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Background: In the past decade, it has been established that dynamic communication exists among nerves, macrophages, and
podocytes (PODO) within the kidney, which plays a crucial role in renal homeostasis and the response to acute and chronic renal
injury. However, the exact molecular mechanisms of the interplay among these three elements in the progression of diabetic
nephropathy (DN) remain to be elucidated. The aim of this study is to explore the intercellular communication via signaling
molecules among neurons, macrophages, and PODO, and to determine their mechanism of action in renal inflammation in DN.
Methods: Multiple DN-related single-cell transcriptome sequencing datasets were merged. Using the Seurat pipeline, cells were
standardized, underwent principal component analysis (PCA), dimensionality reduction, clustering, and annotation. Cells trans-
mitting neural signals, macrophages, and PODO were identified using biomarkers from CellMarker 2.0 and SingleR method.
The interactions of ligand-receptor pairs between these cells were analyzed using Celltalker and CellphoneDB. Additionally,
differentially expressed genes (DEGs) in macrophages, and PODO in DN were obtained and annotated for Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes functions.

Results: A total of 2394 cells from kidneys exhibiting transcriptome characteristics highly similar to neurons were iden-
tified. These neuron-like cells were clustered into 11 cell clusters. Among these, cluster 7 (GABBRI1" CHRM3"") showed
a significant decrease in relative proportion in DN tissue (p < 0.05). A total of 202 macrophages were identified, clus-
tered into 4 cell clusters. Notably, cluster C3 (RYRITESRRG"BICCI") was significantly reduced in DN. Functional analy-
sis indicated that RYRITESRRGBICCI™ macrophages were associated with negative regulation of inflammatory responses.
Cell communication analysis further revealed weakened interactions between GABBRI"*CHRM3"" neuron-like cells and
RYRITESRRG"BICCI macrophages involving Amyloid 3 precursor protein (4PP)-CD74. Additionally, interactions of PODO
with RYRITESRRG' BICCI™ macrophages involving SLITI-ROBO2, EFNA5-EPHA4, and PDGFB-PDGFRB were weakened,
as was the interaction of GABBR1"* CHRM3"* neuron-like cells involving VEGFA-FLTI.

Conclusion: In DN, there is signal crosstalk between GABBR1" CHRM3"" cells, anti-inflammatory phenotype macrophages, and
PODO. The communication between these cells is primarily mediated through signaling pathways such as APP-CD74, PDGFB-
PDGFRB, and VEGFA-FLTI.
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Introduction

Diabetic nephropathy (DN) is a common complication
of diabetes, characterized by proteinuria, glomerulosclero-
sis, and renal fibrosis, and often leads to end-stage renal
failure and poses a significant global health threat [1]. The
pathology of DN centrally involves podocytes (PODO) in-
jury. PODO, highly specialized cells, are crucial for main-
taining the glomerular filtration barrier. They attach to
the outer surface of the glomerular basement membrane
(GBM) and, along with vascular endothelial cells, consti-
tute an essential component of the glomerular filtration bar-
rier. PODO regulate glomerular filtration by dynamically
altering the size of filtration slits and the area of the mem-
brane through contraction and expansion of their cell pro-
cesses. Injury and loss of PODO lead to increased slit pore
size and filtration membrane damage, resulting in albumin
leakage into urine, which directly contributes to proteinuria
and glomerulosclerosis in DN [2—4].

Substantial evidence indicates that PODO injury and
loss in DN closely relate to renal macrophage-mediated in-
flammatory responses and impaired phagocytic activity [5,
6]. Renal biopsies from diabetic patients have demonstrated
the co-localization of PODO and macrophages within the
glomeruli [6,7]. Notably, significant macrophage infiltra-
tion is observed in the glomeruli of DN, correlating with
elevated levels of proteinuria and renal interstitial fibro-
sis scores [8,9]. Additionally, in vitro studies of PODO
and experiments using db/db mouse models of diabetes
have indicated that macrophages accumulation and acti-
vation contribute to the reduction or loss of PODO pro-
cesses and enhanced PODO apoptosis [10]. This phe-
nomenon is attributed to the recruitment and activation of
macrophages at renal injury sites in a high-glucose environ-
ment, accompanied by the secretion of inflammatory cy-
tokines such as interleukin (IL)-1 beta (IL-175), IL-2, IL-
6, and tumor necrosis factor (TNF)-alpha (TNF-a) [6,11].
These cytokines adversely affect renal proteins and actin
produced by PODO, stimulating the production or inhibit-
ing the degradation of matrix proteins (e.g., type IV colla-
gen). These matrix proteins, as crucial components of the
PODO extracellular matrix (ECM), play key roles in main-
taining foot process structure and cell adhesion, thus im-
pacting the vitality and function of PODO. Protein expres-
sion imbalances lead to PODO damage, resulting in protein-
uria, glomerulosclerosis, and renal fibrosis. Conversely, in-
hibiting macrophages infiltration can suppress the expres-
sion of pro-inflammatory genes, reduce monocyte and type
IV collagen adhesion, and help maintain the morphology
and survival of PODO. Additionally, damaged or apop-
totic PODO release damage-associated molecular patterns,
which are recognized by macrophages, further exacerbating
the inflammatory response and amplifying renal damage.

Most studies on PODO injury have primarily focused
on bone marrow (BM)-derived monocytes (BMMOs) as
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the source of macrophages, which are recruited to the le-
sion via the bloodstream under pathological conditions.
However, with advances in renal macrophage lineage trac-
ing and fate mapping studies, it has been discovered that
macrophages in the kidney also originate from embryonic
progenitors. These macrophages first colonize the kidney
and persist in the tissue, undergoing self-renewal and main-
tenance through in situ proliferation, and are referred to as
tissue-resident macrophages (TMs) [12—14]. Recent stud-
ies have also identified contributions of BMMO-derived
macrophages to the TMs pool [14]. TMs exhibit distinct
ecological distributions, phenotypic and functional charac-
teristics from monocytes, contributing more significantly to
antigen clearance and fibrosis in the kidney. Advances in
single-cell sequencing of mouse and human renal tissues
have revealed different subgroups of TMs in the kidney,
each with specific markers and gene expression profiles,
playing various roles in the progression of kidney injury
in DN [15,16]. The current characterization of TMs lacks
clear standards. In research, they are still traditionally cat-
egorized into classically activated M1 and alternatively ac-
tivated M2 types. M1 and M2 play opposing roles, with
M1 primarily regulating antigen presentation and immune
inflammation, while M2 releases cytokines that inhibit in-
flammation or promote wound healing and tissue repair.
Under conditions of persistent inflammation, M2 assumes a
pro-fibrotic role [17,18]. Depending on the level of inflam-
mation and/or the environment at the site of renal injury,
macrophages can change their phenotype or express mixed,
pro-fibrotic phenotypes [13]. For example, in a long-term
high-glucose environment and oxidative stress, the kidney
activates SK1, leading to an increase in renal sphingosine-
1-phosphate (S1P). SIP activates macrophages in vitro,
promoting renal epithelial cell proliferation and healing [19,
20]. Damaged kidneys express high levels of macrophage-
migration inhibitory factor (MIF), which, in turn, activates
CD74% macrophages [21]. The enhanced antigen presen-
tation capability of macrophages, subsequently activating
T lymphocytes, contributes to the onset of inflammation.
In summary, the remodeling of macrophages in response
to microenvironmental changes leads to complex roles and
mechanisms in PODO injury in DN.

