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Single-cell RNA sequencing
revealed the association between
proximal tubular epithelial cells
and renal interstitial cells in chronic
kidney disease progression

Youcai Xu¥%*, Xiaoqin Yel:%*, Yu Peng¥?*, Shanshan Wu'2, Liwen Gao'-3, Xi Huang?,
Lingfei Lu?, Jiandong Lu'™ & Xinhui Liu***

Proximal tubular epithelial cells (PTECs) injury is a driving force toward chronic kidney disease

(CKD) progression. However, the characteristics of injured PTECs during CKD pathogenesis and

their mechanisms of coordination with specific interstitial cells to promote disease progression
require further elucidation. In this study, CKD mouse models were established by administering a
0.2% adenine-containing diet for 2, 4, and 8 weeks to simulate progressive CKD. Renal injury was
assessed through histopathology, serum creatinine (Scr), blood urea nitrogen (BUN), and expression
of fibrotic markers. Single-cell RNA sequencing (scRNA-seq) was employed to characterize renal
cellular heterogeneity during CKD progression. The results showed that adenine feeding induced renal
pathological damage, elevated Scr and BUN levels, and upregulated fibrosis-related markers, with
the most severe manifestations observed in CKD8w group. In addition, scRNA-seq identified a distinct
injured PTEC subset (PT_5) localized to the S1 segment, which progressively expanded during CKD,
exhibited elevated injury markers (C3, Havcrl, Vcam1), and activated pathways linked to inflammation
and fibrosis. Cell-cell interaction analysis revealed PT_5 coordinates interstitial remodeling via
ligand-receptor pairs: CCL2-CCR2/IL34-CSF1R with macrophages, PDGF-PDGFR with fibroblasts, and
CXCL10-CXCR3 with T and NK cells. Furthermore, CKD progression may correlate with expansion of
Myofibroblasts_Timpl, Macrophages_Mmp12, and CD8Teff_Ccl5 subsets. Our study uncovers PT_5
may be the central orchestrator of CKD progression through multicellular crosstalk, offering novel
mechanistic insights and therapeutic targets.
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CCR2 C-C chemokine receptor type 2
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CSFIR Colony stimulating factor receptor-1
DEGs Differentially expressed genes
EMT Epithelial mesenchymal transition
ECM Extracellular matrix
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GO Gene Ontology

GSVA Gene set variation analysis

IL34 Interleukin 34

KEGG Kyoto Encyclopedia of Genes and Genomes
MMPs Matrix metalloproteinases

MPs Mononuclear phagocytes

PAS Periodic acid-Schiff

PDGF Platelet-derived growth factor

PDGFR Platelet-derived growth factor receptor
ERS Endoplasmic reticulum stress

PTECs Proximal tubular epithelial cells

Scr Serum creatinine

scRNA-seq  single-cell RNA sequencing

TIMP-1 Tissue inhibitor of metalloproteinases-1
TIF Tubulointerstitial fibrosis

It is estimated that approximately 850 million people worldwide are affected by chronic kidney disease (CKD),
with the incidence and prevalence of the condition increasing year on year®!1°. Accompanied by loss of kidney
function, CKD can progress to end-stage renal disease requiring dialysis or renal transplantation. Irrespective
of the initial cause of the disease, renal tubulointerstitial fibrosis (TIF) is considered to be the ultimate common
pathway for the evolution of almost all types of CKD'7*’, and increased TIF is the most reliable histological
indicator of decreased renal function and poor prognosis'**. Despite decades of research, the understanding of
TIF remains limited. Consequently, a better understanding of the regulatory mechanisms of kidney fibrosis is
critical to developing new treatments to better control this chronic disease.

The pathophysiology of TIF is complex and involves multiple cell types, including fibroblasts, tubular
epithelial cells, endothelial cells, and infiltrating inflammatory cells®. It is understandable that much attention
has been focused on myofibroblasts and their precursors, given that this interstitial cell is thought to be the
main producer of extracellular matrix (ECM). However, recent data has reinforced the role of the proximal
tubule!®, not only as the target of injury but also as an important mediator of TIF progression'>**. In response
to various injuries, proximal tubular epithelial cells (PTECs) undergo different changes such as partial epithelial
mesenchymal transition (EMT), cell cycle arrest, cellular senescence or metabolic reprogramming!®. These
alterations cause PTECs to exhibit a secretory phenotype that triggers fibroblast activation*”. However, the
characteristics of injured PTECs during CKD progression and their interaction with interstitial cells are still not
fully understood.

Inrecent years, there hasbeen a notable advancement in the understanding of CKD pathogenesis at the cellular
and molecular levels, which could not have been achieved without the development of single-cell sequencing
technology. Single-cell RNA sequencing (scRNA-seq) is a transcriptomic technology that simultaneously
measures the expression of multiple genes in tens or even hundreds of thousands of single cells, deepening the
understanding of the genes and pathways that characterize kidney cells’”**. This innovative technique allows
comparison of transcriptional heterogeneity between healthy and pathological conditions, thus revealing new
insights into tissue composition and disease progression®®. Here, we established 2-, 4-, and 8-week CKD mice
models to simulate different stages of CKD. scRNA-seq was performed to map the transcriptome of renal cells
with the aim of identifying injured PTECs and revealing their interactions with renal interstitial cells in CKD
progression.

