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Abstract
Background: Hypertensive nephropathy (HTN) is one of the leading causes of

end-stage renal disease, yet the precise mechanisms and cell-specific gene expression

changes are still unknown. This study used single-cell RNA sequencing (scRNA-seq)

to explore novel molecular mechanisms and gene targets for HTN for the first time.

Methods: The gene expression profiles of renal biopsy samples obtained from HTN

patients and healthy living donor controls were determined by scRNA-seq technology.

Distinct cell clusters, differential gene expression, cell-cell interaction and potential

signaling pathways involved in HTN were determined.

Results: 18 distinct cell clusters were identified in kidney from HTN and control

subjects. Endothelial cells overexpressed LRG1, a pleiotropic factor linked to

apoptosis and inflammation, providing a potential novel molecular target. HTN

endothelium also overexpressed genes linked to cellular adhesion, extracellular matrix

accumulation and inflammation. In HTN patients, mesangial cells highly expressed

proliferation related signatures (MGST1, TMSB10, EPS8 and IER2) not detected in

renal diseases before. The upregulated genes in tubules of HTN were mainly



participating in inflammatory signatures including IFN-γ signature, IL-17 signaling

and TLR signaling. Specific gene expression of kidney-resident CD8+ T cells

exhibited a proinflammatory, chemotactic and cytotoxic phenotype. Furthermore,

receptor-ligand interaction analysis indicated cell-cell crosstalk in kidney contributes

to recruitment and infiltration of inflammatory cells into kidneys, and fibrotic process

in hypertensive renal injury.

Conclusions: In summary, our data identifies a distinct cell-specific gene expression

profile, pathogenic signaling pathways and potential cell-cell communications in the

pathogenesis of HTN. These findings will provide a promising novel landscape for

mechanisms and treatment of HTN.

Keywords: Hypertensive nephropathy, Single-cell RNA sequencing, Differentially

expressed genes, Cell-cell crosstalk

Background
Hypertension is a major risk factor for ischemic heart disease, heart failure, stroke and

chronic kidney diseases (CKD) [1]. It is estimated that around one third of people

suffer from hypertension worldwide, and hypertension also serves as an important

global public-health challenge [2,3]. Hypertensive nephropathy (HTN) is highly

prevalent and is regarded as one of the leading causes of end-stage renal disease

(ESRD), leading to significant morbidity and mortality [4,5]. The prevalence of

hypertension associated ESRD continues to rise annually, which brings a heavy

burden on family, society and healthcare financing [6,7].

Multiple molecular mechanisms are involved in the promotion of hypertensive

renal damage, such as genetic factors, renin-angiotensin-aldosterone system (RAAS)

activation, endothelial dysfunction, impaired capillary blood flow, inflammation and

oxidative stress [8]. Until now, the exact pathogenesis underlying HTN is complex

and still not fully elucidated. At present, strict control of blood pressure including

utilization of angiotensin-converting enzyme inhibitors (ACEI) or angiotensin

II receptor blockers (ARB) has been considered as an effective measure, yet well

controlled blood pressure slows but can’t fully prevent the progression of renal

damage caused by hypertension [9]. Although great efforts have been made in



combating and preventing HTN, there is still a shortage of effective treatments. Thus,

identification of novel mechanisms underlying HTN and improvement of early

diagnosis and treatment strategies are key issues in HTN.

It is challenging to elucidate the mechanisms responsible for the initiation and

development of HTN due to the complexity of kidney structure and function.

Single-cell RNA sequencing (scRNA-seq) has emerged as a powerful scientific

method which grew as an alternative to traditional bulk RNA sequencing (RNA-seq)

technology [10]. Bulk RNA-seq method can only profile the average expression of

individual genes across a diverse group of cells in the sample, and is unable to

identify transcriptional features of individual cells [11]. Unlike tissue-level bulk

RNA-seq, scRNA-seq technology defines gene transcription and heterogeneity at the

single-cell level, and shows great potential to identify novel cell types and

subpopulations. Moreover, scRNA-seq technology enables the analysis of

transcriptomes and signaling pathways simultaneously in various cell clusters

extracted from tissues [12,13]. This new methodology has already been used in the

field of kidney diseases, including lupus nephritis, diabetic nephropathy, acute kidney

injury and IgA nephropathy [14-17].

In the present study, for the first time we performed scRNA-seq to analyze gene

expression at the single cell level in human renal biopsies of patients with

hypertensive nephropathy and pre-transplant healthy living controls. Our findings

identified different cell types and detected potential novel cellular mechanisms and

molecules involved in progression of HTN. We also revealed valuable data about

crucial intercellular and cell-type-specific signaling pathways driving disease

pathogenesis. These investigations will contribute to developing potential novel

therapeutic targets for the treatment of hypertensive renal damage in the future.

Materials and methods
Ethics approval and consent

Renal tissue samples were obtained as portion of the Kidney Precision Medicine

Study which was approved by the Medical Ethics Committee of Xiangya Hospital of

Central South University for Human Studies (No. 201711836). All subjects needed

written informed consent, and all experiments were conducted according to the

research protocol.



Clinical sample
Kidney samples from two newly diagnosed patients with HTN were collected from

the department of nephrology in Xiangya Hospital of Central South University. HTN

was diagnosed histologically by renal pathological biopsy, and the predominant

histological findings were myointimal hyperplasia of arterioles, arteriolar hyalinosis,

wrinkling of basement membrane, and focal renal tubulointerstitial inflammation and

fibrosis. Kidney tissues from renal core 18-gauge needle biopsies essential for clinical

diagnosis were collected from consented subjects with HTN. One control kidney

specimen was obtained by needle biopsy from living donor kidneys after removal

from the donors, and prior to implantation into the recipients. The estimated

glomerular filtration rate (eGFR) was caculated by CKD-EPI creatinine formula.