In the kidney, in addition to PODO, mesangial cells,
and epithelial cells, neurotransmitters released from nerve
fiber terminals also play a crucial role in regulating the
phenotypic remodeling of macrophages. Neurons within
the kidney encompass both sympathetic and parasympa-
thetic nerves, distributed throughout the vascular plexus
in areas such as the glomeruli and renal interstitium. Re-
nal nerves are responsible for controlling glomerular perfu-
sion and filtration functions. Furthermore, the autonomic
nervous system is known to exert hemodynamic effects
that impact both renal and immune functions [22]. Stud-
ies have demonstrated that denervation renders the kid-
neys more susceptible to lipopolysaccharide (LPS) and
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antibody-induced nephritis [23]. Other research has shown
that complete renal denervation can reduce monocyte in-
flux into the nerves and decrease the levels of inflamma-
tory cytokines, thus alleviating inflammation [24]. These
findings suggest a potential role of neurons in renal in-
flammatory responses [25,26]. Additionally, in models of
hypertensive disease, catecholamines (monoamine neuro-
transmitters) have been found to promote the accumula-
tion of monocytes/macrophages, exacerbating renal inflam-
mation and damage [27]. In models of acute kidney in-
jury and IgA nephritis induced by unilateral renal ischemia-
reperfusion, renal sympathetic nerves and peptidergic af-
ferent nerve fibers release substances such as substance P
(SP) and Calcitonin Gene-Related Peptide (CGRP), which
recruit mononuclear macrophages and mediate renal in-
flammation [28,29]. In the mouse model with TM deple-
tion established by Zhu Q et al. [30], specific TM deple-
tion led to decreased distribution and tension of renal sym-
pathetic nerves, reduced renin secretion, and an increased
glomerular filtration rate. Supplementation with the neu-
rotransmitter norepinephrine could rescue the TM deple-
tion phenotype. This study confirmed the dynamic interac-
tion between renal sympathetic nerves and TMs. Therefore,
neurons in the kidney may mediate the phenotypic remod-
eling of macrophages through signal communication with
macrophages, thereby regulating inflammatory responses.
The key signals between neurons and TMs are not yet clear.
Moreover, although some studies have identified neural cell
clusters in embryonic kidney tissues, the cellular landscape
in adult kidneys is different. In adult kidneys, projections
of sympathetic and parasympathetic nerve fibers from the
spinal cord lack complete transcriptomic information, mak-
ing it challenging to identify neural fibers using single-
cell RNA sequencing (scRNA-seq) technology. Therefore,
this study utilizes single-nucleus transcriptome sequencing
(snRNA-seq) data from renal tissues of patients with DN to
identify TMs, PODO, and kidney cells exhibiting neural-
like transcriptional features. The interactions and mecha-
nistic impact of these neural-like clusters, expressing neu-
ral proteins, on TM function are analyzed. Additionally,
we explore key proteins involved in TM-mediated PODO
injury, indirectly elucidating the mechanisms by which neu-
ral inputs influence renal TM polarization and their impact
on PODO damage in DN.

Methods

Acquisition and Preprocessing of Single-cell
Sequencing Data

Human DN-related snRNA-seq were obtained from
the GEO database, including GSE131882, GSE151302,
GSE195460, GSE118184, and GSE114156. A total of 15
renal tissue samples were collected, comprising 5 DN sam-
ples (from GSE131882 and GSE195460) and 10 non-DN
samples (from GSE151302, GSE118184, and GSE114156)

(Supplementary Table 1). Non-DN samples were sourced
from voluntarily donated healthy renal tissues. No sig-
nificant differences in gender or age were observed be-
tween the non-DN and DN groups. Using the Seurat pack-
age (v4.3.0.1, Satija Lab, New York Genome Center, New
York, NY, USA) in R software, we merged and processed
multiple datasets, resulting in over 100,000 cells. Cells
with a total gene count (nFeature RNA) less than 200 or
greater than 5000, and those with mitochondrial and ribo-
somal gene proportions exceeding 10% and 25% respec-
tively, were filtered out. Ultimately, over 74,442 cells were
included in our study. The average total gene count and
the total number of molecules per cell in renal cells were
1765.42 £+ 1134.49 and 7291.87 £ 14,563.17. The mi-
tochondrial and ribosomal gene proportions of cells were
1.04% = 2.38% and 5.34% =+ 5.32%. Cells were then nor-
malized the cells, and highly variable genes were extracted
using the NormalizeData, FindVariableFeatures, and Scale-
Data functions. Principal Component Analysis (PCA) was
performed based on 3000 high variability genes. Addition-
ally, batch effects between different datasets were removed
using the Harmony package (v0.1.1, Broad Institute of MIT
and Harvard, Cambridge, MA, USA). The resulting nor-
malized expression matrix, saved in a sparse matrix named
“data”, was utilized for subsequent cell clustering and an-
notation analyses.

Cell Clustering and Annotation

To analyze the classification and transcriptional char-
acteristics of renal cells in patients with DN, the K-nearest
neighbor distances between cells were calculated based on
the top 20 principal components (PCs) post-batch removal
using the FindNeighbors function, and cell clustering was
performed using the FindClusters function with a resolu-
tion parameter set to 0.8. Subsequently, dimensionality re-
duction using the RunUMAP function, and the results were
visualized with the DimPlot function. To identify the cell
types present in the kidneys, marker genes for each cell
cluster were initially obtained using the FindAllMarkers
function. The cells were then annotated based on biomark-
ers derived from the research of Parker C. Subsequently, we
annotated the cells according to the biomarkers described
by Yang et al. [31], as listed in the (Supplementary Table
2). Additionally, automatic annotation was conducted us-
ing the singleR package (v2.0.0, Icahn School of Medicine
at Mount Sinai, New York, NY, USA), and kidney mark-
ers from the CellMarker (v2.0) database (http://117.50.127.
228/CellMarker/) were used for validation.

