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Abstract

Abstract There is increasing interest in employing Single-Cell Analysis (SCA) technologies to improve the efficiency of renal

disease diagnosis and treatment. Nevertheless, comprehensive studies summarizing and analyzing research trends in the field

are lacking. There is increasing interest in employing Single-Cell Analysis (SCA) technologies to improve the efficiency of renal

disease diagnosis and treatment. Nevertheless, comprehensive studies summarizing and analyzing research trends in the field

are lacking. This article discusses the use of bibliometric analysis to evaluate the progress and potential of Single-Cell Analysis

(SCA) technologies in the field of kidney disease. The study identified 1,606 articles and reviews published between 1999 and

2023, involving 11,737 authors from 2,317 institutions across 67 countries or regions. The major contributors to SCA in kidney

disease were highlighted, including top authors, institutes, countries, and journals. Research hotspots included molecular and

pathological aspects, with disease-, molecular-, and pathological-related keywords such as expression, EGFR, gene-expression,

activation, gene, cell, protein, mechanism, mutation, inflammation, resistance, apoptosis, and T-cell. Key kidney-related disease

keywords included SLE, AKI, CKD, renal fibrosis, diabetic kidney disease, nephrotic syndrome, IgA nephropathy, and kidney

transplantation. The authors note that the field of SCA in kidney-related disease research is rapidly growing, with the potential

for further expansion. SCA technologies could provide novel diagnostic, therapeutic, and prognostic approaches and support

routine clinical diagnosis and individualized treatment.
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Graphical Abstract: Flow diagram of the included publications, methods, and results of bibliometric
analysis
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There is increasing interest in employing Single-Cell Analysis (SCA) technologies to improve the efficiency
of renal disease diagnosis and treatment. Nevertheless, comprehensive studies summarizing and analyzing
research trends in the field are lacking. There is increasing interest in employing Single-Cell Analysis (SCA)
technologies to improve the efficiency of renal disease diagnosis and treatment. Nevertheless, comprehensive
studies summarizing and analyzing research trends in the field are lacking. This article discusses the use
of bibliometric analysis to evaluate the progress and potential of Single-Cell Analysis (SCA) technologies in
the field of kidney disease. The study identified 1,606 articles and reviews published between 1999 and 2023,
involving 11,737 authors from 2,317 institutions across 67 countries or regions. The major contributors to
SCA in kidney disease were highlighted, including top authors, institutes, countries, and journals. Research
hotspots included molecular and pathological aspects, with disease-, molecular-, and pathological-related
keywords such as expression, EGFR, gene-expression, activation, gene, cell, protein, mechanism, mutation,
inflammation, resistance, apoptosis, and T-cell. Key kidney-related disease keywords included SLE, AKI,
CKD, renal fibrosis, diabetic kidney disease, nephrotic syndrome, IgA nephropathy, and kidney transplanta-
tion. The authors note that the field of SCA in kidney-related disease research is rapidly growing, with the
potential for further expansion. SCA technologies could provide novel diagnostic, therapeutic, and prognostic
approaches and support routine clinical diagnosis and individualized treatment.

Keywords: kidney disease, single cell analysis, scRNA-seq, bibliometric study

INTRODUCTION

Kidney-related diseases, also known as renal diseases, are a major health concern, affecting millions of
individuals worldwide[1-3]. Some common kidney-related diseases include chronic kidney disease (CKD)[4],
acute kidney injury (AKI)[5], systemic lupus erythematosus (SLE)[6, 7], lupus nephritis (LN)[8], nephrotic
syndrome (NS)[9-11], IgA nephropathy (IgAN)[12, 13], renal fibrosis[14], kidney transplantation[15], diabetic
kidney disease (DKD)[16], and glomerulonephritis[12] (Graphical Abstract ). These diseases can have
serious and far-reaching impacts on a person’s health and quality of life[1, 4]. Moreover, they can lead to
a range of serious health complications. Some of the most common complications of kidney disease include
kidney failure, high blood pressure, cardiovascular disease, anaemia, nerve damage, and osteoporosis, among
others[4, 17-19]. There are various causes of kidney-related diseases including diabetes, high blood pressure,
infections, autoimmune disorder, genetic disorders, immune system dysfunction etc[6-8, 10, 11, 20]. Currently
reporting hundreds of loci associated with kidney-related characteristics such as glomerular filtration rate
(GFR), albuminuria, hypertension, electrolyte and metabolite levels have been identified through genome-
wide association studies (GWAS). Yet these powerful large-scale mapping techniques have not always been
translated into a more comprehensive concept of the disease or into the discovery of therapeutic options[21,
22]. Therefore, there is an urgent need for scientists all over the world to develop safe, powerful, novel and
efficient methods or technologies for finding the root causes of various types of kidney diseases[21, 23-25].

Single-cell analysis (SCA) technologies is a powerful technique that has been paralleled by revolutionary new
approaches to profile genetic, epigenetic, spatial, proteomic and lineage-specific information in individual
cells[26, 27]. Single-cell RNA sequencing (scRNA-seq) is one of SCA’s most widespread single-cell sequencing
techniques, with a panel of technologies for ultra-sensitive, highly multiplexed or combinatorial sequencing[28,
29]. To improve the understanding of normal and disease models, scRNA-seq has been applied to various
models including humans, animals and plants. Human health is a particular focus, with many scRNA-seq
methods focused on learning about development, immunology, diabetes, microbiology, SARS-CoV-2, cancer,
renal, vascular, neurobiology, and clinical diagnostics[2, 24, 26, 29, 30].

In kidney-related diseases, SCA has become a powerful tool for investigating the complex cellular and
molecular mechanisms as well as the genetic, epigenetic and proteomic profiles of individual cells involved
in kidney disease[2, 31-33]. By investigating individual cells within the kidney, investigators can obtain new
insights into disease pathogenesis and target potential therapeutics[14, 19, 32, 34]. Furthermore, SCA is used
for studying various cell types, including glomerulus and tubule epithelium cells, interstitium cells, immune
cells, and endothelial cells[35, 36]. Through the analysis of these cells at the single-cell level, researchers
can identify the specific cell types involved in the development and progression of kidney disease, as well

3
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as the molecular pathways and signalling networks that are dysregulated[32, 37, 38]. According to Kidney
Diseases: Improving Global Outcomes (KDIGO), the monogenic mutation rate for children with chronic
kidney disease stages G3b-G5 is about 30% to 50% and 10% to 30% for adults with stages G3b-G5[39].
Despite its potential for first-line diagnostics in certain clinical disciplines, exome sequencing has not been
proven to be beneficial in the majority of constitutional disorders of adults and children with chronic kidney
disease, which affects more than one out of ten people worldwide[40, 41]. In recent years, it has become
evident that this group of patients may represent up to 16% of newly diagnosed end-stage renal disease
(ESRD) patients, and that traditional diagnostic approaches are often inappropriate or contraindicated in
the diagnosis of these patients[41]. It is difficult to identify the pathophysiological mechanisms behind kidney
disease because of the fact that two genetic and environmental risk factors are implicated[39, 41, 42]. Overall,
single-cell analysis is a powerful tool which could transform our understanding of kidney disease, resulting in
more effective treatments and improved patient outcomes. Therefore, in recent years, there has been rapidly
increasing high-quality evaluation of the progression of SCA in association with kidney disease research
through numerous published studies.

Bibliometrics is a scientific field that studies the library and data-processing sciences by analyzing biblio-
graphic records based on a range of quantification measures. While such surveys inform readers of current
and aggregated information, to our knowledge there is a shortage of statistical data describing the evolution
of scientific publications on SCA in kidney diseases over time, thus providing scientists, physicians, policy-
makers, politicians and others with a comprehensive view of scholarly science communications in the field.
The objective of this research is to apply bibliometric techniques to establish a twenty-year longitudinal view
(1999 to 2022) (while the report in 2023 does not have enough information) of the trend of the academic evi-
dence on SCA in kidney diseases by focusing on a specific topic, assessing the overall quality of the research,
analyzing the main areas of research and predicting the future direction of scientific research.