Materials and methods

Animals

The male C57BL/6 mice (6 ~8 weeks, 20~25 g) used in this study were obtained from Guangdong Medical
Laboratory Animal Center (Foshan, China). The mice were raised in a standard environment with a 12-h light/
dark cycle and 50 + 5% humidity at 25+ 2 °C. After 1 week of adapted feeding, a total of 24 mice were randomly
divided into 4 groups: the control group (n=6); the CKD2w group (n=6); the CKD4w group (n=6); and the
CKD8w group (n=6). CKD was induced by feeding a diet containing 0.2% adenine for 2, 4, and 8 weeks,
respectively. All mice had free access to food and water. At the experimental endpoint, mice were anesthetized
with isoflurane gas for terminal blood collection, followed by euthanasia via cervical dislocation prior to
regaining consciousness. Kidney samples were rapidly harvested and scRNA-seq was performed on the kidneys
of three mice from each group.

Histopathology

Kidney tissue was fixed overnight in 4% paraformaldehyde, dehydrated with an alcohol gradient and embedded
in paraffin. Wax blocks containing kidney tissue were cut into 4 pm sections and stained with periodic acid-
Schiff (PAS), Masson’s trichrome, and Sirius red. Representative images were taken with an Axio Imager M2
microscope and ZEN 2.6 software (Carl Zeiss, Jena, Germany). Tubular injury was scored according to renal
tubular epithelial cell atrophy, detachment, and tubular dilatation. The scoring rules were as follows: no renal
tubular injury=0; less than 10% = 1; 10%—25% = 2; 26%—-50% = 3; 51%—75% = 4; greater than 75% = 5. Area
of fibrosis by Masson and Sirius staining was calculated by Image J software (Bethesda, Maryland, NIH, USA).
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Renal function indexes

The evaluation of serum creatinine (Scr) and blood urea nitrogen (BUN) were measured by Creatinine Serum
Detection Kit and Blood Urea Nitrogen Detection Kit (StressMarq Biosciences, British Columbia, Canada),
respectively.

Western blotting

Frozen kidney cortexes were pulverized in liquid nitrogen and homogenized in RIPA lysis buffer (Cell Signaling
Technology, Beverly, MA, United States) containing a protease and phosphatase inhibitors cocktail. Equal
amounts of proteins were separated on 7% or 10% SDS-PAGE gels and then transferred to nitrocellulose
membranes (Millipore, Billerica, MA, United States). The membranes were blocked with 5% skim milk for 1 h at
room temperature and the blots were cut prior to hybridization with primary antibodies against fibronectin (FN,
1:1,000), type I collagen (Col-I, 1:1,000; Proteintech, Wuhan, China), type IV collagen (Col-1V, 1:1,000; Abcam,
Cambridge, United Kingdom), Vimentin (1:1,000;), a-Tubulin (1:1000; Cell Signaling Technology, Beverly,
MA, United States), and a-smooth muscle actin (a-SMA, 1:1,000; Sigma-Aldrich, St Louis, MO, United States)
overnight at 4 °C. The next day the blots were incubated with horseradish peroxidase-conjugated secondary
antibodies (1:2,000; Life Technologies, Carlsbad, CA, United States) secondary antibodies for 1 h at room
temperature and then were visualized and quantified by ChemiDoc MP imaging system and Image Lab software
version 5.1 (Bio-Rad Laboratories, Hercules, CA, United States).

Single-cell Preparation

The kidney samples of mice in different feeding groups were collected for the scRNA-seq assay. Fresh tissues
were preserved on ice in sCelLive  Tissue Preservation Solution (Singleron Biotechnologies, Nanjing, China).
Specimens were washed three times with Hanks Balanced Salt Solution, minced into small pieces, and then
digested with 3 mL of sCelLive  Tissue Dissociation Solution for 15 min at 37 °C using the Singleron PythoN™
Tissue Dissociation System. The cell suspension was collected and filtered through a 40 um sterile filter.
GEXSCOPE' Erythrocyte Lysate (RCLB, Singleron) was then added and the mixture [cells: RCLB=1:2 (v/v)]
was incubated at room temperature for 5-8 min to remove erythrocytes. The supernatant was then removed by
centrifugation at 300 x g for 5 min at 4 °C to obtain a soft suspension with PBS. The scripts of key steps can be
found at the GitHub repository: https://github.com/SingleronBio/celelenscloud. The data generated in this study
have been uploaded to the China National Genebank (CNGB) with accession number CNP0007462: https://db.
cngb.org/data_resources/?query=CNP0007462.

Construction of scRNA-seq library

Single-cell suspensions (2 x 10° cells/mL) with PBS (HyClone, Utah, United States) were loaded onto microwell
chip using the Singleron Matrix Single Cell Processing System. Barcoding Beads were subsequently collected
from the microwell chip, followed by reverse transcription of the mRNA captured by the Barcoding Beads and
to obtain cDNA, and PCR amplification. The amplified cDNA was then fragmented and ligated with sequencing
adapters. The scRNA-seq libraries were constructed according to the protocol of the GEXSCOPE' Single Cell
RNA Library Kits (Singleron Biotechnologies, Nanjing, China). Individual libraries were diluted to 4 nM,
pooled, and sequenced on Illumina novaseq 6000 with 150 bp paired end reads.