Analysis of Neuron-like Cell Types and Functions

After cell annotation, a high degree of overlap was ob-
served in the Uniform Manifold Approximation and Projec-
tion (UMAP) dimensional distribution between neuron-like
and other renal cells such as tubular cells, PODO, and en-
dothelial cells (ENDO). To further confirm the presence of
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neuron-like cells in the renal tissues, single-cell RNA se-
quencing (scRNA-seq) datasets of cholinergic neurons, in-
cluding GSE209947, GSE192405, and GSE213569, were
introduced. Dimensionality reduction and clustering were
repeated, and cells overlapping with cholinergic neurons
expressing elav-like (ELAVL) 3, ELAVL4, and Sex Deter-
mining Region Y (SRY)-Box transcription factor (SOX) 11
were annotated as neuron-like cells and designated as a dis-
tinct cluster. Additionally, renal tissue neuron-like cells
were predicted through semi-supervised clustering (1), AU-
Cell enrichment (2), and Semi-Supervised Category Iden-
tification and Assignment (SCINA) analysis (3) based on
neuronal marker transcriptional expression characteristics.
The neuron-like cell clusters were then selected as a sub-
set in Seurat for reanalysis with PCA, cell clustering, and
UMAP dimensional reduction. The FindAllMarkers func-
tion was used to obtain markers for different cell clusters,
thereby annotating phenotypes. The functions of different
subtypes of neuron-like cells were analyzed using irGSEA
(v1.1.3, Sun Yat-sen University Cancer Center, Guangzhou,
China) and UCell (v2.0.1, University of Lausanne, Lau-
sanne, Vaud, Switzerland). Furthermore, variations in the
cellular proportion of different neuron-like cells subtypes
between DN and control (CON) groups were statistically
examined.

(1) Semi-supervised clustering was performed using
the AddModuleScore function in the Seurat package, with
the following formula (where n is the number of target
genes g, and 1 is the number of background genes G):

n i

Neu score = Z(gk—i—- : -+gn)/n—Z(Gk+- +Gi) /i
k=1 k=1

(2) AUCell scoring was calculated using the AUCell
and irGSEA packages, with the methodology detailed at ht
tps://github.com/aertslab/AUCell.

(3) SCINA scoring was conducted using the SCINA
(v1.2.0) package, with its principle detailed at https://gith
ub.com/jcao89757/SCINA.

Types and Functions of Immune Cells and
Macrophages

PTPRC (CD45) was utilized to mark immune cells
(IMC), and a total of 1971 cells were identified. Cells
with high expression of PTPRC were selected as a sub-
set in Seurat for reanalysis and annotation, and the propor-
tional changes among different types of IMC were quanti-
fied. Recent studies have indicated significant macrophage
infiltration in DN tissues and their involvement in disease
progression. Therefore, subsequent research focused on
macrophages. Cell clusters with significantly high expres-
sion of CD163 and MRC1 were annotated as macrophages.
To ascertain the origin of renal macrophages, scRNA-seq
data from peripheral blood mononuclear cells (PBMCs,
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CDI14%) and embryonic kidney tissues were additionally
introduced. After batch removal using the Harmony func-
tion, PCA dimensional reduction was conducted with the
RunPCA function, and lineage tracing analysis was per-
formed using Monocle (v2.26.0, University of Washington,
Seattle, WA, USA). Current fundamental research has rec-
ognized that macrophages exhibit various molecular sub-
types and functions. Consequently, macrophages were se-
lected, and the PCA, clustering, and UMAP dimensional
reduction analyses were repeated for these cells. Molecular
characteristics of different macrophage cell clusters were
obtained using the FindAllMarkers function. The func-
tions of different macrophage subtypes were analyzed using
irGSEA and UCell. Differences in the proportions of vari-
ous macrophage subtypes were also examined between the
DN compared to the CON group.

Acquisition of Significantly Differentially Expressed
Genes in Cells and Their Functional Enrichment
Analysis

To elucidate potential molecular signals underly-
ing functional abnormalities in neuron-like cells and
macrophages in DN, the FindMarkers function and
Likelihood-ratio test were employed to identify differen-
tially expressed genes (DEGs) between various subtypes of
neuron-like cells and macrophages in DN and CON groups.
DEGs were selected based on the criterion of an adjusted p-
value (adj_p) < 0.05. Subsequently, enrichment of these
DEGs in Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways was analyzed
using the clusterProfiler (v4.6.2, Southern Medical Uni-
versity, Guangzhou, China), org.Hs.eg.db (v3.16.0, Fred
Hutchinson Cancer Center, Seattle, WA, USA) packages,
as well as gene set enrichment analysis (GSEA). Addition-
ally, the STRING module in Cytoscape software (v3.9.1,
Cytoscape Consortium, San Diego, CA, USA) was utilized
to investigate the interactions among DEGs and to construct
a protein-protein interaction network (PPI). Thereafter, core
networks and central nodes within the PPI were identi-
fied using the Molecular Complex Detection (MCODE)
plugin and the cytohubba plugin in Cytoscape (v3.9.1),
thereby pinpointing key genes regulating neuron-like cells
and macrophage injury in DN.

Pseudo-time Analysis

To investigate the dynamic changes in different cell
clusters and subtypes of macrophages, pseudo-time analy-
sis was conducted using the Monocle package based on cell
cluster markers. Single-cell sequencing count data were
loaded using the newCellDataSet function. Data were nor-
malized using the estimateSizeFactors, and estimateDis-
persion functions, and dimensionality reduction was per-
formed using the ReduceDimension() functions with the
‘DDRTree’ method, were used for the initialization and
normalization of count data. Cells were ordered along a
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pseudo-time trajectory using the OrderCells function. The
Differential GeneTest function was employed to identify
genes related to pseudotime. Additionally, Scanpy was
utilized to calculate the Partition-based graph abstraction
(PAGA) trajectory distribution of cells. This analysis ulti-
mately revealed the differentiation time distributions across
various cell subtypes.

Tight Communication Between Cells

To explore signal communication between different
subtypes of neuron-like cells and renal macrophages, as
well as between macrophages and PODO, ligands and re-
ceptors differentially expressed among neuron-like cells,
macrophages, and PODO were initially identified. The
Pearson correlation of expression for these ligands and re-
ceptors was then analyzed using celltalker (v0.0.7.9000,
University of Pittsburgh, Pittsburgh, PA, USA) and Cell-
phoneDB (v5.0, Wellcome Sanger Institute, Cambridge,
UK). The statistical significance of these correlations was
assessed using the Wilcoxon test.

Co-culture of GABBR 1" CHRM3" Neuron-like Cells
With RYRITESRRG T BICCI+Macrophages

GABBRI" CHRM3"" neuron-like cells were treated
with high glucose (HG; 30 mM D-glucose) for 24 h. The
cell culture supernatant (CCS) was then collected and used
to treat RYRITESRRGTBICCI™ macrophages for another
24 h.

Flow Cytometry

The treated cells were collected and incubated
with an anti-CD74 primary antibody at a 1:50 dilution.
Subsequently, a fluorophore-conjugated secondary anti-
body (Alexa Fluor 488-conjugated goat anti-mouse IgG
(A28175, Thermo Fisher Scientific)) was added and incu-
bated. After each step, cells were washed with PBS and
centrifuged. All operations were conducted on ice and pro-
tected from light. Ultimately, cells were analyzed using an
LSR Fortessa X-20 cell analyzer (BD Biosciences). Data
were acquired in FCS format and analyzed using FlowJo
software (version 10).

qRT-PCR

Total RNA was isolated from cultured cells using Tri-
zol reagent (Ambin, 411502). Hifair III 1st strand cDNA
Synthesis SuperMix (Yeasen, H8223900) was used to syn-
thesize cDNA from 1 pg of total RNA following the man-
ufacturer’s instructions. In addition, qRT-PCR was con-
ducted with diluted cDNA, gene-specific primers, and Hieff
gPCR SYBR Green Master Mix (Yeasen, H2306210). The
thermocycling conditions were set according to the manu-
facturer’s instructions, and relative mRNA levels of target
gene were calculated using the 2~22¢T method.