METHODS

Data Sources and Search Strategies

The Web of Science Core Collection (WoSCC) was used to conduct a literature retrieval on SCA in kidney-
related diseases over the past 22 years (from January 1, 1999, to February 13, 2023). The query formulation
was established as [TS= (Single cell analysis) AND TS= (kidney-related diseases)]. As a target dataset for
analysis, we selected a dataset derived from WoSCC. We selected the WoSCC topic retrieval as a way to
more accurately capture a topic as the WoSCC topic extraction can be regarded as a model for keyword
retrieval via words in the title, abstract, author keywords, and keyword plus. Moreover, we applied MeSH
and the current method of SCA technology (Spatial-ATAC-seq[24, 25, 43, 44] ) to extract all search samples.
A review of the literature has been conducted on the following topics: The entire search formula of the
[TS= (Single cell analysis) AND TS= (kidney-related diseases)] was detailed in (Graphical Abstract and
Supplementary Table 1 ). For the inclusion studies, we collected the following information: number of
publications and citations, titles, year of publication, countries, affiliations, authors, journals, keywords, and
references of each publication.

Data Analysis

For the analysis and visualisation of data, it is necessary to have the most suitable software and an online
platform in order to do so. WoSCC was used to collect and export bibliographic records and citation
references for all publications in .txt format, which were then imported into CiteSpace 6.1R6, 64-bit basic
(Drexel University, Philadelphia, PA, USA), VOSviewer 1.6.17 (Leiden University, The Netherlands), and
Microsoft Excel 2019.

The open-source Java application CiteSpace, developed by Dr. Chaomei Chen[45], has been widely applied
to visualize and analyze trends and developments in academic literature[46]. CiteSpace relies primarily on
data from the WoSCC. By utilizing CiteSpace, we were able to cluster, keyword, and reference burst analyze
SCA in kidney-related diseases. The VOSviewer software tool (https://www.vosviewer.com/) establishes
and visualizes bibliometric networks in an easy and effective manner[47]. By analyzing the data obtained
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from the WoSCC, we were able to create networks based on co-authorship, citation-based, and co-occurrence.
Using the co-citation networks that were investigated, the countries, institutions, and authors that collabo-
rated as well as the journals that cited each other were examined. In order to analyze keyword occurrences
across publications, co-occurrence networks were used. In addition to the publication counts indicated by
these patterns, thresholds (minimum number of documents and maximum link strength) were also displayed
separately. The circle size of an item was based on its publication count, whereas the line width was based on
its link strength. An article’s total link strength reflects how closely it cooperates, with the same colour indi-
cating close cooperation. R language-based Bibliometrics package (4.1.0 package) was employed to perform
the country scientific analysis, Production, three field plots (co-cited references, authors, keywords), author
impact (H-index), WordCloud, Collaboration Network, Affiliations’ Production over Time, Countries’ Pro-
duction over Time, Factorial Analysis (topic dendrogram) and thematic evolution analysis[48] (Graphical
Abstract ).

RESULTS and DISCUSSION

Research Hotspot of the Publication and Citation Trends

Our WoSCC search strategy yielded a total of 1695 studies. For the present study, 1606 studies (1481 articles
and 125 reviews) in English were identified after excluding 89 articles, including meetings (n=69), letters
(n=1), editorials (n=13), corrections (n=2), and duplicate records (n=4). There was a significant increase
in the number of global publications in the field, from 6 publications in 1999 to 316 publications in 2021
and 21 publications in 2023 (there was only a 2-month period of publication in 2023). The specific search
formula and the sample of publications are shown in Graphical Abstract and Supplementary Table
1 . It is evident from Figure 1A and Supplementary Table 1 that the number of SCA-related kidney
disease publications increased rapidly each year between 1999 and 2023, with a slight decrease in 2007. While
the number of publications increased steadily, the most significant increase was observed from 2018 to the
present. 2023 data were incomplete. There was a significant correlation, with an R2 coefficient of 0.923,
between the number of publication years and the number of publications. Consequently, the total number of
citations for the recovered articles was SCA in kidney disease (n= 43058). Annual citations showed a strong
upward trend, continuously increasing from 1 in 1999 to 8,973 in 2022, with a significant sudden and rapid
growth from 5,567 in 2020 to 8,045 in 2021, with a correlation coefficient of R2=0.9781. The interesting
integrated evolution in the year 2018 demonstrated the forcefully increasing attention in the international
arena on SCA for dealing with kidney-related diseases. A few recent bibliometric studies of SCA regarding
improving the field of gene expression[49], food products related to protein[50], and immune cells and their
application of DNA damage repair in cancer immunotherapy[51] found a major evolution trend in annual
publications around 2015-recent, suggesting that there have been rapid developments on SCA in the last
decade.

Annual Publications of Active Countries and Institutions

Several institutions and countries contributed to the publications on SCA in kidney-related diseases published
worldwide between 1999 and 2023 as shown in Figure 1B, Figure 2 (A, B), and Supplementary Table
3 (A, B). A total of sixty-seven countries and regions across the world published articles in this field, with
the United States having the most published articles (683 articles, 37.65% of all articles), followed by China
(499, 27.51%), Italy (157, 8.65%), Germany (100, 5.51%) and Spain (95, 5.24%). In terms of citations, the
United States had the highest number (24,511 citations), followed by China (6,359 citations), Italy (5,257
citations), Germany (3,894 citations) and Spain (3,472 citations), with the rest totalling over 3,000. Using
these findings, we can see that the United States (683 articles, 2,4511 citations, 0.65 centralities, and a
total of 296 total links) and China (499 articles, 6,359 citations, 0.11 centralities, 149 total link strength)
accounted for the top two leading countries when it came to how many citations there were in other countries
as well as the number of links to other countries (Supplementary Table 3A, Figure 1B, and 2A ).

In the past 22 years, 2,317 articles have been published about SCA use in kidney-related diseases by in-
stitutions worldwide. It is estimated that out of 2,317 institutions that appeared at least 10 times in the
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study, 75 met the threshold for meeting the threshold calculation (Figure 2D and 3B). Almost all the top
10 productive institutions came from the United States (6 institutions), except Shanghai Jiao Tong Univer-
sity, Fudan University, Chinese Academy of Sciences, and Sun Yat-Sen University from China. The leading
university in terms of publication was Harvard Medical School (51 articles), followed by Nanjing Medical
University (24 articles), Shanghai Jiao Tong University (22 articles), Michigan State University (40 articles),
Shanghai Jiao Tong University (35 articles), and Fudan University (34 articles). There is also evidence that
Harvard Medical School (total link strength = 49 times) collaborates most frequently with other institutions.
Next in line are Michigan State University (40 times), Johns Hopkins University (30 times) and Stanford
University (24 times), suggesting their leading role in SCA in kidney-related diseases (Supplementary
Table 3B, Figure 2B ). Together, the publication and citation numbers indicate that research on SCA in
kidney-related diseases is still in the high-speed evolution stage, causing significant interest.

Analysis of Journals, Authors, Co-authorship, and Co-cited references

Only 68 of the 633 productive journals that appeared at least 5 times met the threshold (Figure 2C ).
Supplementary Table 4shows 25.4% of all SCA-kidney disease publications are published in the top 10
most productive journals and co-cited journals. Frontiers in Immunology had the highest number of published
articles in the top 5 journals, followed by Scientific Reports (40 articles), Plos One (35 articles), JCI Insight
(35 articles), and Nature Communications (23 articles). According to the H-index of the top 5 productive
journals, Plos One had the largest number of impact measures (19 H-index), followed by Proceedings of the
National Academy of Sciences of the United States of America (PNAS) (15), Scientific Reports (15), JCI
Insight (15), Journal of the American Society of Nephrology (JASN) (12) and Nature Communications (12).
A noteworthy point is that among these highest H-index scores above, many are related to nephrology. The
most co-cited journals among the 6176 were Nature (2,327 citations, 50,277 link strength), PNAS (2,224
citations, 49,608 link strength), and Cell (1,839 citations, 39,630 link strength). The largest number of co-
citations were found in JASN (1,258 citations, 34,220 total link strength) and Science (1,633 citations, 36,586
total link strength). SCA might have some influence over a central role and balance on the publication of
this study based on the number of citations and articles, total link strength, and H-index above, which can
be analysed as shown in Supplementary Table 4 , suggesting that there is a high volume of high-impact
papers in this field.