Quality control, dimension-reduction and clustering

Scanpy v1.8.2 was used for quality control, dimensionality reduction and clustering under Python 3.7. For
each sample dataset, we filtered expression matrix by the following criteria: (1) cells with gene count less than
200 or with top 2% gene count were excluded; (2) cells with top 2% UMI count were excluded; (3) cells with
mitochondrial content 50% were excluded; (4) genes expressed in less than 5 cells were excluded. After filtering,
109,010 cells were retained for the downstream analyses, with on average 1193 genes and 3246 UMISs per cell.
The raw count matrix was normalized by total counts per cell and logarithmically transformed into normalized
data matrix. Top 2000 variable genes were selected by setting flavor = ‘seurat’ Principle Component Analysis
(PCA) was performed on the scaled variable gene matrix, and top 22 principal components were used for
clustering and dimensional reduction. Cells were separated into 33 clusters by using Louvain algorithm and
setting resolution parameter at 1.2. Cell clusters were visualized by using Uniform Manifold Approximation and
Projection (UMAP).

Batch effect removal
Harmony: Batch effect between samples was removed by Harmony v1.0 using the top 22 principal components
from PCA.

scRNA-seq data analysis

Raw reads were processed to generate gene expression profiles using CeleScope (version 1.5.2, Singleron
Biotechnologies) with default parameters. Scanpy (version 1.8.2) was used for quality control, dimensionality
reduction and clustering under Python 3.7%4. Briefly, Barcodes and UMIs were extracted from R1 reads and
corrected. Adapter sequences and poly A tails were trimmed from R2 reads and the trimmed R2 reads were
aligned against the GRCm38 (mm10) transcriptome using STAR (version 2.6.1b). Uniquely mapped reads
were then assigned to exons with FeatureCounts (version 2.0.1). Successfully Assigned Reads with the same
cell barcode, UMI and gene were grouped together to generate the gene expression matrix for further analysis.
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Differentially expressed genes (DEGs) analysis

To identify differentially expressed genes (DEGs), we used the scanpy.tl.rank_genes_groups function based on
Wilcoxon rank sum test with default parameters, and selected the genes expressed in more than 10% of the cells
in either of the compared groups of cells and with an average log (Fold Change) value greater than 1 as DEGs.
Adjusted p value was calculated by benjamini-hochberg correction and the value 0.05 was used as the criterion
to evaluate the statistical significance.

Pathway enrichment analysis

Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG pathway
enrichment analysis were conducted with the “clusterProfiler” package in R software (version 4.0.0) to identify
distinct biological functions and pathways*®. Gene set variation analysis (GSVA) was performed to determine

further the underlying biological functions of significant genes'>.

)21—23

Cell-cell interaction analysis: cellphonedb

Cell-cell interaction (CCI) between PT_5 and renal interstitial cells were predicted based on known ligand-
receptor pairs by Cellphone DB (version 2.1.0)%. Permutation number for calculating the null distribution of
average ligand-receptor pair expression in randomized cell identities was set to 1,000. Individual ligand or
receptor expression was thresholded by a cutoff based on the average log gene expression distribution for all
genes across each cell type. Predicted interaction pairs with p value < 0.05 and of average log expression > 0.1
were considered as significant and visualized by heatmap plot and dot plot in CellphoneDB.

Pseudotime trajectory analysis: monocle2

Cell differentiation trajectory of monocyte subtypes was reconstructed with the Monocle2 (version 2.22.0)%.
For constructing the trajectory, top 2,000 highly variable genes were selected by Seurat (version 4.1.0)
FindVairableFeatures, and dimension-reduction was performed by DDRTree. The trajectory was visualized by
plot_cell_trajectory function in Monocle2.

Statistical analysis

The data are presented as mean *standard error of mean (SEM). One-way ANOVA with Dunnett post hoc
analysis was conducted to compare significant differences among groups using GraphPad Prism 9 (La Jolla, CA,
United States). A p value of less than 0.05 was considered significantly different.

Results

Renal pathological and functional changes in adenine-induced CKD mice

Compared with the control group, CKD mice showed tubular atrophy, tubular lumen dilatation, and interstitial
collagen deposition, which were most obvious in the CKD8w group (Fig. 1A). The results of quantitative analysis
were consistent with the pathological findings that tubular injury score and percentage of fibrotic areas increased
progressively with the progression of CKD (Fig. 1B-D). The Scr level (1.20+0.08 mg/dL vs. 0.66 +0.03 mg/dL,
p<0.01) and BUN level (91.57 £2.26 mg/dL vs. 21.73 £0.43 mg/dL, p<0.001) were significantly elevated in the
CKD8w group as compared to the control group (Fig. 1E, F). The presence of FN, Col-1V, Col-I, Vimentin, and
a-SMA in the renal tissue is indicative of renal fibrosis. Western blot analysis revealed a significant increase in
the expression of these five indicators in the kidneys of CKD mice in the CKD8w group (p <0.05) (Fig. 1G-L).
These data indicated that the adenine model exhibited the hallmark characteristics of CKD.