The primers used in this study were as follows:
APP (forward AACCCCAGATTGCCATGTTCT, re-

verse GCAGTTCAGGGTAGACTTCTTGG), CD74
(forward GGCAACATGACAGAGGACCA, reverse
GCTCTCACATGGGGACTGG), GAPDH  (forward

AAGGGTCATCATCTCTGCCC, reverse CATGGACT-
GTGGTCATGAGT).

Western Blot

Cells were harvested and homogenized on ice using
RIPA lysis buffer (Beyotime, PO013C) containing a 1:100
dilution of protein phosphatase inhibitor (Solarbio, P1260)
and a 1:100 dilution of PMSF solution (Beyotime, ST507).
After centrifugation at 12,000 rpm for 20 min at 4 °C,
protein concentrations in the supernatant were determined
by BCA assay (Solarbio, PC0020) according to the man-
ufacturer’s instructions. Equal amounts of protein were
boiled in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) protein loading buffer (Yeasen,
S3301100) for 5 min, and subjected to 8%—-12% SDS-
PAGE gels and then transferred to PVDF membranes (Im-
mobilon, RIPB81493). The membranes were blocked with
5% skimmed milk, washed with TBS-T, incubated with
primary antibodies, and subsequently incubated with cor-
responding horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (31460, Thermo Fisher Scientific). Pro-
tein bands were visualized using ECL chemiluminescent
reagent (Meilunbio, MA0186-1).

Antibodies used in the present study include: anti-
GAPDH (Proteintech, 10494-1-AP), anti-APP (PTM-
biolab, PTM-20007) and anti-CD74 (PTM-biolab, PTM-
6631), HRP-conjugated goat anti-rabbit IgG (Proteintech,
SA00001-2), and HRP-conjugated goat anti-mouse IgG
(Proteintech, SA00001-1).

Co-immunoprecipitation (Co-IP)

The Co-IP Pierce™ kit (88804, Thermo Fisher Sci-
entific, USA) was used in accordance with the manufac-
turer’s instructions, with all procedures performed on ice.
The APP primary antibody was added to the protein lysate
samples, and the mixtures were incubated overnight at 4 °C.
Subsequently, Pierce™ Protein A/G Agarose Beads were
added to the reaction mixtures, followed by incubation for
2—4 h at 4 °C. After incubation, the bead-protein-antibody
complexes were collected by centrifugation and washed
three times with ice-cold Wash Buffer. The immunoprecip-
itated complexes were then eluted using the elution buffer.
Finally, the eluted samples were subjected to Western blot
analysis.

Statistical Methods

Analysis and visualization of snRNA-seq and scRNA-
seq data were conducted using the R software (v 4.2.2)
and RStudio (v2022.12.0+353). The likelihood-ratio (L-
R) test was utilized to detect the significance of gene ex-
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pression differences. The Wilcoxon rank-sum test was em-
ployed to assess the significance of cell proportions, gene
expression levels, and UCell enrichment scores. Student’s
t-test was used to assess the statistical significance of Pear-
son correlation coefficients between ligands and receptors.
The Benjamini-Hochberg method was applied to adjust p-
values, yielding false discovery rate (FDR) or adjusted p-
values (adj-p). And FDR, p-value or adj-p < 0.05 were
considered statistically significant, indicating meaningful
differences between groups.

Results

Abnormal Reduction of GABBRI1" CHRM3™ Cells
in Diabetic Nephropathy

A total of 13 cell types were identified from hu-
man kidneys, annotated as renal tubules (proximal tubules
(PT), distal convoluted tubules (DCT), proximal thick
limb tubules (TAL)), PODO, ENDO, IMC, among others
(Supplementary Fig. 1 and Supplementary Fig. 2A).
Overall, PT accounted for the highest relative proportion
(29.72%), followed by TAL (15.81%) and DCT (18.18%)
(Supplementary Fig. 2B,C and Supplementary Table
3). Cell types in renal tubules, primarily including epithe-
lial cells and neurons, were further annotated using singleR
(Supplementary Fig. 3).

To further identify neurons, the scRNA-seq dataset
of neurons was introduced (Supplementary Table 1).
Neurons and renal cells were observed to overlap
in the Harmony dimensionality reduction distribution
(Supplementary Fig. 4A-J), indicating the presence of
cells with similar transcriptional characteristics. These
cells expressed ELAVL4, STMN2, SYT1, NES, among oth-
ers (Supplementary Fig. 4K-T and Supplementary
Fig. 5). Subsequently, neurons were identified using
semi-supervised clustering, AUCell scoring, and SCINA
methods, with corrections applied based on neuron-related
scRNA-seq datasets. Results revealed that semi-supervised
clustering based on neuronal marker expression characteris-
tics (Supplementary Table 4, Supplementary Fig. 6A,B,
p < 0.001) and AUCell (Supplementary Fig. 6C,D, p <
0.001) were used to score individual cells as neurons, with
scores from the neuronal datasets being significantly higher
than those of the renal datasets, and the distribution of score
density consistent with the UMAP dimensionality reduc-
tion distribution of neuronal cells (Supplementary Fig.
6G). Notably, in semi-supervised clustering, the accuracy
of neuron scoring reached 92% (Supplementary Fig. 7A),
while other methods scored less than 50% (Supplementary
Fig. 7B,C). However, the SCINA method showed that the
average neuronal score of kidney cells was significantly
higher than that of the neuronal datasets (Supplementary
Fig. 6E,F, p < 0.001). Additionally, neurons predicted by
the AUCell method were found to include previously an-
notated cell types such as immune cells across all kidneys
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samples (Supplementary Fig. 7D-F), rendering the results
uninformative. The accuracy of the SCINA method in an-
notating neurons was 96% (Supplementary Fig. 7G-I),
slightly lower than the 97% of the semi-supervised method,
although the distribution of annotated neuron scores did
not align with the actual distribution of neurons in the ref-
erence dataset (Supplementary Fig. 6E,G). Therefore,
semi-supervised clustering was used for neuronal scoring
of renal snRNA-seq, and cells with scores greater than 0
were selected for prediction as neurons (Supplementary
Fig. 8). Given that the kidney primarily contains projec-
tions of nerve fibers, it was hypothesized that the renal cells
predicted as neurons might actually represent subtypes of
ENDO, PODO and other cell types. These cells exhibited
transcriptional characteristics highly similar to neurons, ex-
pressed neuro-related genes and neurotransmitter receptors,
and might function in neural signal transduction. This sug-
gests a potential role of these renal cell types in neuronal-
like signaling within the kidney.