Based on an alluvial flow map (every 10 items were set), Figure 2D shows the relationship between coun-
tries, institutions and journals. As a result of the top 2 countries linked to the top 10 institutions, it appears
that the United States is associated with at least 10 relevant institutions (Harvard Medical School, Michigan
State University, Shanghai Jiao Tong University, Fudan University, Sun Yat-Sen University, University of
Pennsylvania, University of Washington, Stanford University, the University of California Los Angeles, and
the University of California San Francisco). Eight universities targeted by China are contained/connected
with those institutions (Harvard Medical School, Michigan State University, Shanghai Jiao Tong Univer-
sity, Fudan University, Sun Yat-Sen University, University of Washington, the University of California Los
Angeles, and the University of California San Francisco). Harvard Medical School is affiliated with ten tar-
geted countries and associated with four relevant journals (JCI Insight, Nature Communications, Scientific
Reports, and Kidney International). As part of the collaboration, Michigan State University established
close ties with 9 targeted countries (except France) and 5 targeted publishers (JCI Insight, PNAS, JASN,
Scientific Reports, and Kidney International). The University of Pennsylvania is affiliated with 9 targeted
countries (except China) and connected with 5 targeted journals (JCI Insight, PNAS, JASN, Frontiers in
Immunology, and Nature Communications). The University of California San Francisco is connected from all
10 targeted countries and connected with 4 targeted journals (JCI Insight, PNAS, Frontiers in Immunology,
and Nature Communications). Stanford University is connected to 8 targeted countries (except Japan and
China) and connected with 5 targeted journals (JCI Insight, PNAS, Frontiers in Immunology, Plos One, and
Nature Communications). It is interesting to note that most of the collaborations within the Chinese or
American institutions took place inside the respective institutions of the two countries (Figure 2D ).

Supplementary Table 5 presents the top ten productive and co-cited authors in the field of SCA in kid-
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ney diseases. In total, 11,737 authors have published articles in SCA related to kidney diseases. However,
Humphreys, Benjamin D (12 articles, 435 citations, and 19 total link strength) and Susztak, Katalin (10
articles, 264 citations, and 69 total link strength) have been the most prolific and active. Among all 72,050
citations, Trapnell, C (135 citations and 1,604 total link strength) and Wu, Haojia (120 citations and 2,619
total link strength) were the most prolific co-cited authors. Moreover, Wu, Haojia was the author with
the highest number of citations, having a high 6th rank in publication, and a H-index of 8[37, 52-58]. A
collaborative network of authors under Humphreys, Benjamin D Prof (Correspondent author from Divi-
sion of Nephrology, Department of Medicine, Washington University, St. Louis, MO, USA) with a primary
focus on kidney-related diseases research (Humphreys, Benjamin D Prof, top 1 and 3 in the number of
publications, respectively) is the third-biggest collaboration network of authors. As far as collaboration
and active teamwork are concerned, the second-largest collaboration network and the most active teamwork
are collaborations with Putterman, Chaim Prof (Correspondent author from the Division of Rheumatology
and Department of Microbiology and Immunology at Albert Einstein College of Medicine in Bronx, New
York, USA). It is Zhang, Yu; Liu, Zhihong, etc. that have the most collaborations and active teamwork,
while some of them focus on SCA cancer research (Supplementary Table 5; Figure 3B-C ). Overall,
Humphreys, Benjamin D[23, 37, 52-71] Prof and Putterman, Chaim Prof[72-74] are the authors with the
greatest collaborative network, active teamwork, and connections to other authors in kidney diseases associ-
ated with SCA. What is more, prof Humphreys, Benjamin D is not only one of the leading contributive and
active team in the SCA-related kidney research field but Wu Haojia who also come from prof Humphreys,
Benjamin D’s team is the main focus and active in SCA-related kidney research[37, 52-58]. Moreover, this
team has established a single-cell-related database, named KIT:http://humphreyslab.com/SingleCell/. With
KIT, users can query gene expression across single-cell datasets for the mouse kidney and human kidney-like
organs. InDrop, DropSeq, or 10X Chromium platforms are used to create libraries. Spatial transcriptomes
from healthy adult kidney epithelial cells, rejected kidney allograft biopsy tissue, healthy adult kidney tissue,
kidney-like organs, fetal kidneys, diabetes-prone kidneys, and human kidney snRNA/ATAC-seq tissues and
organs are included. Overall, although most scholars were from different countries (Supplementary Table
3A ), and the cooperation was mostly confined to the research team, the research on SCA in kidney-related
diseases was not a very good link for co-partnership among authors, while researchers from the USA stood
the core country research. So, researchers from different countries should reinforce collaboration and partake
in beneficial terraces to achieve more significant progress and improve the clinical translation of research, as
well as the exchange of technological innovation among scientists working on different aspects between SCA
and kidney-related diseases.

The top 20 co-cited references related to SCA in kidney-related diseases are listed in Table 1 . Among all
72.050 cited references, Andrew Butler et al[75]. (2018, 68 citations, 241 total link strength), Tim Stuart et
al[76]. (2019, 65 citations, 265 total link strength) and Evan Z Macosko et al.[77] (2015, 39 citations, 181
total link strength) were the most selected prolific co-cited references related to SCA-method with kidney
diseases. And Park Jh et al.[36] (2018, 60 citations, 271 total link strength), Arazi A et al.[78] (2019, 56
citations, 241 total link strength), and Evan Der et al.[73] (2019, 38 citations, 169 total link strength) were
the most prolific co-cited references related to SCA in kidney diseases. Interestingly, most of the top 20
co-cited references and the top 8 publications focused on the methods’ main usage in SCA-related kidney
diseases[75-77, 79-83]. Other top 12 publications were focused on the main usage of the SCA methods
revealing molecular characterization, states, heterogeneity, as well as gene, cellular responses and expression
etc from basic research to clinical approach in kidney diseases[36, 55, 57, 61, 72, 73, 78, 84-89]. 18 publications
were articles and 1 other was brief communication[83] which was reported by Qiu Xj et al. concentrated
on using monocle 2, they investigated the development of blood and discovered that mutations in genes
encoding key lineage transcription factors diver cells to alternative fates. Moreover, most of their impact
factors are more than 10, except JCI Insight (IF=9.496), and 8 co-cited references (40%) are from Nature,
JASN, Science, Cell, PNAS, Genome Biology, and Immunity.

Additionally, “bursts” refer to references appearing over a period of time and reflecting the popular topics
during that period. The top 25 co-cited references with the strongest citation bursts are shown inFigure
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3A . The findings indicated that the first instance of a citation burst occurred in 2015, and the most recent
instance of a reference with a citation burst was recorded in 2020. The highest burst strength for SCA in
kidney-related diseases was from Stuart T et al. [76] (2019, 11.51 strength), Macosko EZ et al. [77] (2015,
11.24 strength) and Dobin A et al.[90] (2013, 10.75 strength). Moreover, T Nehar-Belaid D al. [85] (2020),
Wu Hj et al.[55] (2019), Arazi A et al. [78](2019) and Der E et al. [73] (2019) received more attention in
recent years. Interestingly, among the top 25 co-cited references, only 7 co-cited references (20%) focus on
SCA-related kidney research[55, 73, 78, 85, 89, 91, 92], that started from 2015 to 2019, but in 2019 is the
main burst co-cited references, suggesting that the field of SCA in kidney-related disease research domain is
recent rapidly growing, and its domain is likely to expand in the next decade.