Overview of mouse kidney single-cell transcriptome landscape

Following sample preparation and quality control, a total of 109,010 cells (21,048 cells from the control group,
19,979 cells from the CKD2w group, 27,031 cells from the CKD4w group, and 40,952 cells from the CKD8w
group) were isolated and used for further scRNA-seq analysis. Unsupervised clustering analysis was employed to
distinguish and characterize eleven cell types, including epithelial cells, endothelial cells, fibroblasts, mural cells,
mesangial cells, proliferating cells, B cells, T and NK cells, neutrophils, mononuclear phagocytes (MPs), and
erythrocytes (Fig. 2A). The top 10 and top 3 DEGs in all cell types were displayed in Fig. 2B and C, respectively,
which demonstrated distinct transcriptome features of the eleven cell types. The top 3 marker genes used for cell
type annotation were summarized in Fig. 2D. Subsequently, the changes in the proportions of each cell subset in
the kidneys of different groups of mice were analyzed. The results demonstrated a reduction in the proportion
of B cells and epithelial cells. In contrast, the proportion of fibroblasts, neutrophils, and MPs increased in the
CKD8w group (Fig. 2E and F). Specific to the epithelial cells, unsupervised cluster analysis of 55,128 epithelial
cells identified nine distinct subsets including collecting duct intercalated cells (ICs), collecting duct principal
cells (PCs), renal loop of Henle epithelial cells (LOH), proximal tubule (PT) cells, distal convoluted tubule (DCT)
cells, epithelial cells, kidney pelvis urothelial cells, podocytes, and proliferating epithelial cells (Fig. 2G). Analysis
of the top 10 and top 3 DEGs shown significant differences in transcription levels among epithelial cell subsets
(Fig. 2H and I). The marker genes utilized for the annotation of epithelial cell subsets were shown in Fig. 2]. The
proportion of PT cells in epithelial cells fluctuated as CKD progressed (Fig. 2K), but the proportion of PT cells
in total kidney cells decreased continuously (Fig. 2L). The above data displayed the basic characteristics of total
cell subsets and epithelial cell subsets in normal mice and CKD mice at different stages.

Identification of injured PTECs associated with CKD progression

Subclustering of 17,358 PTECs yielded seven distinct subsets named PT_1, PT_2, PT_3, PT_4, PT_5, PT_6,
and PT_7 (Fig. 3A). The top 10 and top 3 DEGs in PT subsets were summarized in Fig. 3B and C, respectively.
Quantitatively, the proportion of PT_5 subset in either PT cells or total kidney cells was all gradually increased
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Fig. 1. Renal histopathology and functional changes in adenine-induced CKD mice. A Representative images
of PAS, Masson, and Sirius staining. All images are shown at identical magnification, x200, scale bar =50 pm.
B-D Quantitative analysis of tubular injury and fibrosis. E Serum creatinine levels. F Blood urea nitrogen
levels. G Representative Western blot images of FN, Col-IV, Col-I, Vimentin, and a-SMA expression in the
kidneys of mice in all groups. The original blots are presented in Supplementary Fig. 1. H-L Densitometric
analysis of FN, Col-IV, Col-I, Vimentin, and a-SMA normalized to a-Tubulin content. Data are expressed as
mean = SEM, n=3. *p<0.05, **p <0.01, and ***p <0.001 compared with indicated group, ns = no significance.

with CKD progression (Fig. 3D and E). The top 10 DEGs of PT_5 subset were Spp1, C3, Cp, Cryab, Atf3, Cd74,
Sparc, Igtbp7, Nfkbia, and H2-K1 (Fig. 3B). The marker genes of tubular injury, C3, Havcrl, and Vcaml, were
highly expressed in the PT_5 subset, but hardly expressed in other PT subsets (Fig. 3F). In addition to expressing
universal markers of proximal tubules such as Slc34al and Lrp2, the PT_5 subset specifically expressed the S1
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segment marker genes Slc5a2 and Slc5al2 (Fig. 3G). Subsequently, we performed functional enrichment analysis
to explore the unique functional characteristics of PT_5 subset. GO pathway analysis revealed that response to
endoplasmic reticulum stress, cytosolic ribosome, and structural constituent of ribosome pathways were up-
regulated in PT_5 subset (Fig. 3H). Transcription factor analysis of subsets of PTs showed that the activity of
Trp53, Sox4, Relb, Batf, and Irfl were up-regulated in PT_5 subset (Fig. 3I). The enrichment of downstream
target genes for Relb and Irfl demonstrated that they mainly regulated inflammation- and fibrosis-related
pathways, respectively (Fig. 3]). Furthermore, intergroup differential gene analysis of PT_5 revealed that Spp1,
Fgg, and Lyz2 were the top three up-regulated gene expressions in the CKD8w group compared with the control
group (Fig. 3K). Intergroup differential analysis of transcription factors in PT_5 demonstrated that Stat3, Cebpd,
Mbd2, Xbpl, and Spil were markedly up-regulated in the CKD8w group (Fig. 3L). Similarly, the enrichment
of Cebpd and Spil downstream target genes showed that they mainly regulated inflammation-related pathways
(Fig. 3M). From the above analysis, we identified a subset of injured PTECs associated with CKD progression,
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«Fig. 2. Overview of mouse kidney single-cell transcriptome landscape. A Uniform manifold approximation