In summary, using the semi-supervised method, 2714
neuron-like cells were obtained (Supplementary Table 5).
After excluding PTPRC-expressing cells, 2394 neuron-like
cells were included for subsequent analysis (DN vs CON
= 894/1500). These cells were re-clustered into 11 cell
clusters following dimensionality reduction (Fig. 1A). Re-
annotation identified cell types (Supplementary Table 6),
including cluster 7 (C7; GABBRI" CHRM3", Fig. 1A,.B
and Fig. 2A), which showed a significantly reduced rela-
tive proportion in DN (p < 0.05, Fig. 1D). C7 predom-
inantly represented a subgroup within the MES/ENDO
clusters (Fig. 1C). Functional enrichment analysis re-
vealed that the transcriptomic expression characteristics
of GABBRI"™CHRM3" cells were highly positively cor-
related with pro-inflammatory signals such as /L2 and
TNFA (Fig. 2B), suggesting a potential link between
GABBRI1™ CHRM3" cells and the inflammatory response
in DN.

Aberrant Up-regulation of Apoptotic Signaling in
GABBRI™CHRM3" Cells in Diabetic Nephropathy

A total of 667 DEGs were further identified in
GABBRI™CHRM3" cells in DN (Fig. 3A). And GSEA
results of these DEGs revealed a significant decline in bi-
ological functions related to post-transcriptional gene ex-
pression regulation, cell-cell adhesion, as well as a notable
decrease in negative regulation pathways of neuronal death
in DN (Fig. 3B,C). Furthermore, construction of an inter-
action network involving these 667 DEGs revealed that
genes related to neuronal apoptosis regulation and cell ad-
hesion pathways were centrally located within the protein-
protein interaction network (Fig. 4A). These findings in-
dicated that GABBRI" CHRM3" cells might undergo ab-
normal changes in cell morphology and apoptosis. No-
tably, key proteins such as PPARGCI1A, CREBBP, FOXO3,
PPARA, TLR4, NCOA2, CD36, APOE, and MED17 were
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identified as central proteins in the regulation of neuronal
apoptosis pathways (Fig. 4B). This indicated that these
proteins play a crucial role in regulating the apoptosis of
GABBRI" CHRM3" cells and their adhesion or signaling
interactions with other cells.

Increased Consumption of Tissue Resident

Anti-inflammatory RYRITESRRGTBICCI™
Macrophages in Diabetic Nephropathy

To further analyze the impact of GABBR 1" CHRM3"
cells dysfunction on macrophages in DN, it was essential to
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identify and characterize macrophages present in DN tis-
sues. Initially, we conducted an analysis of IMC in the
kidney tissue (PTPRC, Fig. 5A) and clustered them into
ten distinct clusters based on their transcriptomic features

(Fig. 5B). These clusters were primarily annotated as B
cells, T cells, and macrophages (Fig. 5C,D). Among these,
T cells constituted the predominant cluster (Fig. 5D), with
a relative increase in their proportion in DN samples, al-
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though this increase did not reach statistical significant
(Fig. 5E). Interestingly, a significant decrease in the pro-
portion of macrophages was observed in the DN group
(Fig. SE), a finding that contrasts with existing research.

To address these contradictory results and explore
whether the origin and phenotype of macrophages might
explain this discrepancy, the source of renal macrophages
was analyzed. The analysis was supplemented with addi-
tional datasets, including pbme3k, pbmc4k (PBMC), and
GSE112570 (fetal kidney tissue, n = 2). PCA and di-
mensionality reduction based on gene transcription fea-
tures clearly distinguished renal macrophages from PBMC
and fetal kidney samples (Supplementary Fig. 9A).
Macrophages originating from PBMC exhibited high ex-
pression levels of CD/4 (Supplementary Fig. 9B), CD68
(Supplementary Fig. 9C), and LYZ (Supplementary
Fig. 9D), while renal macrophages showed high ex-
pression of PTPRC (Supplementary Fig. 9E), CDI63
(Supplementary Fig. 9F), and MRC! (Supplementary
Fig. 9G and Supplementary Fig. 10). Furthermore, pseu-
dotime analysis to trace the lineage of renal macrophages
revealed that renal macrophages originated from embryonic
kidneys rather than PBMC (Supplementary Fig. 11).

In summary, a total of 202 TMs were identified in
kidney tissues. Subsequent analysis of their phenotypes

and functions in DN showed that macrophages in the
kidney could be categorized into four clusters (Fig. 6A).
Clusters CO (CD86"™) and C2 (CD86"CD163°°MRCI")
exhibited a significant increase in the enrichment scores
of inflammation-related pathways. In contrast, cluster
C3 (CD86'°CD163""MRCI™) displayed a significant de-
crease in the enrichment scores of inflammation pathways
(Fig. 6B). Cluster C1 (CD86'°CD163'°MRC1') exhibited
a significant decrease in the enrichment scores of protein
translation and cell metabolic capabilities (Fig. 6B). No-
tably, the relative proportion of C3 decreased significantly
in the DN group (Fig. 6C), and this cluster specifically ex-
pressed RYRI, ESRRG, and BICCI (Supplementary Fig.
12 and Fig. 7D-F), designated as RYRITESRRGVBICCI™.

Using classical markers to indicate different
macrophage cluster molecular phenotypes, the results
indicated that CDI163 and MRCI! (anti-inflammatory
phenotype) were primarily enriched in clusters C2 and C3.
In comparison to C3, C2 exhibited decreased expression
of CD163 and MRC1 but showed high expression of the
pro-inflammatory marker CD86 (Supplementary Fig. 11
and Fig. 7A—C). This suggested that C3 was functionally
similar to the classical M2 phenotypes. Furthermore,
pseudotime analysis based on macrophage marker genes
(Supplementary Fig. 13) revealed that C1 (C1-1) rep-


https://www.discovmed.com/

UMAP 2
o
WN~=O

0
UMAP 1

(@

1239

nnnnnnnnnnnn

1501

o
=]

=

Cell percentage (%)
3

|

o
"

e

-50

group

CON
DN

CO A

Cell Type

C3

Fig. 6. Subtypes of renal macrophages in diabetic nephropathy. (A) The clustering results of renal macrophages, and the UMAP

classification of different subtypes of macrophages. (B) Results of functional enrichment analysis for different types of macrophages.

(C) Results of differential testing for the relative proportions of different macrophage types. * indicates p < 0.05 compared with control

(CON) group.

resented the starting point for macrophage development,
from which three differentiation trajectories emerged.
Ultimately, these trajectories transitioned to C2 (C2-8) and
C3 (C3-10 and C3-11) at differentiation nodes 1 and 4,
respectively (Fig. 7G—I). CO macrophages appeared to be a
product of failed differentiation. These findings suggested
that DN was primarily characterized by a reduction in
RYRITESRRGTBICCI* macrophages.

