgA nephropathy. Nat Rev Dis Primers (2016) 2:16001. doi: 10.1038/
nrdp.2016.1

4. Suzuki H, Kiryluk K, Novak J, Moldoveanu Z, Herr AB, Renfrow MB, et al.
The pathophysiology of IgA nephropathy. ] Am Soc Nephrol (2011) 22:1795-
803. doi: 10.1681/ASN.2011050464

5. Mestecky J, Raska M, Julian BA, Gharavi AG, Renfrow MB, Moldoveanu Z,
et al. IgA nephropathy: molecular mechanisms of the disease. Annu Rev
Pathol (2013) 8:217-40. doi: 10.1146/annurev-pathol-011110-130216

6. Magistroni R, D’Agati VD, Appel GB, Kiryluk K. New developments in the
genetics, pathogenesis, and therapy of IgA nephropathy. Kidney Int (2015)
88:974-89. doi: 10.1038/ki.2015.252

7. Kiryluk K, Novak J. The genetics and immunobiology of IgA nephropathy.
J Clin Invest (2014) 124:2325-32. doi: 10.1172/JCI74475

8. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for
transcriptomics. Nat Rev Genet (2009) 10:57-63. doi: 10.1038/nrg2484

9. Treutlein B, Brownfield DG, Wu AR, Neff NF, Mantalas GL, Espinoza FH,
et al. Reconstructing lineage hierarchies of the distal lung epithelium using
single-cell RNA-seq. Nature (2014) 509:371-5. doi: 10.1038/nature13173

Supplemental Table 2 | Number and viability of cells in kidney from each
sample.

Supplemental Table 3 | DEGs in cell subtypes of glomerulus comparing IgAN
and control subjects. Abbreviations were as follows: pct.1, the percentage of cells
where the gene is detected in the first group (IGAN patients); pct.2, the percentage
of cells where the gene is detected in the second group (control subject); avg logFC,
log fold-change of the average expression between the two groups, positive values
indicate that the gene is more highly expressed in the first group.

Supplemental Table 4 | DEGs in tubular cells from IgAN and control subjects.
Supplemental Table 5 | DEGs in immune cells from IgAN and control subjects.

Supplemental Table 6 | DEGs in different cell clusters of kidney from IgAN
patients with overt proteinuria compared to microproteinuria.

Supplemental Table 7 | Top 20 marker genes of each cell type shown in heatmap

Supplemental Table 8 | Cell number of distinct clusters in kidney from each
subject

Supplemental Table 9 | Detailed information about DEGs in each cell cluster in
kidney from IgAN and control subjects. Abbreviations were as follows: avg.exp, the
average expression of the gene in the cell type; ave exp scaled, avg.exp after
normalization; pct.exp, percentage of cells expressing gene; feature plot
represented gene name.

Supplemental Table 10 | DEGs by cell type comparing four IgAN patients with
the published scRNA-Seq data of healthy kidney tissues of three human donors
downloaded from the Gene Expression Omnibus (GSE131685).

Supplemental Table 11 | Gene ontology enrichment analysis for individual cell
types performed with the “cluster Profiler” R package using DEGs (Supplementary
Table 10).

Supplementary Table 12 | Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analysis for individual cell types performed with the “cluster Profiler” R
package using DEGs (Supplementary Table 10).

10. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al.
Single-cell RNA-seq highlights intratumoral heterogeneity in primary
glioblastoma. Science (2014) 344:1396-401. doi: 10.1126/science.1254257
Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The
single-cell transcriptomic landscape of early human diabetic nephropathy. Proc
Natl Acad Sci USA (2019) 116:19619-25. doi: 10.1073/pnas.1908706116

Der E, Ranabothu S, Suryawanshi H, Akat KM, Clancy R, Morozov P, et al.
Single cell RNA sequencing to dissect the molecular heterogeneity in lupus
nephritis. JCI Insight (2017) 2:¢93009. doi: 10.1172/jci.insight.93009
Rudman-Melnick V, Adam M, Potter A, Chokshi SM, Ma Q, Drake KA, et al.
Single-Cell Profiling of AKI in a Murine Model Reveals Novel Transcriptional
Signatures, Profibrotic Phenotype, and Epithelial-to-Stromal Crosstalk. ] Am
Soc Nephrol (2020) 31:2793-814. doi: 10.1681/ASN.2020010052