Notably, we discovered numerous potentially unique characteristics of SCA in kidney-related diseases. No-
tably, we identified important keywords from relationships between the top 20 co-cited references, authors and
keywords evolution of SCA in kidney-related diseases (Figure 3D ), including “inflammation”, “acute kid-
ney injury”, “kidney”, “chronic kidney disease”, “autoimmunity”, “systemic lupus erythematosus”, “SLE”,
and “lupus nephritis”. They were almost closely connected with the top 10 authors and co-cited references
(Supplementary Table 5; Table 1,2 ). As shown by a relatively rapid translation of basic research to
clinical research on SCA and kidney-related diseases, the research on these topics has a good connection
between basic and clinical studies, suggesting a favourable development pattern on SCA in kidney disease
research.

Analysis of Keywords

A total of 7,879 keywords were obtained, and after set as the 10 occurrence times of a keyword, 265 keywords
appeared in Figure 4A by using VOSviewer. As shown in Figure 4A , all of the keywords could be
divided into the following five big groups: cluster 1 (blue nodes focus on the role of SCA (RNA-seq) in
mechanism or clinical applications for finding some gene-expression, pathway or repair in kidney-related
diseases (in vivo) including inflammation, apoptosis, diabetic nephropathy, AKI, renal fibrosis, etc.), cluster
2 (yellow nodes focus on the use or function of SCA tools (RNA transcription, Chip-seq, genomic analysis,
etc.) for potential mechanism finding gene-expression or binding in protein, RNA/DNA, RNA-polymerase,
escherichia coli, and nucleoid-associated protein, etc.), cluster 3 (red nodes focus on the role, use of SCA
in finding marker, activation, therapy (chemotherapy, resistance), mechanism others diseases including lung
cancer, glioma, prostate cancer, colorectal cancer, etc.), cluster 4 (purple nodes focus on SCA-related material
preparation or use including cell activation, flow cytometry, membrane, electropermeabilization etc.), and
cluster 5 (blue nodes focus on the mechanism, pathogenesis, clinical applications from SCA in kidney-related
diseases (autoimmune diseases or rheumatoid arthritis) including IgA nephropathy, SLE, etc.) Furthermore,
the top 25 co-occurrence keywords related to SCA in kidney-related diseases and the main 10 collected
keywords related to kidney diseases are shown inTable 2 . Among the top 25 keywords, suggesting that
expression was the most frequent keyword (374 occurrences, 593 total link strength), followed by RNA-seq
(181 occurrences, 316 total link strength), and egfr (159 occurrences, 211 total link strength). Among the top
10 keywords related to kidney diseases, SLE was the most attractive disease, followed by AKI, CKD, renal
fibrosis, diabetic kidney disease (DKD), nephrotic syndrome, IgA nephropathy, kidney transplantation, etc
(Graphical Abstract, Table 2 ). Overall, Realising the allocation and growth of distinct research hotspots
in this field is possible. Subsequently, based on the results in the timeline viewer analysis of clustering, we
defined the research hotspots and growth frontiers in the field of SCA in kidney-related diseases.

The early stage (1999-2006) of inquiry on SCA in kidney-related disease was mostly focused on “egfr”, “DNA
damage”, “cytokines” and “apoptosis”, “autoimmunity”, as shown by the thematic evolution analysis of the
author’s keywords based on publication year. These findings indicate that knowledge of SCA and kidney-
related diseases was not well-understood at this stage. In the platform stage (2007-2013), the challenge
developmental evolution of kidney-related diseases (lupus nephritis, SLE, inflammation, and autoimmunity)
has steadily developed toward “chronic kidney disease”, a breakthrough from 2008 to 2013. The years 2014
and 2019 is the main stage in the developmental evolution of using SCA in kidney-related disease research
“RNA-seq”, “glomerulosclerosis”, “EGFR”, and “systemic lupus erythematosus”. The terms in the usage
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or the growth of new SCA-related tools (chip-seq, RNA-seq, etc.) in “systemic lupus erythematosus” and
“autoimmune diseases” have captured the interest of academics throughout the course of the last three years.
(Figure 4B ).

The top 25 co-cited keywords with the strongest citation bursts based on Citespace are shown in Figure
4C . The highest burst strength relevant to kidney-related diseases was from systemic lupus erythematosus
(1999) and injury (2017). Moreover, injury (2017), single-cell RNA seq (2020), and package (2021) received
more attention in recent years (Figure 4C ).

Word clouds of author keywords were shown in Figure 4D . Author keywords were able to provide us
with more valuable information. The current authors focus on the usage of the SCA methods (RNA-seq,
transcriptome, single-cell RNA seq) in potential mechanisms or clinical applications kidney related diseases
(CKD, AKI, lupus nephritis, diabetic kidney disease, IgA nephropathy, kidney transplantation, etc.)

We also applied the R package to analyze the Factorial Analysis by using the author’s keywords method
with Multiple correspondence analysis (MCA) to construct a topic dendrogram of this field. All author’s
keywords were classified into two clusters in blue and red (Figure 4E ). The words in the red clusters were
mainly focused on SCA and its potential mix usage in kidney diseases. As a result, we suggested that SCA
methods may mix with other methods or use multimodal “bioinformatics” or “machine learning” to identify
”genomics”, ”biomarkers” or ”proteomics” in kidney-related diseases ”e.g: lupus nephritis, etc.” The blue
cluster focuses on the significance of SCA in ”precision medicine” utilizing its methods or other multimodal
”RNA-seq”, ”Chip-seq”, ”single-cell analysis”, etc. to identify “biomarkers”, “prognosis”, “targeted ther-
apy”, “EGFR”, “gene-expression”, ”immune-response”, and so on in kidney-related diseases ”SLE”, ”AKI”,
”CKD”, ”DKD”, ”IgA nephropathy”, etc. as well as cancers and Covid-19 (Figure 4E ).

MAJOR APPLICATIONS of SINGLE-CELL ANALYSIS in KIDNEY DISEASES

Cell Landscapes for Renal Microenvironment (RME)

Over the past few decades, kidney disease has evolved fundamentally. Kidney diseases are now recognized
as more than genetic disorders. They include a variety of renal and non-renal cells and their complex
interactions with kidney disease. Genetic mutations in the kidney are now recognized as necessary, but not
sufficient, for kidney disease development and progression[2]. An extremely complex ecosystem surrounds
the renal microenvironment (RME), including immune cells, kidney-associated fibroblasts, endothelial cells,
mesangial cells, tubule cells, proximal tubule cells, distal tubule cells, the loop of Henle cells, podocytes, and
a variety of other types of cells that reside in the tissues[36, 38, 52, 93]. In renal disease mechanisms, these
cells once thought to be bystanders in nephrogenesis play a critical role. RME cellular composition and
function vary widely depending on the nephrogenesis organ, kidney-associated cells’ intrinsic characteristics,
and patient characteristics[31, 44, 94] (Figure 5 and Table 3 ).