GABBRIM CHRM3" Cells Regulate
RYRITESRRGTBICCI' Macrophages Polarization
Through APP-CD74 Signaling in Diabetic
Nephropathy

To investigate the signaling communication between
GABBRI"CHRM3"" cells and RYRITESRRGBICCI*
macrophages, celltalker and cellphonDB were utilized
to analyze the significant interactions between ligands
and receptors expressed by these cells. Results from
celltalker revealed that GABBRIMCHRM3" cells in-
teracted with RYRITESRRGTBICCI+ macrophages via
APP on GABBRI™CHRM3"cells binding to CD74 on

macrophages, as well as through PTPRM and CDHI1
(Fig. 8A and Supplementary Fig. 14). These findings in-
dicated a significant interaction between the two cell types.

Additionally, interactions involving APP-SORLI,
APP-TNFRSF21, VEGFA-NRP1, and COPA-CD74 were
identified by CellPhoneDB (Fig. 8B and Fig. 9). Among
these interactions, APP (Fig. 10A) and CD74 (Fig. 10D)
were widely expressed on the membranes of neuron-like
cells and macrophages, with overall expression levels
higher than those of other ligand-receptor pairs. These find-
ings suggest that APP-CD74 might play a dominant role in
the communication between GABBR 1" CHRM3"* cells and
RYRITESRRGTBICCI cells.

Furthermore, compared with the CON group, the rela-
tive proportion of APP™ neuron-like cells significantly de-
creased (p < 0.05, Fig. 10B,C), while the overall proportion
of CD74% macrophages exhibited an increasing trend, al-
though this difference did not reach statistical significance
(p > 0.05, Fig. 10E,F).

Functionally, 4PP was found to regulate neuronal
MAPK cascades, VEGFA-VEGFR?2 signaling, oxidative
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stress, and cell-cell interactions, as shown in Supple-
mentary Fig. 15A,B. In contrast, CD74 predominantly
regulated MHCII assembly and membrane localization,
chemokine signaling in the immune system, as well
as translation and ubiquitination of cytoplasmic proteins
(Supplementary Fig. 14B). This suggests that CD74 con-
tributes to the normal function and expression of antigen-
presenting proteins in macrophages.

Moreover, a greater number of DEGs were signifi-
cantly downregulated in RYRITESRRGTBICCITCD74"
macrophages in DN (Fig. 11A). These downregulated
DEGs were notably enriched in signaling pathways re-
lated to the regulation of apoptosis, Th1/Th2 cell differ-
entiation, receptor-mediated endocytosis, and protein ubig-
uitination, among others (Fig. 11B,C). This suggests that
APP+GABBRI" CHRM3" cells regulated the translation
and modification of macrophage proteins, phagocytic func-
tion, and cell survival in macrophages through CD74.

RYRITESRRGTBICCI™ Macrophages Regulate
Podocyte Injury Through SLIT2 and PDGF
Signaling Pathways in Diabetic Nephropathy
identified
pheno-

Next, the role of the newly
RYRITESRRGTBICCITCD74T macrophages

type in PODO injury in DN was investigated. Initially,
a total of 2025 PODO were identified from the kidney
tissues, characterized as NPHSI™NPHS2", with a dis-
tribution of 812 in DN and 1213 in the CON group,
and no significant difference in relative proportion was
observed between groups (Supplementary Fig. 2A).
Subsequently, we employed celltalker and cellphone
analyses to assess the significance of ligand-receptor
interactions between RYRITESRRGTBICCITCD74%
macrophages and PODO. Results from celltalker indicated
that RYRITESRRGTBICCITCD74%t macrophages pri-
marily interacted with PODO through SLIT2 (mean_SCT =
0.223,logoFC=-1.305, p < 0.05), and EFNA5 (mean_SCT
= 0.085, logoFC = —0.737, p < 0.05), with interactions
involving PODO surface ROBO2 (mean_SCT = 0.900,
logoFC = 0.447, p < 0.001), and EPHA4 (mean SCT =
0.089, logoFC =-0.093, p < 0.001) (Supplementary Fig.
16).

Furthermore, CellphoneDB complemented
the above  findings by  demonstrating  that
RYRITESRRGTBICCI*CD74"  macrophages  pre-
dominantly interacted with PODO through PDGFB
(mean_SCT = 0.207, logoFC = -1.278, p < 0.01),
which acted on the PODO surface receptor PDGFRB
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(mean SCT = 0.258, logoFC = 0.144, p < 0.01)
(Fig. 12). Furthermore, the expression of PDGFB in
RYRI+ESRRG+BICC1+CD74+macrophages in DN was
significantly reduced (Fig. 13).

Notably, ROBO2 and EPHA4 collectively regulated
PODO foot processes, cell adhesion, and cell growth
(Supplementary Figs. 17,18). This suggested that

macrophages regulate the normal formation of PODO foot
processes through SLIT2-ROBOZ2 and EFNAS5-EPHA4 in-
teractions. Downregulation of SLIT2 and EFNAS5 expres-
sion in macrophages might lead to reduced levels of these
molecules, which could impair the activation of ROBO?2
and EPHA4, resulting in PODO structural damage.
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In addition, PDGFRB positively regulated the ECM
components and cell size of PODO, indicating that the
downregulation of PDGFB in macrophages might result
in reduced PDGFRB activation, thereby disrupting PODO
growth and morphology (Fig. 14A). PDGFRB signaling
was also associated with pathways involving PDGF and
VEGFA-VEGFR2 in PODO (Fig. 14A).

Additionally, it was also found that
RYRITESRRGTBICCITCD74%  macrophages  rec-
ognize VEGFA secreted by PODO through surface
NRPI/NRP2 (Fig. 12). Activation of VEGFA signaling
via NRPI/NRP2 was implicated in regulating signal
transduction, cell chemotaxis, and proliferation in
RYRITESRRGTBICCI+CD74" macrophages (Fig. 14B).
Overall, RYRITESRRGTBICCI*CD74% macrophages
reduce the inhibition of PDGFRB and downstream signal-
ing in PODO through PDGFB. Simultaneously, weakened
PDGFRB signaling inhibits the secretion of VEGFA by
PODO. In turn, the decrease in VEGFA suppresses the func-
tionality of RYRITESRRGBICCITCD74" macrophages
and their recruitment to the lesion site.

Podocytes Participate in Intracellular Signaling

Regulation in GABBRI" CHRM3" Cells Through
the VEGFA-FLTI Pathway in Diabetic Nephropathy

The analysis revealed the existence of signaling
crosstalk between PODO and GABBRI"CHRM3" cells
in DN. Results from CellphoneDB analysis indicated that
PODO primarily secreted various cytokines that acted
on neuronal surface receptors, particularly through the
VEGFA-FLTI and UNC5D-NTN4 interactions (Fig. 15A—
C). Furthermore, Celltalker results demonstrated that
PODO secreted PLG and CALM?2, which acted on
FLTI and INSR receptors on GABBRI"CHRM3" cells
(Supplementary Fig. 19A-C).