Kim KT, Lee HW, Lee HO, Song HJ, Jeong da E, Shin S, et al. Application of
single-cell RNA sequencing in optimizing a combinatorial therapeutic strategy
in metastatic renal cell carcinoma. Genome Biol (2016) 17:80. doi: 10.1186/
$13059-016-0945-9

Li M, Liu H, Guo Y, Chen F, Zi X, Fan R, et al. Single symbiotic cell
transcriptome sequencing of coral. Genomics (2020) 112:5305-12.
doi: 10.1016/j.ygeno.2020.10.019

Shin M, Song SH, Kim JM, Kwon CH, Joh JW, Lee SK, et al. Clinical
significance of proteinuria at posttransplant year 1 in kidney transplantation.
Transplant Proc (2012) 44:610-5. doi: 10.1016/j.transproceed.2011.11.060
Zhang X, Hamblin MH, Yin KJ. The long noncoding RNA Malatl: Its
physiological and pathophysiological functions. RNA Biol (2017) 14:1705-
14. doi: 10.1080/15476286.2017.1358347

11.

12.

13.

14.

15.

16.

17.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 645988


https://www.frontiersin.org/articles/10.3389/fimmu.2021.645988/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.645988/full#supplementary-material
https://doi.org/10.1038/nrneph.2014.92
https://doi.org/10.1038/nrdp.2016.1
https://doi.org/10.1038/nrdp.2016.1
https://doi.org/10.1681/ASN.2011050464
https://doi.org/10.1146/annurev-pathol-011110-130216
https://doi.org/10.1038/ki.2015.252
https://doi.org/10.1172/JCI74475
https://doi.org/10.1038/nrg2484
https://doi.org/10.1038/nature13173
https://doi.org/10.1126/science.1254257
https://doi.org/10.1073/pnas.1908706116
https://doi.org/10.1172/jci.insight.93009
https://doi.org/10.1681/ASN.2020010052
https://doi.org/10.1186/s13059-016-0945-9
https://doi.org/10.1186/s13059-016-0945-9
https://doi.org/10.1016/j.ygeno.2020.10.019
https://doi.org/10.1016/j.transproceed.2011.11.060
https://doi.org/10.1080/15476286.2017.1358347
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

ScRNA-seq of IgA nephropathy

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Takekawa M, Saito H. A family of stress-inducible GADD45-like proteins
mediate activation of the stress-responsive MTK1/MEKK4 MAPKKK. Cell
(1998) 95:521-30. doi: 10.1016/50092-8674(00)81619-0

Shi S, Yu L, Chiu C, Sun Y, Chen J, Khitrov G, et al. Podocyte-selective
deletion of dicer induces proteinuria and glomerulosclerosis. ] Am Soc Nephrol
(2008) 19:2159-69. doi: 10.1681/ASN.2008030312

Qian W, Xiaoyi W, Zi Y. Screening and Bioinformatics Analysis of IgA
Nephropathy Gene Based on GEO Databases. BioMed Res Int (2019)
2019:8794013. doi: 10.1155/2019/8794013

Takemura T, Okada M, Akano N, Murakami K, Hino S, Yagi K, et al. Proto-
oncogene expression in human glomerular diseases. J Pathol (1996) 178:343—
51. doi: 10.1002/(SICI)1096-9896(199603)178:3<343::AID-PATH481>
3.0.CO2-H

LeBleu VS, Teng Y, O’Connell JT, Charytan D, Muller GA, Muller CA, et al.
Identification of human epididymis protein-4 as a fibroblast-derived mediator
of fibrosis. Nat Med (2013) 19:227-31. doi: 10.1038/nm.2989

Bonofiglio R, Antonucci MT, Papalia T, Romeo F, Capocasale G, Caroleo MC,
et al. Nerve growth factor (NGF) and NGF-receptor expression in diseased
human kidneys. ] Nephrol (2007) 20:186-95.