To build large single-cell atlases or Human Cell Atlas[34], Lotfollahi M et al. have assembled single-cell
datasets from different single-cell methods/technologies/platforms or multiple methods covering tissues, or-
gans, developmental stages and conditions. Their strategy maps query datasets onto a reference called
single-cell architectural surgery (scArches) using deep learning[95] (Figure 6B ). In the Human Cell At-
las (https://data.humancellatlas.org), the Human Developmental Cell Atlas (HDCA) initiative is dedicated
to creating a comprehensive reference map of cells during development. Human development, congenital
and childhood disorders, and the cellular basis of ageing, cancer, renal disease, and regenerative medicine
will be greatly enhanced by examining normal organogenesis, mutations, environmental factors, and infec-
tious agents[96]. Using the HDCA, SCA can identify both known and unknown transcription factors that
contribute to nephron development (normal or abnormal organogenesis, mutations, environmental, and in-
fectious factors)[97-99]. Moreover, SCA can provide or detect a useful resource in the emerging landscape of
spatial profiling technologies in 2D and 3D counterparts for understanding the cell-specific transcriptional
responses from initial kidney disease to therapy by using animal or human models as well as renal biopsy,
urine and blood[33, 43, 52, 57, 64, 78, 97, 100-108].
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As shown in our study we extracted or summarized the top 46 major achievement articles on SCA in kidney-
related diseases (IF[?]10) about cell landscapes (Table 3 ). The initial two articles published by Lu Y et
al. [109, 110] in 2017 focused on podocytes and mesangial cells. Out of 58 endothelium-associated genes,
18 encode proteins, of which eleven (Angpt2, Anxa5, Axl, Ecm1, Eng, Fn1, Mfge8, Msn, Nrp1, Serpine2,
and Sparc) were upregulated, while two (Apoe and Fgf1) were downregulated. Based on the mesangial
cell essential gene list, 173 genes were specifically expressed[109]. An absence of 30 of 92 podocyte genes
caused either cytoskeletal injury (FGFR1, AIF1L, HAUS8, RAB3B, LPIN2, GOLIM4, CERS6, ARHGEF18,
ARPC1A, SRGAP1, ITGB5, ILDR2, MPP5, DNAJC11, SEPT10, MOCS2, FNBP1L, and TMOD3) or sig-
nificant downregulation of CD2AP (FGFR1, AOX1, AIF1L, HAUS8)[110]. In 2018, Park J et al[36]. found
that the analysis of cell trajectory and lineage tracing in vivo revealed that Notch signals govern transitions
between intercalated cells and principal cells. During metabolic acidosis in mouse and human kidney dis-
eases, the fate of the cells changed towards a principal cell trajectory. The phenotypic manifestation and
differentiated cell type of inherited kidney diseases are influenced by distinct genetic mutations. Zimmerman
KA et al.[111] have used healthy renal tissue from rats, pigs, and humans in order to identify a signature
of gene expression in kidney resident macrophages of immune cells across species. Recently, as reported by
He B et al.[112] that use both human and mouse kidneys for the identification of all four glomerular cell
types (podocytes, glomerular endothelial cells, mesangial cells (MCs), and parietal epithelial cells (PECs)) as
well as macula densa cells. Pdgfrb-expressing glomerulus-associated cells include bona fide intraglomerular
MCs with functional phagocytosis. An atlas of murine diabetic kidney disease and its treatment has been
generated by Wu H et al.[52] as a resource for understanding the cell-specific transcriptional responses to
DKD and its treatment (Figure 6A ).

Overall, kidney diseases are no longer viewed exclusively as a genetic disorder, but as a complex interplay
between various renal and non-renal cells within the renal microenvironment. As part of the Human Devel-
opmental Cell Atlas initiative, a comprehensive map of cell development will be created, which will assist in
understanding normal organogenesis, mutations, environmental factors, and infectious agents. A single-cell
profiling technique can investigate cell-specific transcriptional responses in animal and human models, renal
biopsies, urine samples, and blood samples, providing a deeper understanding of kidney disease and potential
treatments. RME’s extensive cellular atlas has been transformed by SCA’s powerful capabilities, bringing
new perspectives to clinical applications in various kidney diseases. Additionally, RME’s cellular composition
and communication are promising targets for kidney disease therapies and precision medicine advancements.
SCA technologies have been implemented more widely in clinical practice as a result of advancements in
technology and wider application.

TheSingle-Cell Analysis Identifies Cell and Gene Expression/Marker.

In cell type-specific gene regulatory regions, kidney-related genetic variants alter gene transcript levels to
modulate disease risk[21]. SCA studies have begun dissecting the genetic determinants of kidney cell types
and are showing remarkable correlations with established molecular mechanisms, confirming earlier findings
and this revolutionary method. SCA reveals the astonishing diversity of immune cells in normal kidneys
and provides new insight into renal cell plasticity. New insight into kidney physiology mechanisms and
biomarkers for disease and therapy can be gained from characterizing kidney disease mechanisms[33, 113,
114].

In SLE, Arazi A et al.[78] human kidney tissue, urine, and blood LNs from SLE patients (n=24) were com-
pared to healthy kidneys (n=10), revealing that 21 leukocyte subsets demonstrated both pro-inflammatory
responses and inflammation-resolving responses, with most cells showing type 1 interferon response genes.
CXCR4 and CX3CR1 were found to have widespread expression, indicating a central role. The immune cells
found in urine were strongly correlated with those in the kidney, suggesting that urine could be a suitable
alternative to kidney biopsy. Similarly, in another study by Nehar-Belaid et al.[85] human peripheral blood
mononuclear cells (PBMC) were used to analyze SLE children (n=33), healthy children (n=11), adult SLE
(n=8), and adult healthy (n=6). The researchers found that in children with SLE, interferon-stimulated
genes (ISGs) were expressed more than in healthy controls, with the high ISG expression signature (ISGhi)
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predominantly derived from 8/20 PBMC subpopulations, which were associated with high levels of disease
activity. Furthermore, human kidney and skin tissue LNs (n=21) vs healthy kidneys (n=3) were analyzed
in Fluidigm C1-seq and SMART-Seq and identified tubular cells with a fibrotic signature and a high IFN
response score as one of the key causes of treatment failure[73]. Interestingly, the scholars used different
patient samples, treatments, and methods to achieve different results, all of which were published in Nature
Immunology in 2019 (Table 3 ).

In parallel, Goel R et al.[115] proposed from basic research that deleting the IFN-λ receptor significantly
reduced immune cell activation and skin and kidney damage in lupus mice. In response to IFN-λ stimulation,
IFN-λ activated keratinocytes and mesangial cells to produce chemokines, with only mouse neutrophils and
human B cells upregulating ISGs. However, with larger samples, Perez RK et al[33]. used human PBMCs
from SLE patients (n=162) and controls (n=99) and conducted multiplexed scRNA-seq, 10X Genomics
Chromium, and snATAC-seq, finding that among the patients, type 1 interferon-stimulated genes (ISGs) were
expressed in monocytes, and naive CD4+ T cells were reduced while repertoire-restricted cytotoxic CD8+ T
cells were expanded. The patients were stratified into two molecular subtypes based on their cell type-specific
expression features (Figure 6C ). Deng Y et al.[116] also identified ISG expression features in leukocyte
clusters and delineated ISG regulation pathways in SLE and LN patients, with ISG expression possibly
regulated by transcription factors PLSCR1, TCF4, IRF9, and STAT1. Granulocytes may be targeted as
early as possible in ISGs to prevent overwhelming activation of downstream pathways, and SLE and Lupus
nephritis may benefit from Avacopan, a C5aR antagonist for intervention. In general, interferon-stimulated
genes (ISGs) have been identified by SCA technology as a recent hotspot gene expression/marker for SLE
findings (Table 3 ).

Recently, several high-quality studies have shed light on kidney disease and fibrosis. Doke T et al.[117]
identified DACH1 as a renal disease risk gene using a multimethod approach and discovered that kidney
tubule cells with profibrotic-inflammatory properties secrete CXCL1, which recruits basophils with CXCR2+
by expressing cytokines and chemokines associated with immune cell recruitment[118]. Similarly, in mice and
humans, Kuppe C et al.[104] identified NKD2 as a myofibroblast-specific therapeutic target in human kidney
fibrosis using genetic fate-tracing, single-cell RNA sequencing, ATAC sequencing, and spatial transcriptomics
experiments. In the nephrotic syndrome, Sidhom EH et al.[119] found that GDC-0879 treatment restored
GPX4, an enzyme that protects against PUFA-mediated lipid peroxidation, in podocyte cells. GPX4 and
Braf/Mapk pathway gene expression patterns in kidney disease tissue also demonstrated broader human
disease relevance. Kim SR et al.[120] mainly concentrated on proximal, distal tubular, and endothelial cells
in renal artery stenosis (RAS), and they discovered that senolytic strategies have been developed to delay
chronic ischemic renal injury by delaying p16 (Cdkn2a), p19 (Cdkn2d), and p21 (Cdkn1a) dysregulated
senescence. Finally, Yoshiharu M et al.[64] used snRNA-seq, snATAC-seq, and 10X Genomics Chromium
to study rare autosomal dominant polycystic kidney disease (ADPKD) and found that proinflammatory
and profibrogenic signalling pathways are activated in the collecting duct by proinflammatory fibroblasts
and proximal tubular cells. They also identified and validated a putative distal enhancer that regulates
GPRC5A expression in cells lining the collecting duct. These cells are more likely to express transcription
factors TEAD, CREB, and retinoic acid receptors. Overall, recent studies have revealed valuable insights
into renal fibrosis molecular mechanisms and identified genes like DACH1 and NKD2 as potential therapeutic
targets. A promising advance in kidney disease treatment is the restoration of the GPX4 enzyme by GDC-
0879 treatment in podocyte cells. Senolytic strategies delay chronic ischemic renal injury in RAS and
activate proinflammatory and profibrogenic signalling pathways in ADPKD. Understanding these complex
kidney diseases may help develop novel therapeutic strategies.