ScRNA-seq dataset of another healthy adult kidney sample has already been

deposited at Gene Expression Omnibus (GEO) under accession number GSE171314.

The raw sequencing data Only a small amount (2-3 mg) of renal biopsy was acquired

for the scRNA-seq procedure. Kidney tissues were washed with sterile PBS after

collection.

Kidney tissue processing and single-cell dissociation

The fresh renal biopsy was immediately put into the GEXSCOPE Tissue Preservation

Solution (Singleron Biotechnologies) at 2-8°C [18]. The biopsy sample was washed

three times with Hanks’ Balanced Salt Solution (HBSS), and subsequently cut into

small pieces (1-2 mm). The sample was then digested in 2ml GEXSCOPE Tissue

Dissociation Solution (Singleron Biotechnologies) in a 15ml centrifuge tube by

continuous agitation for 15min at 37°C. Subsequently, the sample was filtered using a

40 μm sterile cell strainer (Corning). The solution was centrifuged at 1000 rpm for 5

min at 4°C, cell pellets were resuspended in 1 ml PBS (HyClone). The cell suspension

was treated with 2 ml GEXSCOPE Red Blood Cell Lysis Buffer (Singleron

Biotechnologies) for 10 min at 25°C to remove red blood cells. Cell pellet was

resuspended in PBS after centrifugation at 1000 rpm for 5 min. Cells were then

enumerated through a TC20 automated cell counter (Bio-Rad). Live cells were

identified by trypan blue staining (Gibco). If cell viability was more than 80%, the

subsequent processing of sample was conducted.



Library preparation and scRNA-seq data preprocessing
The single cell suspension was adjusted in PBS to a density of 1×105 cells/mL. Then

the single cell suspension was loaded onto a microfluidic chip. The preparation of

scRNA-seq library was performed following the manufacturer's protocol (Singleron

GEXSCOPE Single Cell RNA-seq Library Kit, Singleron Biotechnologies) [18].

Illumina HiSeq X10 instrument and 150 bp paired-end reads were used to sequence

the captured scRNA-seq libraries. The scRNA sequencing was deposited in Gene

Expression Omnibusdatabase at NCBI.

Quality control and marker gene analysis in different cell clusters
Cells with less than 200 or more than 5000 expressed genes were discarded in this

study. We removed cells that had higher than 30,000 UMIs and mitochondria content

more than 50%.After identification of cell clusters, the marker genes of each cell

group in the kidney were identified relative to other cell clusters by the “Wilcox”

(Likelihood-ratio test) using the FindAllMarkers function of Seurat. Avg.exp

represented the average expression of the gene in each cell type. The marker genes

were selected based on expression in more than 10% of cells in one cell group, and

the average log (Fold Change) being greater than 0.25. The heatmap was generated by

identification of the top20 marker genes from each cell group

Identification of differentially expressed genes between groups

We identified differentially expressed genes (DEGs) in each kidney cell population by

comparing the transcriptional profiles of HTN patients with controls. Using the

FindAllMarkers function in Seurat, the DEGs of each cell population between two

groups were determined by the "wilcox" (Likelihood-ratio test). A gene with an

absolute average log (Fold Change) value exceeding 0.25 and with a P value less than

0.05 was identified as a differentially expressed gene.

Enrichment and receptor-ligand analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analysis were carried out using the “clusterProfiler” R package to clarify

the functional effects of DEGs. Receptor-ligand interaction network between distinct

cell clusters was analyzed by CellphoneDB.



Results
A total of 4 kidney samples from patients with HTN (n=2), and healthy living donor

controls (n=2) were processed. In our study, one HTN patient was a 45-year-old man

with a history of hypertension for 6 years. Another HTN patient was a 53-year-old

man with a history of hypertension for 8 years. Both of these two HTN patients had

proteinuria. HTN patients had no concurrent diseases including diabetes or primary

renal disease. Other secondary kidney diseases were excluded either. One living

donor was a 41-year-old male, another living donor was a 48-year-old male. Both of

the living donors have no history of diseases such as hypertension and diabetes, and

have not been prescribed any medications before.

Cell lineage identification in human renal cortical tissue
We obtained kidney specimens freshly from HTN and healthy subjects, then separated

and digested them into a single cell suspension. Subsequently, scRNA-seq was

conducted. Cell yield totaled 19,964 cells (HTN subjects had 8661 cells in total) from

four specimens, and cell viability was between 84.50% and 96.55% (Supplemental

Table. 1). After data processing and quality control were carried out, transcriptome

profiles were analyzed. We used unsupervised clustering to visualize renal cell

populations, and cell populations were identified based on anchor gene expression of

each cluster and from the literature. UMAP plots of 18 cell clusters from the kidney

are shown in Fig. 1a, including mesangial cells, endothelial cells, podocytes, proximal

and distal tubular cells, loop of Henle cells, principal and intercalated cells from

collecting ducts, pericytes, macrophages, dendritic cells, monocytes and T cells. The

distribution of distinct cell clusters from individual subjects with HTN and the control

subjects is represented as a UMAP plot (Fig. 1b). The percentages of different cell

populations in each subject were defined respectively (Fig. 1c). A heatmap of the top

20 most differentially expressed marker genes for each cell cluster was used to

determine mutually exclusive genomes and to distinguish cell lineage (Fig. 1d and

Supplemental dataset. 1). Violin plots of a representative selected marker for each cell

population are illustrated in Fig. 1e. A complete list of cell-type-specific DEGs is

provided in Supplemental dataset. 1-3.