and projection (UMAP) of renal cells colored by groups (left), samples (middle), and distinct cell types (right).
B Heatmap of the top 10 differentially expressed genes (DEGs) among all cell types according to log fold
changes. C Violin plot of the top 3 DEGs among all cell types according to log fold changes. D Bubble dot plot
of the top 3 marker genes used for cell type annotation in the scRNA-seq. E Proportion of each cell type in
each kidney sample. F Differences in cell proportion among groups. G UMAP of epithelial cells colored by four
groups (left) and epithelial cell subsets (right). H Heatmap of the top 10 DEGs among epithelial cell subsets
according to log fold changes. I Violin plot of the top 3 DEGs among epithelial cell subsets according to log
fold changes. ] Bubble dot plot of the top 3 marker genes used for epithelial cell type annotation. K Proportion
of epithelial cell subsets for twelve samples. L Differences in epithelial cell proportion among groups. Data are
expressed as mean + SEM, n=3. *p <0.05, *p<0.01, ***p <0.001, and ****p <0.0001 compared with indicated
group, ns =no significance. Abbreviations: DCT, distal convoluted tubule cells; ECs, endothelial cells; ICs,
collecting duct intercalated cells; LOH, renal loop of Henle epithelial cells; PCs, collecting duct principal cells;
PelvisUrothelial, kidney pelvis urothelial cells; PT, proximal tubule cells; MPs, mononuclear phagocytes.

named PT_5, which was mainly located in the S1 segment of proximal tubule and had pro-inflammatory and
pro-fibrotic functions.

Interaction between PT_5 and renal interstitial cells

As shown in Fig. 4A, the interaction between PT_5 and renal interstitial cells increased gradually with CKD
progression. Specifically, PT_5 increased the effects on fibroblasts, MPs, and T and NK cells most significantly,
reaching a maximum at 8 weeks of CKD (Fig. 4B). We then analyzed the potential crosstalk pathway between
PT_5, serving as a ligand, and renal interstitial cells through ligand-receptor interactions. The results revealed a
gradual augmentation in the gene interaction pair interleukin 34 (IL34) and colony stimulating factor receptor-1
(CSFIR) for PT_5 and MPs alongside the progression of CKD (Fig. 4C and E). Notably, the chemokine ligand
2 (CCL2) and C-C chemokine receptor type 2 (CCR2) interaction was significantly elevated exclusively in the
CKD8w group, with no discernible changes observed in the other three groups (Fig. 4D). The interaction between
PT_5 and fibroblasts was mediated by the binding of platelet-derived growth factor (PDGF) and its receptors
(PDGFR), including PDGFA_PDGFRA, PDGFB_PDGFRB, PDGFC_PDGFRA, and PDGFD_PDGFRB, and
the effect was obvious in the CKD8w group (Fig. 4C and E). Regarding the interaction between PT_5 and T and
NK cells, the interaction pair CXCL10_CXCR3 exhibited a sudden decline in the CKD8w group (Fig. 4D). The
aforementioned results highlighted the multifaceted role of PT_5 in modulating MPs, fibroblasts, and T and NK
cells by secreting growth factors, chemokines, and cytokines.

Characterization of T and NK cells in CKD progression

Subcluster analysis of 5,593 T and NK cells identified twelve subsets including proliferatingT_Mcmb5, group
2 innate lymphoid cells (ILC2), GDTCells_Trdc, NKT_Xcll, NK_Ncrl, Treg Foxp3, NaiveT_Ccr7, CD8Teff_
Ccl5, CD8Teft_Cxcl10, CD8Teft_Ifng, CD8Tex_Xcll, and HelperT_Tnfsf8 (Fig. 5A). The top 10 and top 3 DEGs
among T and NK cell subsets were visually displayed in Fig. 5B and C, respectively. The marker genes used for
annotation of T and NK cell subsets were shown in Fig. 5D. Notably, in the CKD8w group, there was a reduction
in the proportion of NaiveT_Ccr7, NK_Ncrl, and NKT_Xcl1, while an increase in the abundance of GDTCells_
Trdc, HelperT_Tnfsf8, and Treg_Foxp3 (Fig. 5E and F). To further explore the heterogeneity of T and NK cells,
we assessed the gene set scores for each subset using Ucell score. Nk_Ncr1 subset exhibited a significant T and
NK cells cytotoxicity score and CD8Tex_Xcl1 subset exhibited a significant T and NK cells exhaustion score
(Fig. 5G). Pseudotime analysis illuminated that the vast majority of CD8 T cells in the CKD8w group were at
the initial stage of differentiation, in contrast to the other three groups. CD8Teff_Ccl5 subset was located at the
origin of differentiation and was the most abundant CD8 T cell in the CKD8w group (Fig. 5H). Then, intergroup
differential gene analysis of CD8Teff_Ccl5 revealed that Apoe, Lyz2 and Sppl were the top three up-regulated
gene expressions in the CKD8w group compared with the control group (Fig. 5I). GO enrichment results
showed that the up-regulated genes were mainly enriched in ribonucleoprotein complex biogenesis, ribosome,
and structural constituent of ribosome pathways (Fig. 5J). These data suggested that the CD8Teff_Ccl5 subset
might be involved in CKD progression.