The Single-Cell Analysis Identifies Transient Cell Types and Other Novel Cells

For CKD and AKI, De Chiara L et al.[121] revealed that maintaining residual kidney function early after
AKI through YAP1-driven tubular cell polyploidization could prevent AKI-CKD transition without affecting
AKI fatality. Additionally, Chung JJ et al.[122] found that podocytes were acutely activated by the Hippo
pathway after nephrotoxic immune injury, which appeared type-specific and injury-specific, and YAP or TAZ
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deletion resulted in more severe and prolonged proteinuria in response to injury. Li H et al.[123] also reported
that ischemia-induced injury induces diverse injury states in proximal tubular cells, including an early state
with enhanced lipid metabolism and during the initial stages of IRI, lipid metabolism is transiently activated,
and PLIN2+ lipid droplets are present. While Rudman-Melnick V et al.[124] found that AKI stages and renal
cell types show altered gene expression patterns, with several novel genes (Ahnak, Sh3bgrl3, and Col18a1)
not previously examined in kidney pathologies including kidney injury molecule-1 (Kim1), lipocalin 2 (Lcn2),
and keratin 8 (Krt8). Sox4 and Cd24a show a pronounced nephrogenic signature after AKI. Similarly, Kirita
Y et al.[61] suggested that the failed-repair proximal tubule cell (FR-PTC) state may be a therapeutic target.
In addition, Conway B et al.[125] reported that during injury and repair of the kidney, monocytes recruited
early on adopt a proinflammatory, profibrotic phenotype expressing Arg1, and later transition to become
Ccr21 macrophages, while a novel Mmp121 macrophage subset is involved in the repair. Furthermore, Hinze
C et al.[126] used human kidney models and revealed that high-depth single-cell gene expression data in
human kidneys with AKI identified novel injury-associated cell states in major cell types of the tubular
epithelium, characterized by transcriptome patterns linked to oxidative stress, hypoxia, interferon response,
and epithelial-to-mesenchymal transition, with differences in the transcriptome primarily driven by cell type-
specific abundance of these injury subtypes rather than individual molecular responses. Altogether, studies
of potential single-cell analysis have revealed some rare/novel cell types involved in kidney diseases such
as AKI and CKD. In addition to YAP1-driven polyploidization of tubular cells, Hippo pathway-mediated
podocyte activation, altered gene expression patterns in different renal cell types and stages of acute kidney
injury, and identification of novel injury-associated cell states in major tubular epithelium cell types. During
injury and repair, different macrophage subsets play different roles, and the failed-repair state of proximal
tubule cells may be a therapeutic target. Human kidneys with acute kidney injury may be more effectively
treated if high-depth gene expression data are collected on single cells.

In several recent studies in renal tumours mostly focused on immune cells, Young MD et al.[89] found that one
population of ascending vasa recta cells expressed VEGF-signalling receptors KDR, FLT1, and FLT4, while
the other cluster tE2 exhibited lymphangiogenic VEGFC and FLT1, and high levels of ACKR1, a marker
of venular endothelium promoting tissue migration of immune cells, indicating a complex VEGF signalling
circuit within RCC tissue. Moreover, Krishna C et al.[127] supposed that the immune microenvironment
and TCR clonotype dynamics of multiregional clear cell renal cell carcinoma (ccRCC) samples are dissected
by single-cell analysis. ccRCC response and resistance to immune checkpoint blockade (ICB) are linked to
CD8+ tissue-resident T cells and tumour-associated macrophages (TAM). Similarly, Li R et al[128]. identified
six conserved meta-programs that distinguish tumour cells from normal cells and found one high-enriched
at tumour-normal interfaces that co-localized with IL1β-expressing macrophages, which offers a potential
therapeutic target. On the other hand, TREM2/APOE/C1Q-positive macrophage infiltration was identified
as a potential biomarker for the recurrence of ccRCC as well as a therapeutic target reported by Obradovic A
et al.[129] (Figure 6D ). Overall, recent studies on renal tumours have identified complex signalling circuits
involving VEGF receptors and lymphangiogenic factors in RCC tissue. In addition, they have identified
potential biomarkers and therapeutic targets, including CD8+ T cells, TAMs, IL1β-expressing macrophages,
and TREM2/APOE/C1Q-positive macrophage infiltration. Interestingly, immune cell-related TAMs are a
hotspot and active domain of renal tumour research. These findings suggest that a better understanding of
the immune microenvironment in RCC may lead to improved therapies for this type of cancer (Table 3 ).

The

Integration of Single-Cell Applications with Other Techniques/Methods in Kidney Diseases

Although we know the major potential and powerful applications of the single-cell analysis technology[34,
130], there are still many other significant multi-methods, multi-models and multi-omics aspects that fa-
cilitate scholars to easily explore the much more complicated kidney diseases research domain and deserve
more attention and exploration, such as the combination or integration application between SCA techniques
and CRISPR screening[131-133], other multi-omics platforms[130, 134-136], nanotechnology[107, 137-139],
stem cell/exosomes[53, 58, 107, 134, 140-145], Genome-wide association studies (GWAS)[21, 105, 146-151],
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machine-learning[95, 135, 152, 153], as well as the mendelian randomization approach (MRA)[117, 148, 154],
and so on. The combination or integration of various single-cell technologies and other techniques, methods
or models allows for a more comprehensive understanding of pathophysiological mechanisms and biological
processes behind kidney disease to obtain or improve new or traditional diagnostic/treatment approaches.
Interestingly, the more authors use the multi-methods, multi-techniques or advanced/recent hotspot mod-
els, the better or high-quality journals that they published, moreover what they discover tends to be more
complex, new basic/clinical findings or new hotspot/keywords research for the next scholars.

For instance, Doke T et al.[117] performed GWAS, MRA, SCA, and MetaXcan to identify DACH1 as a
kidney disease risk gene that contributes to fibrosis. Treacy NJ et al. [107]mainly conducted SCA, stem
cell(hiPSC), and nanomedicine techniques (hiPSC-derived kidney organoids) and found that embedding
hiPSC-derived kidney organoids within fully synthetic peptide-based hydrogels is a promising approach to
producing viable replacement organs from hiPSCs. Comparably, Wang G et al.[134] carried out typically
SCA (spatial dynamic metabolomics) and stem cell(hiPSC), suggesting that kidney development may replace
glycolysis with fatty acid oxidation. HiPSC-derived kidney organoids have immature metabolic phenotypes
that can be improved by supplementing them with butyrate to enhance tubular epithelial differentiation
(Figure 7A ). On the other hand, Puelles VG et al.[108] combined the current SCA technologies and
optical techniques to build in-depth 3D quantitative endpoints based on a comprehensive analysis of intact
glomeruli in murine crescent nephritis, revealing the morphologic and cellular evolution of tubular crescents
(Figure 7C ). However, all existing technologies, methods, and models have basically built-in trade-offs
between the time required, the cost needed, challenges, considerations, as well as technical performance[155]
(Table 3 ).