Cell clustering was identified by mutually exclusive expression of cell

lineage-specific marker genes (Table. 1). For example, high expression of FN1, FHL2



and MYL9 identified this cell cluster as mesangial cells, while the expression of

NPHS2, PODXL and PTPRO characterized podocytes. Endothelial cells uniquely

expressed PECAM1, KDR and CLDN5, whereas fibroblasts expressed distinct genes

(COL1A1, DCN and LUM). For renal tubular epithelial cells, proximal tubule cells

distinctly expressed ALDOB, LRP2, SLC13A1 and CUBN, while distal tubule cells

were identified by expression of CALB1 and SLC12A3. Loop of Henle cells expressed

UMOD, SLC12A1 and CLDN16. Marker genes AQP2, AQP3 and GATA3 identified

principle cells, while SLC4A1, ATP6V0D2, FOXI1 and DMRT2 defined intercalated

cells. Leukocytes expressed distinct T cell, B cell, macrophage and plasma cell genes

(CD3G, MS4A1, CD68 and IGHG1, respectively).

Transcriptomics of endothelium in kidney involved in the pathogenesis of HTN
Endothelial dysfunction is a key factor contributing to the development of

hypertension and renal damage. In HTN renal tissues, endothelial cells highly

expressed LRG1, a pleiotropic molecular, which has a pathogenic effect in multiple

human diseases [19]. LRG1 participated in pathological and biological processes

including cell adhesion, protein-protein interactions and signal transduction. LRG1

was also shown to facilitate apoptosis and autophagy through the

TGF-β1/ALK1-mediated signaling pathway [20]. We proposed that endothelium-

derived LRG1 might be a novel molecular target in the pathophysiology of HTN.

In addition to LRG1, the endothelium also overexpressed cellular adhesion genes

including SELP, CEACAM1 and PECAM1, probably mediating the aggregation and

adhesion of inflammatory cells to the injured site. ACKR1, enriched at the endothelial

junction, modulates chemokine levels and helps leukocyte recruitment [21]. We found

ACKR1 gene expression was also increased in HTN endothelial cells. CCL23 and

CCL2, chemokines participating in leukocyte trafficking and the inflammatory

response, were overexpressed in the endothelium. VWA1, which played a role in

collagen synthesis [22]. was upregulated in HTN endothelial cells and not reported in

renal pathology before. Interestingly, For HTN patients, the endothelium highly

expressed the hyaluronan (HA)-binding receptor LYVE-1, which facilitated collagen

expression and fibrosis through engagement with the HA and extracellular matrix

(ECM) [23]. Functional analysis indicated upregulated DEGs were enriched in tumor

necrosis factor (TNF) signaling, cellular response to TNF or interferon-gamma

(IFN-γ), focal adhesion and cell-substrate adhesion (Fig. 2b and 2c, Supplemental



dataset. 5 and 6). These data reveal endothelial cells overexpressed genes which are

linked to cellular adhesion, inflammation and ECM accumulation, indicating that the

endothelium plays an initial and promoting role in the pathogenesis of HTN.

Cell-cluster-specific gene expression revealed molecular signatures of the

glomerulus in HTN
Mesangial cells, pericytes and podocytes in glomerulus were identified based on

cell-cluster-specifically expressed genes. We also analyzed DEGs in the glomerulus

through comparing the transcripts between HTN and control subjects (Fig. 2 and

Supplemental dataset. 2).

HTN mesangial cells were found to highly express proliferation related signatures.

Compared to the control samples, expression of several genes (MGST1, TMSB10,

EPS8 and IER2) was increased in mesangial cells from HTN patients and has not been

investigated previously in renal diseases. MGST1, a membrane bound glutathione

transferase, has been shown to play crucial roles in cell proliferation and oxidative

stress [24]. TMSB10 and EPS8 were reported to promote proliferation and invasion of

cancer cells [25,26]. In HTN samples, mesangial cells highly expressed CLDN4, a

functional tight junction gene participating in tumor cell proliferation [27].

Upregulation of the above genes might be involved in proliferation of mesangial cells

in HTN. IFI27, which was expressed preferentially in podocytes, was reduced in IgA

nephropathy and membranous nephropathy patients and served as a useful genetic

diagnostic marker [28]. Interestingly, we found upregulated IFI27 expression in

mesangial cells from HTN subjects compared to the control samples. As expected, we

observed upregulated inflammatory signatures in HTN mesangial cells compared to

the control samples. CXCL14 functioned to recruit activated macrophages and was

overexpressed in HTN mesangial cells. CD74 expression was also increased in

mesangial cells of HTN subjects. It has been shown that increased level of endothelial

CD74 mediates migration of macrophages and adhesion of monocytes [29]. SPP1, a

typical inflammatory mediator [30]. was highly expressed in HTN mesangial cells.

Furthermore, we explored functional differences between HTN and healthy mesangial

cells by GO and KEGG analysis. DEGs in mesangial cells from HTN patients were

enriched in leukocyte transendothelial migration, focal adhesion associated biological

processes and negative regulation of MAPK cascade (Fig. 2d and 2e, Supplemental

dataset. 5 and 6). These findings suggest that mesangial cells can produce



inflammatory cytokines and chemokines which may build connections between

mesangial cells and immune cells in kidneys, driving inflammatory reactions

contributing to the development of HTN.