Characterization of fibroblasts in CKD progression

Subcluster analysis of 982 fibroblasts resulted six subsets, including Myofibroblasts_Phldal, Myofibroblasts_
Ifitm1, Myofibroblasts_Hspala, Myofibroblasts_Prkgl, Myofibroblasts_Timp1, and Fibroblasts_Dcn (Fig. 6A).
Of note, there were limited number of fibroblasts in the control (18 cells), CKD2w (16 cells), and CKD4w (21
cells) groups, and the vast majority of fibroblasts distributed in the CKD8w group. The top 10 DEGs among
fibroblasts subsets were visually displayed in Fig. 6B, and the marker genes utilized for annotation of fibroblasts
were shown in Fig. 6C. It was evident that Myofibroblasts_Timpl cells accounted for the largest proportion
in the CKD8w group (Fig. 6D). The GSVA heatmap analysis demonstrated that Myofibroblasts_Timp1 subset
markedly enhanced myofibroblasts, pro-angiogenic, inflammatory, pro-epidermal growth factor, and adipose-
derived pathways (Fig. 6E). In addition, GO enrichment analysis showed that endoplasmic reticulum to Golgi
vesicle-mediated transport, collagen-containing extracellular matrix, and extracellular matrix structural
constituent-related pathways were enriched in Myofibroblasts_Timp1 subset (Fig. 6F). Single-cell pseudotime
analysis revealed that Myofibroblasts_Timp1 subset represented the earliest differentiation stage of fibroblasts,
and Fibroblasts_Dcn subset were in the late stages of fibroblasts differentiation (Fig. 6G). The top 8 genes
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exhibiting differential expression with pseudotime progression were visually depicted in Fig. 6H. Expression
of genes, including Spp1 and Timp1 were highest in early status, while expression of genes such as C3, Clec3b,
Cxcl12, Den, and Gsn peaked in late ones. These results indicated that Myofibroblasts_Timp1 subset contributed

to renal fibrosis in CKD.

Characterization of MPs and macrophages in CKD progression
Through unsupervised clustering analysis, we identified four distinct cell subsets among 14,964 MPs, including
macrophages, monocytes, conventional dendritic cells (cDCs), and conventional type 2 dendritic cells (cDC2)
(Fig. 7A). The proportion of macrophages in the CKD8w group was significantly higher than that in the control
group, while the proportion of other MPs subsets did not differ significantly among groups (Fig. 7B and C).
We then focused on macrophages for further analysis. Subclustering of 11,176 macrophages obtained nine
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«Fig. 3. Identification, characterization, and functional analysis of injured PTECs associated with CKD
progression. A UMAP of PTECs colored by groups (left) and subsets (right). B Heatmap of the top 10 DEGs
among PTECs types according to log fold changes. C Violin plot of the top 3 DEGs among PTECs types
according to log fold changes. D Proportion of PTECs subsets for twelve samples. E Differences in PTECs
subsets proportion among groups. F Heatmap of specific expression of the injury genes C3, Havcrl, and Vcaml
in the PTECs subsets. G Bubble dot plot of proximal tubule marker genes expressed in PT_5 subset. H GO
enrichment analysis of up-regulated pathways in PT_5 subset. I Heatmap of the transcription factors activity
of each PTECs subset. ] KEGG enrichment of downstream target genes of transcription factor Relb and Irfl.

K Heatmap of the top 20 up-regulated genes and the top 20 down-regulated genes sorted by avg_logFC for
control vs. CKD8w intergroup differential genes. L Heatmap of the transcription factors activity of PT_5 in
each group. M KEGG enrichment of downstream target genes of transcription factor Cebpd and Spil. Data are
expressed as mean+ SEM, n=3.*p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 compared with indicated
group, ns =no significance.

distinct subsets, named Macrophages_Tgtbrl, Macrophages_Mcm2, Macrophages_Cxcl7, Macrophages_Cxcl8,
Macrophages_Cxcl10, Macrophages_Mmp12, Macrophages_ Mmp13, Macrophages_S100a6, and Macrophages_
Tmem119 (Fig. 7D). The most significant DEGs among macrophage subsets were visually illustrated in Fig. 7E
and E The proportion of macrophage_Cxcl7 subset and macrophage_Mmpl2 subset were increased and the
proportion of Macrophage_Tgfbrl subset and Macrophage Mmpl3 subset were decreased in the CKD8w
group (Fig. 7G and H). Next, we calculated the M1-macrophage and M2-macrophage polarization scores for
each distinct subset (M1-macrophage: IL1B, IL6, TNF; M2-macrophage: MRC1, CD163). Macrophages_S100a6
and Macrophages_Tmem119 exhibited characteristics similar to M1-macrophages, while Macrophages_Cxcl7
and Macrophages_Cxcl8 displayed similarities to M2-macrophages (Fig. 71). The Ucell score revealed the up-
regulation of pathways related to lipid metabolism, ferroptosis, ECM remodeling, immune regulation, and
pro-angiogenic pathways in Macrophages_ Mmp1l2 subset (Fig. 7]). Then, Pseudotime analyses shown that
Macrophage_Mmp12 subset represented a later stage of differentiation of macrophages (Fig. 7K). Additionally,
we performed a GO enrichment analysis of up-regulation genes of Macrophages_ Mmpl12 and found that
pathways related to ATP metabolic process, mitochondrial inner membrane, and proton transmembrane
transporter activity were enriched (Fig. 7L). Transcription factor analysis shown that the activity of Pou2f3,
Six1, KIf9, Tbx19, and Nr1h3 were up-regulated in Macrophages_Mmp12 subset (Fig. 7M). The enrichment
of downstream target genes for KIf9 and Six1 showed that pathways related to lipid metabolism were mainly
enriched (Fig. 7N). Overall, these results demonstrated that macrophages were highly plastic and heterogeneous
during the progression of CKD. Notably, the Macrophages_Mmp12 subset emerged as a prominent player,
exhibiting pronounced pro-inflammatory and pro-fibrotic traits that might contribute to the disease pathology.