Asfahani RI, Tahoun MM, Miller-Hodges EV, Bellerby ], Virasami AK,
Sampson RD, et al. Activation of podocyte Notch mediates early Wtl
glomerulopathy. Kidney Int (2018) 93:903-20. doi: 10.1016/j.kint.2017.11.014
Hanieh H, Ahmed EA, Vishnubalaji R, Alajez NM. SOX4: Epigenetic
regulation and role in tumorigenesis. Semin Cancer Biol (2019) 67:91-104.
doi: 10.1016/j.semcancer.2019.06.022

Girbl T, Lenn T, Perez L, Rolas L, Barkaway A, Thiriot A, et al. Distinct
Compartmentalization of the Chemokines CXCL1 and CXCL2 and the
Atypical Receptor ACKR1 Determine Discrete Stages of Neutrophil
Diapedesis. Immunity (2018) 49:1062-76 e6. doi: 10.1016/j.immuni.
2018.09.018

Bedenbender K, Scheller N, Fischer S, Leiting S, Preissner KT, Schmeck BT,
et al. Inflammation-mediated deacetylation of the ribonuclease 1 promoter via
histone deacetylase 2 in endothelial cells. FASEB ] (2019) 33:9017-29.
doi: 10.1096/£j.201900451R

Saxena M, Yeretssian G. NOD-Like Receptors: Master Regulators of
Inflammation and Cancer. Front Immunol (2014) 5:327. doi: 10.3389/
fimmu.2014.00327

Ootaka T, Saito T, Soma J, Yusa A, Abe K. Mechanism of infiltration and
activation of glomerular monocytes/macrophages in IgA nephropathy. Am |
Nephrol (1997) 17:137-45. doi: 10.1159/000169087

Myllymaki JM, Honkanen TT, Syrjanen JT, Helin HJ, Rantala IS, Pasternack
Al et al. Severity of tubulointerstitial inflammation and prognosis in
immunoglobulin A nephropathy. Kidney Int (2007) 71:343-8. doi: 10.1038/
5j.ki.5002046

10X-Genomics. Data from “3k PBMCs from a Healthy Donor.” 10X Genomics
(2016). Available at: https://support.10xgenomics.com/single-cell-gene-
expression/datasets/1.1.0/pbmc3k (Accessed 14 April 2019).

10X-Genomics. Data from “4k PBMCs from a Healthy Donor.” 10X Genomics
(2017). Available at: https://support.10xgenomics.com/single-cell-gene-
expression/datasets/2.1.0/pbmc4k (Accessed 14 April 2019).

Reddy AT, Lakshmi SP, Banno A, Reddy RC. Role of GPx3 in PPARgamma-
induced protection against COPD-associated oxidative stress. Free Radic Biol
Med (2018) 126:350-7. doi: 10.1016/j.freeradbiomed.2018.08.014
Chattaragada MS, Riganti C, Sassoe M, Principe M, Santamorena MM, Roux
C, et al. FAMA49B, a novel regulator of mitochondrial function and integrity
that suppresses tumor metastasis. Oncogene (2018) 37:697-709. doi: 10.1038/
onc.2017.358

Xiong L, Wen Y, Miao X, Yang Z. NT5E and FcGBP as key regulators of TGF-
1-induced epithelial-mesenchymal transition (EMT) are associated with
tumor progression and survival of patients with gallbladder cancer. Cell
Tissue Res (2014) 355:365-74. doi: 10.1007/s00441-013-1752-1

Zhao YF, Zhu L, Liu LJ, Shi SF, Lv JC, Zhang H. Pathogenic role of glycan-
specific IgG antibodies in IgA nephropathy. BMC Nephrol (2017) 18:301.
doi: 10.1186/s12882-017-0722-3

Boor P, Ostendorf T, Floege J. PDGF and the progression of renal disease.
Nephrol Dial Transplant (2014) 29 Suppl 1:i45-54. doi: 10.1093/ndt/gft273

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pichler RH, Hugo C, Shankland SJ, Reed M]J, Bassuk JA, Andoh TF, et al.
SPARC is expressed in renal interstitial fibrosis and in renal vascular injury.
Kidney Int (1996) 50:1978-89. doi: 10.1038/ki.1996.520