Pericytes, pluripotent perivascular cells closely related with endothelial maturation

and vessel stability, have emerged as key players in the progression of hypertension

and related organ damage [31]. Accordingly, we identified DEGs in renal pericytes by

comparing HTN to the control subjects. Renal pericytes displayed down-regulated

AMOTL1 expression, which was essential for endothelial/pericyte junctional complex

formation and normal establishment of vascular networks [32]. This result indicates

that altered gene expression in renal pericytes may contribute to endothelial

dysfunction in HTN.

HTN tubular cells were enriched with inflammation and oxidation related

signatures
Tubular epithelial cells were sub-grouped into 5 groups according to

cell-cluster-specifically expressed genes. Molecular expression differences in tubular

epithelial cells were compared between HTN and normal subjects, and DEGs were

shown in Fig. 3a and Supplemental dataset. 3. We also compared cell signaling

networks between HTN and control tubular cells. Proximal tubule cells displayed

overexpression of genes enriched in PPAR signaling (Fig. 3b), response to oxidative

stress and granulocyte activation involved in the immune response [33]. Genes

participating in leukocyte transendothelial migration, IFN-γ-mediated signaling,

toll-like receptor (TLR) signaling and regulation of chemokine IL-8/CXCL8 secretion,

were increased in distal tubular cells (Fig. 3c). Furthermore, comparison of DEGs in

loop of Henle cells showed enrichment of genes participating in NOD-like receptor

signaling, TLR signaling, IL-17 signaling and IFN-γ-mediated signaling in HTN (Fig.

3d). As shown in Fig. 3e and 3f, genes involved in IFN-γ signaling and cell redox

homeostasis were increased both in principal cells and intercalated cells from HTN

patients. Oxidation related signatures upregulated by tubular cells might contribute to

oxidative stress in HTN. Therefore, overexpressed molecules involved in diverse

inflammatory signaling pathways in tubules suggest tubular cells may serve as a main

actor participating in inflammatory responses locally and systematically in the process

of HTN.



Immune dysregulation participated in HTN progression
Mounting evidence indicates that accumulation of T cells and monocytes/

macrophages in the renal interstitium has a prominent role in the generation and

propagation of hypertension and target organ damage [34]. We detected nine immune

cell subtypes infiltrating in kidneys of HTN patients, including NKT cell, NK cell, T

cell, B cell and plasma cell (Fig. 4). Because of the limited number of leukocytes in

the control kidney, HTN kidneys were compared with two peripheral blood

mononuclear cell (PBMC) datasets from publicly available data [35,36]. For dendritic

cells, upregulated genes were enriched in IFN-γ-mediated signaling, T cell

costimulation and differentiation, and positive regulation of cell-cell adhesion in HTN

(Fig. 5a, 5b). Interestingly, resident dendritic cells highly expressed several

ribosomal-protein genes, which have recently been found to take part in the

pathogenesis of hypertension [37].

As shown in Fig. 5c-h and Supplemental dataset. 4, DEGs were identified in

infiltrating T cells including naïve T cell, CD8+ MAIT and CD8+ effector T cell from

HTN kidneys compared to control PBMCs. Especially, chemokines and receptors

including CXCL2, CXCL14, CCL3L1, CCRL2 and CCR2 were overexpressed in HTN

effector CD8+ T cells, promoting the recruitment and migration of leukocytes to the

renal interstitium. HTN effector CD8+cells were also observed to express higher

levels of inflammatory mediators such as SPP1, TNFAIP2 and TNFRSF9. For the

HTN group, the GO terms of effector CD8+ T cells were enriched in T cell migration,

proliferation, regulation of ubiquitin-protein transferase activity and inflammatory

response. Of note, comparison of CD8+ MAIT from HTN and control subjects

showed upregulation of genes participating in nuclear factor kappa-B (NF-κB)

signaling, leukocyte chemotaxis, cell-matrix adhesion, oxidative stress and cellular

response to vascular endothelial growth factor stimulus, indicating CD8+ MAIT might

be an important contributor to the pathophysiology of hypertension. Hence, our

findings suggest that CD8+ T cells may contribute to immune cell recruitment and

migration and inflammatory cytokine secretion in HTN.

Next, we focused on upregulation of DEGs in plasma cells, and detected the

infiltration of IGHG1-expressing plasma cells. Plasma cells in HTN patients had

increased genes participating in complement activation, TNF-mediated signaling,

endoplasmic reticulum stress, oxidative stress and regulation of protein ubiquitination

compared to controls.



Ligand-receptor analysis revealed increased cell-cell crosstalk in HTN
To explore cell-cell interactions in kidneys with HTN, ligand-receptor pair expression

between distinct cell types were defined. We identified interactions of receptors and

ligands and predicted intercellular communication for each cell cluster within the

kidney (Fig. 6a, Supplemental dataset. 7). The intercellular interactions were

primarily involved in mesangial cells, endothelial cells, fibroblasts, macrophages,

monocytes, dendritic cells, loop of Henle cells and cycling epithelial cells, with less

enrichment in plasma cells, T cells, B cells, principle cells, intercalated cells and

podocytes.

Next, we determined the interplay between mesangial cells and other kidney cells

such as endothelial cells, podocytes, fibroblasts, loop of Henle cells, monocytes,

macrophages and cycling epithelial cells (Fig. 6b-e). The interacting pairs of ligands

from mesangial cells and receptors from endothelial cells were also analyzed. Among

them, the mesangial-endothelial cell-cell interaction was important. We found

mesangial cells expressed chemokines including CXCL1, CCL2 and CXCL8, which

all interacted with the chemokine receptor ACKR1 expressed in the endothelium,

indicating the chemoattractant ability for immune cells. Our network analysis

revealed mesangial cell-derived ligand CD24 or GLG1 interacted with adhesion

molecule SELP or SELE expressed in endothelial cells, which mediated the initial

adhesion between leukocytes and resident glomerular cells. Furthermore, mesangial

cells expressed FGF2, a profibrotic factor related with ECM accumulation [38], its

receptor, FGFR1, was detected in the endothelium, podocytes and fibroblasts.