Discussion

In this study, we identified an injured PTECs cell type, named PT_5, which was associated with CKD progression.
PT_5 cells expressed the markers of tubule injury, mainly localized in S1 segment of proximal tubule, and had
pro-inflammatory and pro-fibrotic functions. Moreover, PT_5 cells had regulatory effects on T and NK cells,
fibroblasts, and MPs by secreting growth factors, chemokines, and cytokines. Further analysis revealed that
the CD8Teft_Ccl5 subset, Myofibroblasts_Timp1 subset, and Macrophages_Mmp12 subset contributed to CKD
progression. These results provided new insights into the coordination of PTECs with renal interstitial cells in
the process of CKD.

CKD is characterized by a sustained reduction in kidney function and structural damage over time. Recent
studies have shown that the PTECs are primary targets of kidney injury and progression of kidney disease. The
PTECs act as primary sensors in response to stress conditions (e.g., obstructive, ischemic, hypoxic, oxidative,
or metabolic stress), which result in cell death, and thus serve as effector in the progression of CKD!%*3. The
damage of PTECs is considered a central event in the pathogenesis of CKD and deregulated repair processes
of PTECs result in EMT and TIF, which in turn aggravates tubular injury and kidney fibrosis. scRNA-seq has
identified a subset of PTECs with damage characteristics that could predict future decline in renal function.
These cells expressed Havcrl, Krit8, Sppl, Spp2, and Vcam1 to varying degrees and are known by various names
in the literature, including PT_VCAM]I, scattered tubular cells, adaptive/maladapted PTECSs, failed-repair
PTECs, and injured PTECs?>24651 In the present study, PT_5 was defined by the expression of Spp1, C3, and
Cp. C3, Havcrl, and Vcam1 were highly expressed in PT_5, which was involved in the inflammatory response
and fibrotic process. The up-regulation of pathways related to response to endoplasmic reticulum stress (ERS),
cytosolic ribosome, and structural constituent of ribosome suggested that protein synthesis was at a higher level
in PT_5. Notably, sustained or intense ERS may trigger programmed cell death or apoptosis*!®, and targeting
ERS may be a valuable strategy for treating CKD. In addition, in the CKD8w group, there was a significant
expression of Sppl, a pleiotropic glycoprotein expressed in a variety of cell types and involved in multiple
functions such as inflammation, cell adhesion, and migration"?. Therefore, Spp1 maybe a noteworthy target in
the progression of CKD promoted by PT_5.

The kidney is generally regarded as having a highly distinctive microenvironment, where a multitude of cells
engage in a highly diverse interactions?’. In physiological conditions, the interactions between these different
cell types are well ordered to fine-tune kidney function. However, in pathogenic conditions, injured kidney cells
significantly alter their cell fate, which in turn leads to dysregulated intercellular communication and ultimately
exacerbates kidney injury'®. Thus, interactions between these different cell types are critical for signaling
exchange in the renal microenvironment*2. In our study, PT_5 crosstalked with MPs through gene interaction
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Fig. 4. Interaction between PT_5 and renal interstitial cells. A Interaction networks among PT_5, neutrophils,
MPs, fibroblasts, and T and NK cells in each group. B Heatmaps of the amount of interaction gene pairs per
two cell types (up) and networks of the intensity of PT_5 action as a ligand on other cell types (down) in each
group. C Bubble plot of growth factor ligand-receptor pairs between PT_5 and renal interstitial cells. D Bubble
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ligand-receptor pairs between PT_5 and renal interstitial cells. In C, D, and E, PT_5 acted as ligand and MPs, T
and NK cells, fibroblasts, and neutrophils acted as receptors.
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Fig. 6. Characterization of fibroblasts in CKD progression. A UMAP of fibroblasts colored by groups (left)
and subsets (right). B Heatmap of the top 10 DEGs among fibroblast types according to log fold changes. C
Bubble dot plot of top 3 marker genes used for cell type annotation in fibroblasts. D Proportion of fibroblasts
subsets for twelve samples. E Heatmap of gene set variation analysis (GSVA) in distinct fibroblast subsets. F
GO enrichment analysis of up-regulation pathways of Myofibroblasts_Timp1 subset. G Pseudotime trajectory
analysis colored by fibroblast subsets at varying pseudotime stages (up) and by individual fibroblast subsets
(down). H The top 8 differential expression genes with pseudotime progression.