In terms of gene expression, PODO exhibited a de-
crease in PLG (p < 0.01, Supplementary Fig. 19C),
VEGFA (p < 0.001, Fig. 15C), UNC5D (p < 0.001,
Fig. 15C), and an increase in CALM2 (p < 0.001, Sup-
plementary Fig. 19C). Specifically, PLG (mean SCT =
0.051, logoFC=-0.120, p < 0.001), VEGFA (mean_SCT =
1.209, logoFC =-0.281, p < 0.001), UNC5D (mean_SCT
= 0.493, logoFC = 0.992, p < 0.001), and CALM?2
(mean_SCT = 0.146, logoFC = 0.183, p < 0.001) were in-
teracted with FLTI (mean_SCT = 0.815, logoFC =—1.163,
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signaling pathways of DEGs.

p <0.001), NTN4 (mean_SCT =0.093, logoFC=-1.253,p
< 0.05), and INSR (mean_SCT = 0.544, logoFC =-0.933,
p < 0.05) on the surface of GABBRI" CHRM3" cells, re-
spectively.

Further functional analysis revealed that FLTI and
NTN4 were involved in regulating MAPK signaling and en-
docytosis in GABBRI"CHRM3" cells (Fig. 16). In ad-
dition, /NSR was primarily involved in the FoxO signal-
ing pathway, rheumatoid arthritis-related pathways, and
the regulation of cellular catabolic metabolism functions
(Supplementary Fig. 20). Notably, VEGFA and FLTI
exhibited the highest expression levels in PODO and
GABBRI1" CHRM3" cells, suggesting their role as key pro-
teins in the intercellular signaling between these two cell
types. This indicates that in DN, PODO actively participate
in regulating intracellular signal transmission and physio-
logical functions in GABBRI" CHRM3"" cells through the
VEGFA-FLTI pathway. However, neuron-like cells might
modulate PODO foot process morphology through SLIT2

activation of ROBO?2, although the expression levels of this
signal did not differ significantly in DN (Fig. 15 and Sup-
plementary Fig. 21).

In Vitro Validation of the Interaction Between APP
and CD74

Finally, the interaction between APP and CD74 was
validated in vitro. First, GABBRI" CHRM3"" neuron-
like cells were treated with high glucose (HG; 30 mM
D-glucose) for 24 h. qRT-PCR results showed that
HG treatment significantly downregulated APP expres-
sion in these cells (Fig. 16A), a finding that was fur-
ther confirmed at the protein level by Western blot
(Fig. 16B). Subsequently, the culture supernatant from
HG-treated GABBRI" CHRM3"" neuron-like cells (HG-
CCS) was collected and added to RYRITESRRG+BICCI+
macrophages for an additional 24 h incubation prior to har-
vest. Similarly, CD74 expression was downregulated in
RYRITESRRGTBICCI+ macrophages at both the mRNA
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and protein levels (Fig. 16C,D). Flow cytometry analy-
sis also confirmed a reduction in the number of CD74-
positive macrophages (Fig. 16E). Co-immunoprecipitation
(Co-IP) results demonstrated an interaction between APP

and CD74 (Fig. 16F). Notably, this interaction was attenu-
ated in macrophages treated with HG-CCS (Fig. 16F).
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Discussion nerves in immune inflammation and kidney damage, espe-
cially in conditions like hypertension and nephritis [22-25].
This regulation involves the release of neurotransmitters
such as bradykinin, SP, Norepinephrine (NE), and CGRP in

response to mechanical stimuli. SP, NE, and CGRP recruit

Activation of renal nerves leads to a reduction in ef-
ferent renal sympathetic nerve activity, resulting in an in-
creased renal excretion of sodium in urine [22]. Studies
on renal denervation have confirmed the regulatory role of
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NKIR-positive and ED[-positive monocytes/macrophages,
facilitating their infiltration into the kidney [26-29]. Ad-
ditionally, these neurotransmitters induce macrophages to
adopt an inflammatory phenotype, leading to the secretion
of pro-inflammatory cytokines such as IL-17, IL-6, IL-18,
and TNF-q, thereby mediating neuroinflammation. This
renal nerve-mediated immune signaling creates an unfavor-
able inflammatory environment in the kidneys, exacerbat-
ing renal damage. These findings emphasize the impor-
tance of not overlooking the role of renal nerves in kid-
ney damage and their potential involvement in mediating
inflammatory responses.

Clinical research has indicated that nerve damage is
a risk factor for the development of DN, with common
pathological mechanisms found between nerve injury dis-
eases and DN [30,32-34]. Multiple studies have observed
ultrastructural changes in the kidneys of diabetic rats, in-

cluding the loss of nerve fibers, indicating that changes in
the morphology and function of renal nerves play a role in
the progression of DN [35,36]. This research detected a
significant decrease in a specific type of neuron-like cells
(GABBRI" CHRM3"") with abnormal gene expression re-
lated to neural apoptosis/survival pathways, suggesting ab-
normal neuronal apoptosis in DN. Concurrently, biological
functions such as intercellular adhesion regulation among
neuron-like cells were activated, implying that DN-related
neuronal damage may mediate enhanced intercellular sig-
nal transmission. Neuronal damage in DN may be associ-
ated with a reduction in the secretion of VEGFA by PODO.
Existing research has shown that PODO and neuron-like
cells show overlapping distributions in the kidneys, with
PODO possessing neuron-like projections that are regu-
lated by neurotransmitters and cytokines secreted by neu-
rons [37]. This study also reveals direct signal communica-


https://www.discovmed.com/

tion between PODO and renal neuron-like cells. However,
in contrast to the findings, PODO secrete VEGFA, which
interacts significantly with renal nerves via FLTI. Loss of
FLTI renders neurons more susceptible to stress, leading to
induced apoptosis [38,39]. Conversely, activation of FLT!
by VEGFA promotes in neuronal survival. The weakened
interaction between VEGFA and FLTI in DN may be a key
factor in renal neuronal damage.