Advanced Translation of Single-Cell Analysis Findings to Renal Clinical Properties

SCA technologies have been found to be useful in a number of different areas, including the prediction of
clinical properties in oncologic[156-158], neurologic[159, 160], cardiac[161] therapy, as well as the potential de-
velopmental road of CAR-T[162-165], cell therapy[160, 163, 164], gene therapy[166], biological therapy[167],
immunotherapy[156, 168], predicting drug response[169], and chemotherapy[170] etc. By understanding dis-
ease at the cellular and tissue level with the Human Cell Atlas, investigators can develop powerful disease
diagnostics, identify new drug targets, predict their efficacy, toxicity and resistance mechanisms, and create
novel therapies[34, 171]. Although the descriptions of HCA, RME and GWAS provided by SCA technologies
are valuable and informative, the next step is to understand how these organizational patterns are formed
and their function and clinical hallmarks. In order to answer these questions, annotations, additional data,
and well-controlled perturbations must be integrated with SCA profiling technologies. For example below:

For the diagnosis tool, as previous mentions, by combining SCA technology with different models and
techniques, we have identified interferon-stimulated genes (ISGs) as a recent hotspot gene expression/marker
for SLE[33, 73, 78, 85, 115, 116]. From these basic findings, Avacopan, an inhibitor of C5aR, may benefit
patients with SLE and LN after the identification of ISG expression features in leucocyte clusters[116].
Profiling urine cells in subjects with focal segmental glomerulosclerosis (FSGS) can aid in the diagnosis
and prognosis of nephrotic syndrome, as well as the development of personalized therapies by identifying
molecular pathways in immune cells and podocytes[172]. Similarly, urine proteomics can be a noninvasive
way to monitor active intrarenal biologic pathways in lupus nephritis (LN) and the findings implicate IL-16 as
a potential target and biomarker for LN[173]. However, GPRC5A serves as a marker for cyst-lining collecting
duct cells in Autosomal dominant polycystic kidney disease (ADPKD), and its expression is regulated by
a distal enhancer containing binding motifs for NF-kappaB, TEAD, CREB, and retinoic acid receptors,
providing potential for developing novel diagnostic and therapeutic strategies[64]. Skin biopsies may serve
as a valuable tool for the management of lupus nephritis, allowing for repeat biopsies and the use of scRNA-
seq to gain insights into its pathogenesis[72, 73]. Otherwise, another study emphasized the importance of
the fibrotic kidney local microenvironment (KLM) in progressive CKD and suggested that targeting HGF/c-
met signalling in different cell types within KLM may be a promising therapeutic approach[174]. The
snRNA-seq analysis of human diabetic kidney samples reveals that Na(+)/K(+)-ATPase, mineralocorticoid
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receptor, and WNK1 expression are altered in the thick ascending limb, late distal convoluted tubule,
and principal cells, along with decreased NEDD4L expression and paracellular calcium and magnesium
reabsorption. Also, glomerular cells, proximal convoluted tubule, distal convoluted tubule, and principal
cells have strong angiogenic signatures, indicating that the diabetic kidney responds early to potassium
secretion and angiogenic signalling[175] (Table 3 ).

For the prediction of therapeutic response, several investigators show that tumour-associated macrophages
(TAM) may be a potential prognostic/therapeutic target for renal tumours[127-129]. By using human/mouse
models in kidney fibrosis, Kuppe C et al.[104] revealed that NKD2 is specifically targeted to the myofibrob-
lasts in the kidneys of patients with kidney fibrosis. Furthermore, when YAP or TAZ were deleted, podocytes
activated the Hippo pathway in response to nephrotoxic immune injury, resulting in more severe and pro-
longed proteinuria[122]. And DACH1 was identified as a kidney disease risk gene[117]. And for diabetic
kidney disease, ACE inhibitors and SGLT2 inhibitors elicit varying gene expression and pathway activation
responses in different cell types, highlighting the importance of understanding cell type-specific responses
to develop effective treatments in mice[52]. On the other hand, in animal models, the study suggests that
targeting S100A8/A9 signalling with small-molecule inhibitors may be a promising therapeutic strategy for
treating AKI, as S100a9(hi) Ly6c(hi) infiltrated macrophages play a key role in mediating kidney inflamma-
tion and blocking this pathway has been shown to improve renal function, reduce mortality, and ameliorate
kidney injury and fibrosis[176]. Similarly, two early-phase populations with dysregulated lipid and amino
acid metabolism were identified in Sci-RNA-seq3. In the chronic phase, lipid metabolism was defective,
but in the very early phase of ischemia-induced injury, it was transiently activated. By crosstalk between
epithelial and stromal cells, perilipin 2 was recognized as an intracellular lipid droplet marker[123]. Study
results revealed differentials between effector and memory B cells by analyzing data from single-cell tran-
scriptomes, DNA methylomes, and chromatin accessibility profiles of B cells from SLE patients and healthy
controls. Resting näıve cells already exhibited the SLE molecular signature dominated by AP-1 and EGR
transcription factors, which in synergy with T-BET shaped the epigenome of expanded SLE effector B cell
subsets, defining the molecular basis for pathogenic B cell dysfunction[164]. In summary, these findings pro-
vide significant evidence that advanced technologies can be utilized to improve our understanding of kidney
diseases and develop personalized approaches from diagnosis to treatment both in clinical and laboratory
settings (Table 3 ).

Prospects of Single-cell Analysis for Kidney Disease

Bibliographic analysis has many functions, but one of the most crucial is to provide an indication of the
dynamics associated with the development of a specific field[177]. Using these indicators, researchers can
predict whether or not their research ideas will grow or decline in the future. Based on an analysis of
the temporal evolution of countries, institutions, authors, journals, references, and keywords over time, we
discussed the prospects of SCA technologies and kidney disease in terms of their potential relationship. SCA
technologies are shifting from diagnosis to precise treatment-centred study alongside the global burden of
kidney disease relevant to technological and clinical development.

For Human Cell Atlases in medicine to live up to their potential of being transformative, significant chal-
lenges need to be overcome-technical, practical, and fundamental and these have to be overcome for this
potential to materialize[34] . By integrating transcriptome, epigenome, and proteome profiles, as well as their
current behaviour and differentiation potential, multi-omics approaches provide a holistic understanding of
cells[130, 134, 135]. The importance of future studies integrating spatial transcriptomics with kidney disease
research will be critical to defining the cell types and changes that take place during this process[44, 114,
155, 178, 179] (Figure 7B ). Single Cell ProtEomics (SCoPE2) is a second-generation method derived from
the combination of Single Cell ProtEomics by Mass Spectrometry (SCoPE-MS) and Single Cell ProtEomics
by Mass Spectrometry (SCoPE-MS). It allows the analysis of any primary tissue or cell culture that can be
processed as a suspension of single cells. This protocol can also be adapted for other small samples, such as
biopsies. RNA-Seq can also be performed on single cells using similar methods to prepare single-cell suspensi-
ons. However, some preparation methods may negatively impact cell protein surfaces. The SCoPE2 protocol
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emphasizes ultrasensitive analysis and analyzes individual cells in small samples, such as biopsies[180, 181]
. Single-cell architectural surgery (ScArches) is a decentralized, iterative, and efficient approach to building
reference data from query datasets, using deep learning. The method utilizes transfer learning and parameter
optimization to improve the contextualization of existing datasets with existing references. Additionally, it
allows the imputation of missing modalities and generalizes to multimodal reference mapping. A reference cell
atlas can be constructed, updated, shared, and efficiently utilized using scArches by facilitating collaborative
projects[95] (Figure 6B ). Some kidney-related diseases, including SLE, CKD, diabetic kidney disease, IgA
nephropathy and nephrotic syndrome, are difficult to cure completely and often require long-term or lifelong
medication, which severely affects patients’ quality of life. While the integration of SCA and CAR-T therapy
has shown excellent results in clinical trials for these diseases, and we hope to bring more effective treatments
to patients in the near future[164, 165, 182, 183]. Together, we are confident that these integrated strategies
will allow us to better explore how clinically relevant findings relate to the development of kidney disease. In
parallel with the increasing utility of methods and the deepening of single-cell techniques to address critical
research questions, new directions in renal clinical research will be discussed (Table 3 ).