pairs CCL2_CCR2 and IL34_CSF1R, suggesting that PT_5 was involved in the recruitment and activation of
these immune cells, which are critical for inflammatory infiltration and injury of renal tissue. Furthermore, our
data indicated that PT_5 cells could interact with fibroblasts through multiple pathways involving the PDGF
family members, suggested a direct involvement of PT_5 cells in the regulation of fibroblast activity, which is
central to fibrogenesis in the kidney. IL34 is a key cytokine that stimulates macrophage and monocyte inflow
by binding to its receptor CSF1R% Previous studies have confirmed the critical role of PT-derived IL34 and

macrophage inflow in acute kidney injury and unilateral ureteral obstruction (UUO) nephropathy models

2,41

CCL2, also known as monocyte chemokine protein-1, belongs to a broad family of chemokines. It is a potent
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macrophage chemokine inducer acting through its receptor CCR2, and has been shown to direct macrophage
infiltration and injury in a variety of renal and non-renal diseases’. CCL2 mediates and promotes renal fibrosis
by recruiting monocytes and promoting macrophage activation and transdifferentiation?*°. Interestingly, the
interaction between CCL2 and CCR2 was significantly intensified in the CKD8w group, highlighting a complex
mechanism that warrants further exploration. Furthermore, PDGE, specifically the PDGFB ligand, emerges as
another critical mediator in the epithelial-fibroblast crosstalk. PDGFB is highly up-regulated in injured renal
tubules, contrasting its absence in healthy renal epithelial cells?”*, underscoring its role in disease progression.

For T and NK cells, their importance in CKD remains in question. In some studies, T-cell-deficient mice
damaged by UUO had reduced TIF, but fibrosis was unchanged in other studies®?!. C-C chemokine ligand
5 (CCLS5), which is mainly secreted by activated CD8 + T lymphocytes, plays an active role in leukocyte
recruitment and is a potent leukocyte activator®. This is similar to our results, the CD8Teff Ccl5 subset of T
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«Fig. 7. Characterization of MPs and macrophages in CKD progression. A UMAP of MPs colored by groups
(left) and subsets (right). B Proportion of MPs subsets for twelve samples. C Differences in MPs proportion
among groups. D UMAP of macrophages colored by groups (left) and subsets (right). E Heatmap of the top
10 DEGs among macrophage subsets according to log fold changes. F Violin plot of the top 3 DEGs among
macrophage subsets according to log fold changes. G Proportion of macrophage subsets for twelve samples.
H Differences in macrophage proportion among groups. I Relative expression level of macrophage markers
in distinct macrophage subsets. ] Heatmap of UCell score in distinct macrophage subsets. K Pseudotime
trajectory analysis colored by macrophage subsets at varying pseudotime stages (left) and by individual
macrophage subsets (right). L GO enrichment analysis of up-regulation pathways of Macrophages_Mmp12
subset. M Heatmap of the transcription factors activity of each macrophage subset. N GO enrichment of
downstream target genes of transcription factor KIf9 and Six1. Data are expressed as mean+SEM, n=3.
*p<0.05, **p<0.01, **p<0.001, and ****p <0.0001 compared with indicated group, ns=no significance.

and NK cells might be involved in CKD progression. For fibroblasts and myofibroblasts, it is undeniable that
myofibroblast activation and subsequent ECM accumulation are the main events in renal fibrosis. Activated
myofibroblasts are the main contributors to renal fibrosis as they are able to produce the most matrix'.
Cytokines produced by injured PTECs such as transforming growth factor-p, Wnt, and PDGFB can stimulate
myofibroblast formation, proliferation and ECM production***. Our study showed that Myofibroblasts_Timp1
was the most abundant fibroblast subset in the CKD8w group, and closely related to myofibroblast activation,
inflammation, and extracellular matrix remodelling. Several studies have demonstrated that tissue inhibitor
of metalloproteinases-1 (TIMP-1) played a role in kidney injury by regulating the synthesis and degradation
of the extracellular matrix, promoting tubulointerstitial fibrosis through the inhibition of proteolytic matrix
metalloproteinases, and exacerbating inflammation and renal scarring>*%>. Macrophages act as the main immune
cells for inflammatory infiltration during the CKD process, which ultimately leads to the development of renal
fibrosis. In our study, Macrophage_Mmp12 subset represented a later stage of differentiation of macrophages,
and related to ferroptosis, ECM remodelling, and immune regulation. Macrophages are a potent source of
matrix metalloproteinases (MMPs). Although some MMP can slow TIF progression through degradation of
ECM components, MMP2, MMP9, and MMP12 are thought to be associated with TIF progression'®. It has been
reported that abnormal expression of MMP12 could contribute to coronary artery and cerebral vascular disease,
metastatic cancer, and pulmonary disease?’. However, the mechanism of action of MMP12 in the progression of
CKD remains unclear and requires further exploration.

Conclusions
In conclusion, our study has uncovered an injured PTEC subset, PT_5, displaying a coordinative pattern
involving T and NK cells, fibroblasts, and MPs in CKD progression.
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