Nagai Y, Matoba K, Kawanami D, Takeda Y, Akamine T, Ishizawa S, et al.
ROCK2 regulates TGF-beta-induced expression of CTGF and profibrotic
genes via NF-kappaB and cytoskeleton dynamics in mesangial cells. Am J
Physiol Renal Physiol (2019) 317:F839-F51. doi: 10.1152/ajprenal.00596.2018
Han Y, Xu X, Tang C, Gao P, Chen X, Xiong X, et al. Reactive oxygen species
promote tubular injury in diabetic nephropathy: The role of the mitochondrial
ros-txnip-nlrp3 biological axis. Redox Biol (2018) 16:32-46. doi: 10.1016/
j.redox.2018.02.013

Gagliardi F, Narayanan A, Gallotti AL, Pieri V, Mazzoleni S, Cominelli M,
et al. Enhanced SPARCLI expression in cancer stem cells improves preclinical
modeling of glioblastoma by promoting both tumor infiltration and
angiogenesis. Neurobiol Dis (2020) 134:104705. doi: 10.1016/j.nbd.
2019.104705

Pellowe AS, Sauler M, Hou Y, Merola J, Liu R, Calderon B, et al. Endothelial
cell-secreted MIF reduces pericyte contractility and enhances neutrophil
extravasation. FASEB J (2019) 33:2171-86. doi: 10.1096/j.201800480R

Liu P, Lassen E, Nair V, Berthier CC, Suguro M, Sihlbom C, et al.
Transcriptomic and Proteomic Profiling Provides Insight into Mesangial
Cell Function in IgA Nephropathy. ] Am Soc Nephrol (2017) 28:2961-72.
doi: 10.1681/ASN.2016101103

Kusano T, Takano H, Kang D, Nagahama K, Aoki M, Morita M, et al.
Endothelial cell injury in acute and chronic glomerular lesions in patients with
IgA nephropathy. Hum Pathol (2016) 49:135-44. doi: 10.1016/j.humpath.
2015.10.013

Lai KN, Chan LY, Leung JC. Mechanisms of tubulointerstitial injury in IgA
nephropathy. Kidney Int Suppl (2005) 94:5110-5. doi: 10.1111/j.1523-
1755.2005.09426.x

Szondy Z, Pallai A. Transmembrane TNF-alpha reverse signaling leading to
TGF-beta production is selectively activated by TNF targeting molecules:
Therapeutic implications. Pharmacol Res (2017) 115:124-32. doi: 10.1016/
j.phrs.2016.11.025

Leung JC, Tang SC, Chan LY, Chan WL, Lai KN. Synthesis of TNF-alpha by
mesangial cells cultured with polymeric anionic IgA-role of MAPK and NF-
kappaB. Nephrol Dial Transplant (2008) 23:72-81. doi: 10.1093/ndt/gfm581
Zhu S, Qian Y. IL-17/IL-17 receptor system in autoimmune disease:
mechanisms and therapeutic potential. Clin Sci (Lond) (2012) 122:487-511.
doi: 10.1042/CS20110496

Matsumoto K, Kanmatsuse K. Interleukin-17 stimulates the release of pro-
inflammatory cytokines by blood monocytes in patients with IgA
nephropathy. Scand J Urol Nephrol (2003) 37:164-71. doi: 10.1080/
00365590310008929

Meng T, Li X, Ao X, Zhong Y, Tang R, Peng W, et al. Hemolytic Streptococcus
may exacerbate kidney damage in IgA nephropathy through CCL20 response
to the effect of Th17 cells. PloS One (2014) 9:¢108723. doi: 10.1371/
journal.pone.0108723

Chun J, Chung H, Wang X, Barry R, Taheri ZM, Platnich JM, et al. NLRP3
Localizes to the Tubular Epithelium in Human Kidney and Correlates With
Outcome in IgA Nephropathy. Sci Rep (2016) 6:24667. doi: 10.1038/srep24667
Chen Y, Li H, Xiao C, Zeng X, Xiao X, Zhou Q, et al. NLRC5: potential novel
non-invasive biomarker for predicting and reflecting the progression of IgA
nephritis. J Transl Med (2018) 16:317. doi: 10.1186/s12967-018-1694-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tang, Meng, Lin, Shen, Ooi, Eggenhuizen, Jin, Ding, Chen, Tang,
Xiao, Ao, Peng, Zhou, Xiao, Zhong and Xiao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 645988