Mesangial cells also expressed TNF superfamily member TNFSF10, and its receptor,

TNFRSF10A, was expressed in monocytes. The above results indicate that mesangial

cells are involved in cell proliferation, ECM accumulation and inflammation in HTN.

As illustrated in Fig. 6f-i, except for mesangial cells, the endothelium also displayed

crosstalk with other cells in the kidney such as fibroblasts, cycling epithelial cells,

macrophages, monocytes and dendritic cells. The expression of chemokines in the

endothelium such as CCL2, CCL5 and CCL23 interacted with receptors CCR2 and

CCR1 expressed in macrophages. Endothelial cells also expressed ACKR1, and its

ligands CXCL1, CCL2, CCL5 and CXCL8 were expressed in macrophages, loop of

Henle cells or cycling epithelial cells. Interestingly, CXCL12 and CCL5 expressed in

the endothelium interacted with fibroblasts expressing ACKR3 and ACKR4,



respectively. Endothelial cells expressed PDGFD and VEGFC, which accelerated

matrix-accumulation and angiogenesis by interacting with PDGFRB and KDR

respectively expressed in fibroblasts (Fig. 4c). These findings support the key role of

endothelial cells in immune cell infiltration, inflammation and fibrosis in HTN.

As we know, activation of Notch signaling plays a crucial role in angiogenesis,

inflammation and fibrosis during development of HTN and renal fibrosis [39].

Particularly, our results showed JAG1/Notch signaling was detected comprehensively

in different cell type interactions. The ligand JAG1 expressed in mesangial cells or

endothelial cells interacted with Notch receptors (NOTCH 1-4) expressed in various

cells. Therefore, our data suggest that extensive intercellular crosstalk between the

mesangial cells/endothelium and other cells in kidney may contribute to the

progression of HTN.

Discussion
Here, we successfully generate a comprehensive single-cell transcriptome dataset for

human HTN by scRNA-seq. To our knowledge, the current research is the first study

to provide transcriptional landscapes of kidney samples in HTN patients by

scRNA-seq analysis. Single cell transcriptomics for several human kidney diseases by

scRNA-seq have been reported, while most of them focus on renal tubular epithelium

and interstitium, and rarely assessed resident cells in glomerulus [14]. In this work,

we improved the isolation method and identified all major kidney cell clusters

including nephron and resident immune cells. Through comparing cell-type-specific

gene expression and signaling signatures in kidneys from HTN biopsy specimens and

living donor controls, our study reveals many meaningful results and provides clues

for future research in the pathogenesis of HTN.

18 separate cell clusters were identified in the kidney, including three glomerular

resident cell types, five tubular cell types, six types of immune cells, fibroblasts,

smooth muscle cells, cycling epithelial cells and pericytes. Among them, T cells were

further classified into several subclasses such as CD8+ naïve T cells, CD8+ MAIT,

CD8+ effector T cells and Tregs. Pericytes, specialized perivascular cells, have

recently been considered as central regulators of endothelial cell dysfunction and

microcirculation in the pathogenesis of hypertension [31]. Especially, AMOTL1 which

was essential for normal vascular development and endothelial-pericyte crosstalk [32],



was reduced in renal pericytes. Focusing on pericytes as a novel therapeutic target

may ameliorate endothelial dysfunction and stabilize microcirculation in HTN.

The classical pathology of HTN contains nephroangiosclerosis and hyalinosis,

structural remodeling and thickening of arterioles associates with hemodynamic

alterations [40]. Emerging studies have revealed that endothelial dysfunction, vascular

inflammation and angiogenesis participate in hypertension and targeted organ damage

[41]. Our work showed that endothelial cells in HTN kidney exhibited different

transcriptome phenotypes compared to controls. We detected enhanced LRG1

expression at the transcriptomic levels in endothelium of HTN patients. Evidence to

date suggests that LRG1 is associated with inflammatory responses, neutrophil

differentiation and cell apoptosis [20]. LRG1 also served as a crucial pathogenic

mediator in diabetic kidney diseases progression through TGF-β/ALK1 signaling [19].

Interestingly, with regard to cardiovascular diseases, LRG was defined as a serum

biomarker that discerns patients with heart failure accurately [42]. Thereby, we

uncover the potential pathogenic effect of LRG1 secreted by endothelial cells in

pathogenesis of HTN. However, further research is needed to confirm whether LRG1

emerges as a novel therapeutic target in hypertension and renal injury.

We also assessed the expression of other genes in endothelial cells from HTN

kidneys except LRG1. Several upregulated cellular adhesion genes (SELP, CEACAM1

and PECAM1) were demonstrated in endothelial cells from HTN subjects. Further,

the endothelium overexpressed chemokines (CCL23 and CCL2) and chemokine

receptor 1 (ACKR1). The highly expressed VWA1 and LYVE-1 in endothelium were

associated with collagen accumulation and fibrosis [22,23]. Increased DEGs in the

endothelium participated in TNF signaling, cellular response to IFN-γ, focal adhesion

and cell-substrate adhesion. These data reflect HTN endothelium as a

proinflammatory and profibrotic phenotype. Therefore, the endothelium may

participate in trafficking and recruitment of immune cells, inflammatory reaction, and

ECM accumulation during the process of hypertension.