In renal injury research, there is increasing evidence
that neurons release cytokines, which play a role in regu-
lating renal cell damage and IMC activation, as observed
with SP and CGRP. This study primarily focused on the sig-
nal communication between renal nerves and macrophages.
In most chronic renal injury models, including DN, re-
nal nerves have been found to recruit macrophages, lead-
ing to their significant infiltration in kidney tissues and
subsequent mediation of inflammation. However, in the
present study, which analyzed human DN kidney tissue
via scRNA-seq found a significant decrease in the rela-
tive proportion of macrophages (p < 0.05). This discrep-
ancy can be attributed to several factors. For example, the
pronounced infiltration of macrophages is mainly evident
in animal models, whereas the number of macrophages in
DN varies dynamically across different stages of the dis-
case. In the early stages of DN, macrophages are acti-
vated by damage-associated molecular patterns to adopt
an M2-like phenotype, which facilitates the phagocyto-
sis of damaged cells, resistance to inflammation, and tis-
sue repair. As the disease progresses, M2 macrophages
are depleted, becoming incapable of repairing tissue, and
the increase in pro-inflammatory factors leads to the re-
cruitment of peripheral blood monocytes, thus exacerbat-
ing renal inflammatory damage [16—18]. Another expla-
nation for these findings is that there are primarily two
sources of renal macrophages, each with different roles
in DN [16-18]. Most current research has concentrated
on monocyte-derived macrophages, identified by markers
for monocytes or classical bifurcated macrophages. How-
ever, these markers do not fully represent all types of re-
nal macrophages. In reality, the predominant type of re-
nal macrophage is TMs. Through transcriptomic analy-
sis of macrophage expression characteristics, the present
study revealed that renal macrophages mainly express P7-
PRC, displaying different transcriptional characteristics
and markers from those of monocyte-derived macrophages
(CD147LYZ"). Trajectory analysis indicated that the iden-
tified macrophages were derived from embryonic kidney
cells, suggesting that the macrophages identified could
be classified as TM. Further subtyping analysis identi-
fied four main types of macrophages in DN, among which
the C3 subtype (RYRITESRRGTBICCI) represented dif-
ferentiated mature macrophages, characterized by signif-
icantly reduced transcriptomic expression scores in in-
flammation regulation pathways. Additionally, their sim-
ilarity to classical bifurcated macrophages was assessed
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by examining the expression of classic markers includ-
ing CD86, CD163, and MRCI. The results showed that
C3 macrophages expressed CD163 and MRCI at higher
levels compared to other subtypes, suggesting that C3
macrophages may play an anti-inflammatory role similar
to that of typical M2 macrophages, which are known to se-
crete anti-inflammatory factors like IL-10, thereby reducing
the inflammatory response. However, in DN, the propor-
tion of C3 macrophages significantly decreases, implying
that the depletion of RYRIT ESRRGTBICCI™ macrophages
impaired the normal suppression of renal cell damage-
mediated inflammatory responses, thereby exacerbating
kidney injury. In DN, it is primarily the renal nerves that
communicate with TMs.

Research conducted by Qian Z and colleagues has
confirmed that renal neurons communicate with TMs [30],
although the specific nature of these signals was not fully
elucidated. Cell communication analysis in the present
study unveiled a novel type of interaction signal between
the two cell types: APP-CD74. APP, first discovered
in the context of Alzheimer’s disease [40], is an amyloid
protein secreted by GABBRI" CHRM3" cells and PODO,
and interacts with CD74 on the surface of immune cells,
promoting Th17 differentiation and macrophage migration
to injury sites [41]. CD74 is a non-polymorphic type II
transmembrane glycoprotein with various biological func-
tions in physiological and pathological states [42]. Once
activated within the cell, CD74 facilitates the reassembly
and membrane localization of MHCII molecules [43]. As
a transcriptional regulatory factor, CD74 also modulates
the expression of genes related to proliferation and apop-
tosis, impacting cell survival [44,45]. In DN, abnormal
CD74 signaling in RYRITESRRG'BICCI™ macrophages
is involved in participates in phagocytosis and aids in T-
cell differentiation. However, the expression of APP in
renal GABBRI" CHRM3" cells is reduced, indicating a
weakened interaction between GABBRI" CHRM3"" cells
and RYRITESRRG'BICCI* macrophages via the 4PP-
CD74 axis. This leads to aberrant intracellular signaling
in macrophages, promoting apoptosis.

In DN, the function and polarization of macrophages
are regulated by renal cells, particularly PODO. PODO se-
crete MIF that targets and binds to CD74 on macrophages,
mediating inflammatory responses [46].  Conversely,
cytokines secreted by macrophages, such as IL-2 and
TNF-q, have been implicated in PODO damage [12,13].
Macrophages play a crucial role as key regulatory IMC in
PODO injury. This study revealed that the interaction be-
tween PODO and RYRITESRRGTBICCI* macrophages
in DN, specifically involving VEGFA-NRPI and VEGFA-
NRP?2 pathways, was diminished. This observation sug-
gests that under normal condition, PODO secrete VEGFA,
which stimulates renal macrophages via NRPI/2 on their
surface. Research confirms that NRP/2 are associated with
the anti-inflammatory function of macrophages [47,48].
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This indicates that PODO damage in DN leads to reduced
levels of VEGFA in the renal environment, thereby sup-
pressing the anti-inflammatory function of macrophages.
Furthermore, the depletion of RYRITESRRGYBICCIT
macrophages in DN weakens their interaction with PODO
via the SLIT2-ROBO2, EFNAS5-EPHA4, and PDGFB-
PDGFRB signaling pathways. ROBO2 and EPHA4 are
genes that promote axonal formation. Reduced expression
of ROBO2 and EPHA4 in PODO might lead to the loss of
foot processes, contributing to PODO injury, and apopto-
sis [49,50]. Conversely, upregulating ROBO2 and EPHA4
in vitro promotes the formation of normal PODO morphol-
ogy. This indicates that reduced expression of SLIT2 and
EFNAS in RYRITESRRGTBICCI*t macrophages may lead
to decreased activation of ROBOZ2 and EPHA4, adversely
affecting the formation of PODO foot processes. Addi-
tionally, the weakened interaction between PDGFB and
PDGFRB in PODO, which is related to cell growth, may
result in suppressed cell growth [51]. PDGFRB also reg-
ulates downstream VEGFA-VEGFR?2 signaling, and its re-
duced expression or weakened function further diminishes
VEGFA survival, adversely affecting the anti-inflammatory
and antigen-presenting functions of renal macrophages.

This study has several limitations. First, the conclu-
sions are based on the mining and analysis of publicly avail-
able online data and have not yet been validated through in
vitro cellular experiments or in vivo animal studies; thus,
the reliability and generalizability of the findings require
further confirmation. Second, the crosstalk mechanisms
among the VEGFA-NRPI/NRP2, SLIT2-ROBO2, EFNAS5-
EPHA4, and PDGFB-PDGFRB signaling pathways were
not thoroughly explored. The synergistic or antagonis-
tic roles of these pathways within the “renal neuron—
macrophage—podocyte” interaction network remain to be
elucidated in future research. Additionally, renal innerva-
tion comprises both sympathetic and parasympathetic sys-
tems. Existing studies indicate that the sympathetic system
promotes inflammation by releasing catecholamines, which
activate adrenergic receptors on immune cells, whereas the
parasympathetic system exerts anti-inflammatory effects
via the cholinergic anti-inflammatory pathway mediated by
the vagus nerve [52]. However, scRNA-seq/snRNA-seq
techniques are unable to precisely identify renal neurons
and nerve fibers. This study could only identify neuron-
like cells involved in neural signaling, without clarifying
their specific cellular subtypes. Consequently, the inves-
tigation of communication between renal nerves and renal
parenchymal cells, including macrophages, remains indi-
rect.

Conclusion

In DN, there is dynamic communication between renal
neuron-like cells, resident macrophages and PODO.
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