https://doi.org/10.1016/s0092-8674(00)81619-0
https://doi.org/10.1681/ASN.2008030312
https://doi.org/10.1155/2019/8794013
https://doi.org/10.1002/(SICI)1096-9896(199603)178:3%3C343::AID-PATH481%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-9896(199603)178:3%3C343::AID-PATH481%3E3.0.CO;2-H
https://doi.org/10.1038/nm.2989
https://doi.org/10.1016/j.kint.2017.11.014
https://doi.org/10.1016/j.semcancer.2019.06.022
https://doi.org/10.1016/j.immuni.2018.09.018
https://doi.org/10.1016/j.immuni.2018.09.018
https://doi.org/10.1096/fj.201900451R
https://doi.org/10.3389/fimmu.2014.00327
https://doi.org/10.3389/fimmu.2014.00327
https://doi.org/10.1159/000169087
https://doi.org/10.1038/sj.ki.5002046
https://doi.org/10.1038/sj.ki.5002046
https://support.10xgenomics.com/single-cell-gene-expression/datasets/1.1.0/pbmc3k
https://support.10xgenomics.com/single-cell-gene-expression/datasets/1.1.0/pbmc3k
https://support.10xgenomics.com/single-cell-gene-expression/datasets/2.1.0/pbmc4k
https://support.10xgenomics.com/single-cell-gene-expression/datasets/2.1.0/pbmc4k
https://doi.org/10.1016/j.freeradbiomed.2018.08.014
https://doi.org/10.1038/onc.2017.358
https://doi.org/10.1038/onc.2017.358
https://doi.org/10.1007/s00441-013-1752-1
https://doi.org/10.1186/s12882-017-0722-3
https://doi.org/10.1093/ndt/gft273
https://doi.org/10.1038/ki.1996.520
https://doi.org/10.1152/ajprenal.00596.2018
https://doi.org/10.1016/j.redox.2018.02.013
https://doi.org/10.1016/j.redox.2018.02.013
https://doi.org/10.1016/j.nbd.2019.104705
https://doi.org/10.1016/j.nbd.2019.104705
https://doi.org/10.1096/fj.201800480R
https://doi.org/10.1681/ASN.2016101103
https://doi.org/10.1016/j.humpath.2015.10.013
https://doi.org/10.1016/j.humpath.2015.10.013
https://doi.org/10.1111/j.1523-1755.2005.09426.x
https://doi.org/10.1111/j.1523-1755.2005.09426.x
https://doi.org/10.1016/j.phrs.2016.11.025
https://doi.org/10.1016/j.phrs.2016.11.025
https://doi.org/10.1093/ndt/gfm581
https://doi.org/10.1042/CS20110496
https://doi.org/10.1080/00365590310008929
https://doi.org/10.1080/00365590310008929
https://doi.org/10.1371/journal.pone.0108723
https://doi.org/10.1371/journal.pone.0108723
https://doi.org/10.1038/srep24667
https://doi.org/10.1186/s12967-018-1694-1
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	A Partial Picture of the Single-Cell Transcriptomics of Human IgA Nephropathy
	Introduction
	Methods
	Ethical Approval and Consent
	Public Dataset Acquisition and Processing
	Clinical Sample Procurement
	Kidney Sample Processing and Single-Cell Dissociation
	Library Preparation and Preprocessing of scRNA-Seq Data
	Marker Genes Analysis in Different Cell Types
	Differentially Expressed Genes Identification Between Groups
	Enrichment and Cell Interaction Analysis

	Results
	Cell Lineage in Kidney Identified by scRNA-seq
	Identification of Gene Expression Changes in Glomerulus of IgAN Subjects
	Tubular Cells From IgAN Patients Were Enriched With Inflammatory, Matrix Remodeling and Related Signatures
	Identification of Gene Expression Changes in Immune Cells in Kidney of IgAN Subjects
	Comparative Analysis Identify Cell-Cell Crosstalk in IgAN Through Ligand-Receptor Interactions Analysis
	DEGs and Pathway Analysis in Kidney From IgAN Patients With Overt Proteinuria Compared With IgAN Patients With Microproteinuria

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
    /ENP ()
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