Mesangial cell proliferation and mesangial expansion contribute to the

development of HTN [43,44]. HTN mesangial cells overexpressd proliferation related

signatures (MGST1, TMSB10, EPS8 and IER2) not detected in renal diseases before.

We also showed upregulated genes (CXCL14, CD74 and SPP1), related with

leukocyte migration and inflammation [30,45,46]. were also identified in mesangial

cells of HTN patients. Thus, genes characteristic of HTN mesangium linked to



mesangial cell proliferation and interaction with immune cells. As we know,

tubulointerstitial inflammation and fibrosis are common characteristics of chronic

renal disease progression, and renal prognosis exhibits a closer connection with the

degree of tubulointerstitial damage than glomerular lesions [47]. Renal tubular

epithelial cells play a pivotal role in the development of hypertension-induced renal

damage [48]. In recent years, investigators have defined an important role of

inflammatory pathways including IFN-γ signaling and IL-17 signaling in several

experimental hypertensive models, which promote both renal and vascular injury.

IFN-γ or IL-17A ablation results in blunted hypertension and does not exhibit

endothelial dysfunction and target organ damage in animal models of hypertension

[49,50]. Consistently, our results revealed that tubular cells obtained from HTN

patients highly expressed genes involved in the IFN-γ response signature and IL-17

signaling regulation. Furthermore, distal tubular cells and loop of Henle cells from

HTN subjects also displayed upregulated TLR signature. Activation of TLR can

activate downstream pathways including NF-κB and MAPKs, and promote cytokine

and chemokine production, participating in inflammatory processes of

hypertension-induced target-organ damage [51]. These results define the renal

epithelium as an important promoter contributing to inflammatory responses in the

hypertension-challenged kidney.

Evidence from our group and others have revealed that both innate and adaptive

immunity contribute to the pathogenesis of hypertension, primarily T cells and

monocytes/macrophages accumulating in the kidney and vasculature [34]. We

detected an elevated number of dendritic cells, macrophages, monocytes, T cells, B

cells and plasma cells infiltrated in hypertensive kidneys. Our data indicated

infiltrating HTN dendritic cells expressed markers enriched in IFN-γ-mediated

signaling, T cell costimulation and differentiation, and cell-cell adhesion. Studies

showed that CD8−/−mice displayed a blunted hypertension, and adoptive transfer of

CD8+ but not CD4+ T cells caused hypertension inRAG-1−/− mice with angiotensin II

infusion, implying an unique prohypertensive effect of CD8+T cells [52]. Accordingly,

we identified 3 subpopulations of CD8+ T cells including CD8+ naïve T cells, CD8+

MAIT and CD8+ effector T cells by cell cluster specific markers in HTN patients.

Especially, HTN effector CD8+ T cells overexpressed chemokines and receptors

including CXCL2, CXCL14, CCL3L1, CCRL2 and CCR2. CD8+cells with effector

phenotype also highly expressed inflammatory mediators including SPP1, TNFAIP2



and TNFRSF9. Our novel findings indicate that HTN kidney exhibits an increased

fraction of proinflammatory, chemotactic and cytotoxic CD8+ T cells.

To explore global cell-cell communications in HTN, ligand-receptor signaling

among distinct cell populations was analyzed. Our observation showed that

cell-type-specific interactions in HTN were most obvious in the endothelium or

mesangial cells with other kidney-resident cells. It is well documented that

inflammatory chemokines and their receptors account for increased immune cell

infiltration and aggravated oxidative stress, vascular dysfunction, and fibrosis in

hypertension [53-55]. Consistently, leukocyte chemotactic signaling and fibrotic

related pathway were observed in ligand-receptor interactions across kidney cell types.

Endothelial cells expressed the chemokine receptor ACKR1, and its ligands CXCL1,

CCL2, CCL5 and CXCL8 were expressed in mesangial cells, macrophages, loop of

Henle cells and cycling epithelial cells. The endothelium also expressed chemokines

including CCL2, CCL5 and CCL23, interacting with receptors CCR2 and CCR1

detected in macrophages. CXCL12 and CCL5 from the endothelium interacted with

ACKR3 and ACKR4, respectively from fibroblasts. Endothelial cells also expressed

PDGFD and VEGFC, which accelerated matrix-accumulation by interacting with

PDGFRB and KDR, respectively in fibroblasts. Additionally, mesangial cells

expressed profibrotic factor FGF2, and genes encoding FGFRs were highly expressed

in the endothelium, podocytes and fibroblasts. Previous studies have suggested that

Notch signaling exhibited a pathogenic role in the progression of renal fibrosis [39].

Consistently, we found that intercellular interactions among diverse cells were

enriched in JAG1/NOTCH signaling. It is anticipated that cell-cell crosstalk in the

kidney contributes to the recruitment and infiltration of inflammatory cells into the

kidneys, and fibrotic process, indicating the potential of utilizing novel molecular

targets in hypertensive renal damage.

There were several limitations in our research. First, the number of patients was

relatively small in the present study. Hence, increasing number of specimens is

required in future study to reduce individual discrepancy, and reflect the severity of

disease development in hypertensive renal damage. Second, despite the findings of

novel cell-type-specific genes, the number of cells contained within a few cell clusters

such as podocytes and macrophages was limited, which might not precisely reflect the

transcriptomic status of all cell populations. Third, further functional analysis should

be conducted to validate our scRNA-seq data in the future.



Conclusions
In conclusion, despite the complexity and heterogeneity of HTN, our work suggests

that scRNA-seq based approach is powerful and feasible in research of this field. We

present comprehensive cell-specific transcriptome data of the HTN kidney, we also

define novel hub genes and signaling pathways, exploring the molecular signatures

relevant to the pathogenesis of HTN. Furthermore, we identify diverse intercellular

communications which were predominantly observed between endothelial

cells/mesangial cells with adjacent and remote cells in hypertensive renal damage.

Our study may uncover new pathogenetic mechanisms and provide novel avenues for

exploring new therapeutic targets for patients with hypertension and renal injury.

These findings need to be further validated through in vitro and in vivo investigation.
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Figure legends
Fig. 1 Distinct cells clusters in kidney identified by scRNA-seq technology in HTN and control

subjects. (a) UMAP plot display eighteen distinct cell types in the kidney. Cells were colored by

different subpopulations. (b) UMAP plot of cell clusters from a single individual with HTN (n=2)

and control donor (n=2). The color of cells represents the individual origin. (c) Bar chart shows

the proportion of cell types in the kidney from distinct subjects. Blocks reflect different subjects,

cells are colored by different types, and the quantity of cells was proportional to the height of the

blocks. (d) Heatmap showing the top 20 gene markers of each identified cluster. Each column was

a single cell cluster, and each row showed differentially expressed marker genes. (e) Violin plots

reveal selected lineage markers across eighteen cell clusters. The colors indicate a representative



marker gene from each cell population. Abbreviations are as follows: PTC, proximal tubule cells;

IC, intercalated cells; LOH, loop of Henle cells；PC, principal cells; DTC, distal tubule cells; MES,

mesangial cells; DC, dendritic cells; MC, macrophages; MON, monocytes; POD, podocytes; EC,

endothelial cells; PLA, plasma cells; B, B cells; T, T cells; FIB, fibroblasts; PER, pericytes; SMC,

smooth muscle cells; Cycling Epi, cycling epithelial cells. NC, normal control;HT, hypertension

patient.

Fig. 2 Differential gene expression and altered pathways in endothelial cells and mesangial cells

from HTN and control subjects. (a) Representative DEGs in endothelial cells and mesangial cells

between HTN and control subjects. GO terms of DEGs in hypertensive endothelial cells (b) and

mesangial cells (d), respectively versus controls. KEGG enrichment analysis demonstrates that

increased DEGs participate in diverse signaling pathways in hypertensive endothelial cells

(c) )and mesangial cells (e) respectively in comparison with control subjects. Abbreviations:

pct.exp, percentage of cell expressing gene; count, number of genes annotated to KEGG pathway

or GO terms.

Fig. 3 Differential gene expression and altered pathways in tubules from HTN and control

subjects. (a) Representative DEGs in proximal tubule cells, distal tubule cells, loop of Henle cells,

principal cells and intercalated cells between HTN and control subjects. GO and KEGG

enrichment analysis shows upregulated DEGs were involved in some biological functions and

signaling pathways in proximal tubule cells (b), distal tubule cells (c), loop of Henle cells (d),

principal cells (e), and intercalated cells (f), respectively comparing with controls. Abbreviations:

pct.exp, percentage of cell expressing gene; count, number of genes annotated to KEGG pathway

or GO terms.

Fig. 4 Classification of immune cells in kidneys from HTN and control subjects. (a) Immune cells

from the kidney are separated into nine subtypes by tSNE plot. Cells are colored by different

subpopulations. (b) tSNE plot of immune cell subgroups in kidney from single individual of HTN

(n=2) and control (n=2). Cells are colored by individual origin. (c) Bar chart showing percentage

of cell subtypes in the kidney from different subjects. Blocks represent different subjects, colors

represent different cell subclusters, and cell number is proportional to block height.

Fig. 5 Differential gene expression and altered pathways in immune cells from HTN and control

subjects. (a) Representative DEGs in dendritic cells, monocytes and macrophages between HTN

and control subjects. (c) Representative DEGs in naïve T cells, CD8+ naïve T cells, CD8+ MAIT

and CD8+ effector T cells and plasma cells between HTN and control subjects. GO and KEGG

enrichment analysis show upregulated DEGs were involved in some biological functions and

signaling pathways in dendritic cells (b), naïve T cells (d), CD8+ naïve T cells (e), CD8+ MAIT (f)



and CD8+ effector T cells (g) and plasma cells (h) in comparison with controls respectively.

Abbreviations: pct.exp, percentage of cell expressing gene; count, number of genes annotated to

KEGG pathway or GO terms.

Fig. 6 Cell-cell crosstalk between different cell clusters in the kidney of HTN patients. (a)

Cell-cell communication events in kidney by analysis of ligand-receptor interactions between

distinct cell types are shown. Visualized graphs indicate representative ligand-receptor

interactions between mesangial cells and endothelial cells (b), podocytes (c), fibroblasts (d), or

monocytes (e). Representative ligand-receptor interactions between endothelial cells and

macrophages (f), fibroblasts (g), loop of Henle cells (h), or cycling epithelial cells (i). Lines

represent interrelations between the ligand and corresponding receptor. Genes shown in blue

represent ligands, and those depicted in red are receptors. Only HTN patients (n=2) were

analyzed.

Table. 1 Cell-cluster-specific marker genes of different cell types.

Cell type Marker genes

Melanesian cells (MES) FHL2, FN1, MYL9

Endothelial cells (EC) CDH5, PECAM1, KDR, CLDN5

Phagocytes(POD) NPHS2, PODXL, PTPRO

Proximal tubular cells(PT) CUBN, SLC13A1, LRP2, ALDOB

Distal tubular cells(DT) CALB1, SLC12A3

Loop of Helen cells(LOH) UMOD, SLC12A1, CLDN16
Principal cells(PC) AQP2, AQP3, GATA3

Intercalated cells(IC) SLC4A1, ATP6V0D2, FOXI1, DMRT2

Macrophages(MC) MRC1, CD68, CD163, C1QA

Monocytes(MON) LYZ, CD14, VCAN, FCN1

Dendritic cells(DC) CD1C, FCER1A, CLEC10A, IRF8

T cells(T) CD3D, CD3G, TRBC1

B cells(B) MS4A1, CD79A, CD79B

Plasma cells(PLA) IGHG1, JCHAIN, MZB1

Fibroblasts(FIB) COL1A1, DCN, LUM

Smooth muscle cells(SMC) ACTA2, TAGLN, MYLK, MYH11

Pericytes(PER) RGS5, ACTA2, MCAM, PDGFRB

Cycling Epithelial cells

(Cycling Epi)

TOP2A, EPCAM, CALB1, UMOD, CUBN
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Figures

Figure 1

Distinct cells clusters in kidney identi�ed by scRNA-seq technology in HTN and control subjects. (a)
UMAP plot display eighteen distinct cell types in the kidney. Cells were colored by different
subpopulations. (b) UMAP plot of cell clusters from a single individual with HTN (n=2) and control donor
(n=2). The color of cells represents the individual origin. (c) Bar chart shows the proportion of cell types in
the kidney from distinct subjects. Blocks re�ect different subjects, cells are colored by different types, and
the quantity of cells was proportional to the height of the blocks. (d) Heatmap showing the top 20 gene
markers of each identi�ed cluster. Each column was a single cell cluster, and each row showed
differentially expressed marker genes. (e) Violin plots reveal selected lineage markers across eighteen cell
clusters. The colors indicate a representative marker gene from each cell population. Abbreviations are as
follows: PTC, proximal tubule cells; IC, intercalated cells; LOH, loop of Henle cellsPC, principal cells; DTC,
distal tubule cells; MES, mesangial cells; DC, dendritic cells; MC, macrophages; MON, monocytes; POD,
podocytes; EC, endothelial cells; PLA, plasma cells; B, B cells; T, T cells; FIB, �broblasts; PER, pericytes;
SMC, smooth muscle cells; Cycling Epi, cycling epithelial cells. NC, normal control;HT, hypertension
patient.



Figure 2

Differential gene expression and altered pathways in endothelial cells and mesangial cells from HTN and
control subjects. (a) Representative DEGs in endothelial cells and mesangial cells between HTN and
control subjects. GO terms of DEGs in hypertensive endothelial cells (b) and mesangial cells (d),
respectively versus controls. KEGG enrichment analysis demonstrates that increased DEGs participate in
diverse signaling pathways in hypertensive endothelial cells (c) )and mesangial cells (e) respectively in
comparison with control subjects. Abbreviations: pct.exp, percentage of cell expressing gene; count,
number of genes annotated to KEGG pathway or GO terms.



Figure 3

Differential gene expression and altered pathways in tubules from HTN and control subjects. (a)
Representative DEGs in proximal tubule cells, distal tubule cells, loop of Henle cells, principal cells and
intercalated cells between HTN and control subjects. GO and KEGG enrichment analysis shows
upregulated DEGs were involved in some biological functions and signaling pathways in proximal tubule
cells (b), distal tubule cells (c), loop of Henle cells (d), principal cells (e), and intercalated cells (f),
respectively comparing with controls. Abbreviations: pct.exp, percentage of cell expressing gene; count,
number of genes annotated to KEGG pathway or GO terms.



Figure 4

Classi�cation of immune cells in kidneys from HTN and control subjects. (a) Immune cells from the
kidney are separated into nine subtypes by tSNE plot. Cells are colored by different subpopulations. (b)
tSNE plot of immune cell subgroups in kidney from single individual of HTN (n=2) and control (n=2).
Cells are colored by individual origin. (c) Bar chart showing percentage of cell subtypes in the kidney from
different subjects. Blocks represent different subjects, colors represent different cell subclusters, and cell
number is proportional to block height.



Figure 5

Differential gene expression and altered pathways in immune cells from HTN and control subjects. (a)
Representative DEGs in dendritic cells, monocytes and macrophages between HTN and control subjects.
(c) Representative DEGs in naïve T cells, CD8+ naïve T cells, CD8+ MAIT and CD8+ effector T cells and
plasma cells between HTN and control subjects. GO and KEGG enrichment analysis show upregulated
DEGs were involved in some biological functions and signaling pathways in dendritic cells (b), naïve T



cells (d), CD8+ naïve T cells (e), CD8+ MAIT (f) and CD8+ effector T cells (g) and plasma cells (h) in
comparison with controls respectively. Abbreviations: pct.exp, percentage of cell expressing gene; count,
number of genes annotated to KEGG pathway or GO terms.

Figure 6

Cell-cell crosstalk between different cell clusters in the kidney of HTN patients. (a) Cell-cell
communication events in kidney by analysis of ligand-receptor interactions between distinct cell types are
shown. Visualized graphs indicate representative ligand-receptor interactions between mesangial cells
and endothelial cells (b), podocytes (c), �broblasts (d), or monocytes (e). Representative ligand-receptor
interactions between endothelial cells and macrophages (f), �broblasts (g), loop of Henle cells (h), or
cycling epithelial cells (i). Lines represent interrelations between the ligand and corresponding receptor.
Genes shown in blue represent ligands, and those depicted in red are receptors. Only HTN patients (n=2)
were analyzed.
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