Challenges of Single-cell Analysis for Kidney Disease

Although our bibliometric analysis of variable SCA technologies has provided a brief overview of recent
advancements in their application to renal clinical hallmarks. However, several challenges remain that hinder
their further use in practice. Firstly, it is inherently noisy since this data is derived from scRNA-seq in
eukaryotic cells that exhibit burst-like stochastic transcription[184-186]. Even though many computational
techniques have been invented to minimise the influence of these noise factors[186, 187]. Failure to detect
a transcript from a particular gene in a cell at a specific point in time can be ambiguous and may not
necessarily indicate gene inactivity. Having a complete view of the cellular transcriptome has helped overcome
this limitation, and pathway analysis and gene-set enrichment indicate greater accuracy than single gene
expression[188, 189]. Secondly, transcriptome data alone is not sufficient to establish genotype-phenotype
correlations, whereas they need to work in concert with other techniques in order to improve the main results,
such as machine learning, genome-wide association studies (GWAS), and multi-omics[117, 135, 190]. Thirdly,
Although the cost per cell has decreased considerably, the cost per sample remains very high. Currently, SCA
technologies remain challenging to be routinely used in renal clinical settings[27, 29, 191, 192]. However,
recent innovation in SCoPE2 technology has allowed for a substantial increase in quantitative accuracy
and throughput. In addition, it has reduced costs and time spent on hands-on preparation by introducing
automated and miniaturized sample preparation. Yet it is not widely practised in the renal clinic[180, 181].
Fourth, the major challenge of single-cell RNA sequencing is the loss of histological information resulting
from the preparation of individual cells and nuclear suspensions from tissues. Nevertheless, factors such as
tissue digestion and preservation can alter gene expression and cell representation in trajectory analysis.
Spatial transcriptomics, including barcoded array-based capture and in situ sequencing, has emerged as a
breakthrough in studying the whole organism’s architecture at the molecular level. This will revolutionize
how we understand tissues/organs/organisms, their composition, complexity, interactions, and functions[94,
193]. Finally, samples can be affected by batch effects when processed on different days, sex, and aging.
However, multiple correction methods exist that must be applied judiciously to avoid masking true biological
differences[194, 195].

Limitations And Strengths

SCA is promising for kidney disease applications, but clinical implementation remains challenging. Firstly,
for our own study used a comprehensive retrieval strategy to search data from WoSCC, but limitations
such as fewer studies about SCA-related cancer and potential deviations in the machine algorithms used,
suggest the need for more bibliometric data updates to further clarify scientific trends and hotspots in SCA-
related kidney disease research, particularly for recent power-published and potentially high-impact studies.
According to our knowledge, this is the first study to use the bibliometric approach to systematically assess
trends in the advancement of renal-related diseases using a recent analysis of emerging global research trends
in SCA research.
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CONCLUSIONS

According to our current knowledge, SCA bibliometric analysis in kidney disease still lacks significant evi-
dence. This work presents a bibliometric analysis of SCA application usage in kidney disease over the last
decade. In summary, the main findings of this research were as follows:

1. During the period from 1 January 1999 to 13 February 2023, 1606 articles and reviews were published
directly or indirectly related to SCA in kidney disease. 11,737 authors from 2,317 institutions in 67
countries or regions investigated SCA’s role in kidney diseases.

2. Major authors, institutes, countries, and journals contributed to the rapid development of SCA in
kidney disease. (1) The majority of publications were published in the United States and China. SCA-
related kidney disease publications were most prevalent in the United States, with Harvard Medical
School (United States) being the most active institution. (2) The author who has contributed the
most papers on SCA in kidney disease is Humphreys, Benjamin D (Corresponding author), followed
by Trapnell, Cole, who had the most co-citations in his papers. (3) It is also worth noting that most
papers on SCA in kidney diseases have been published in Frontiers in Immunology, whereas Nature is
the journal that has been co-cited the most.

3. We found the hotspot in SCA technologies and kidney-related diseases research as follows: (1) SCA
technologies-related keywords included RNA-seq, transcriptome, single-cell, chip-seq, single-cell RNA
sequencing, histone-like nucleoid structuring protein (H-NS), and genome-wide association. (2) Disease-
, molecular-, and pathological-related keywords included expression, EGFR, gene-expression, activa-
tion, gene, cell, protein, mechanism, mutation, inflammation, resistance, apoptosis, and T-cell. (3)
Kidney-related disease keywords are SLE, AKI, CKD, renal fibrosis, diabetic kidney disease, nephrotic
syndrome, IgA nephropathy, and kidney transplantation.

Overall, there is rapid growth in the field of SCA in kidney-related disease research, and it is likely that this
field of research will expand in the coming decades. Despite this, most clinical SCA studies are still in their
exploratory stages, mostly aimed at revisiting and improving diagnosis and therapeutic marker identification.
Researchers will be able to create novel diagnostic, therapeutic and prognostic ideas and methodologies that
will help them establish novel diagnostic, therapeutic and prognostic approaches to kidney diseases based
on the findings of these comprehensive analyses. SCA technologies may also be applied in the future to
support other main technologies or models that will help routine clinical diagnoses and personalize medicine,
providing a promising or hopeful future for this technology.
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Figure 1: The annual publication between countries and institutions trends over past 22 years. (A) The
annual publication, and annual citation. (B) The annual publication in the top 10 countries.
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Figure 2: Countries, institutions and journals related to SCA in kidney disease published worldwide. (A)
Network map of the country distribution based on R. (B) The chronological order of institutions produced
the articles based on VOS viewer. (C) Journal density map based on VOS viewer. (D) The relationship of
the countries, institutions, and journals produced articles based on an alluvial flow map based on R.

Figure 3: Analysis of authors, references, and keywords involved in SCA in kidney disease. (A) Top 25
references with the strongest citation bursts based on CiteSpace. (B-C) Collaboration network of authors
based on R. (D) The relationship of the top 20 co-cited references, authors, and keywords evolution based
on an alluvial flow map by R.
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Figure 4: Keyword-related mapping in studies on SCA in kidney disease. (A)Visualization based on keyword
co-occurrence relationship based on VOS viewer. In this network map, keywords with close relationships are
assigned to one cluster with the same colour. All the keywords could be divided into five clusters: cluster 1
(green nodes), cluster 2 (blue nodes), cluster 3 (yellow nodes), cluster 4 (red nodes), and cluster 5 (purple
nodes). (B) Major keywords evolution based on R. (C) Top 25 keywords with the strongest bursts by
CiteSpace. (D) Visualization based on cloudword for top 50 keyword co-occurrences. (E) Topic dendrogram
of factorial.
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Figure 5 Major applications of single-cell analysis in kidney disease. (A) Mapping immune cells in pe-
ripheral blood. Single-cell RNA sequencing (scRNA-seq) has been used to identify new or novel subsets of
cells in peripheral blood. For example, plate-based scRNA-seq of sorted myeloid populations has been used
to identify a novel subset of dendritic cells (DCs)[196, 197]. Copyright 2017, American Association for the
Advancement of Science (AAAS) and Copyright 2020, Springer Nature Limited. (B) Schematic representa-
tion of tissue processing, library generation, and sequencing for next-generation sequencing-based spatially
resolved transcriptomics with expression profiles for representative segment-specific genes (Podxl, Slc22a6,
and Slc12a1) and an example of cell-type mapping in a female sham kidney from 10X Genomics Visium[44].
Copyright 2022, Elsevier Inc. (C) Towards a cellular classification of renal immunopathology. Current clini-
cal data evaluate metrics of immune activation and tissue injury in kidney, urine and blood[100]. Copyright
2020, Springer Nature Limited.
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Figure 6: (A) Single-cell atlas of drug treatments in a mouse model of DKD. A total of 946,660 high-quality
cells from 70 mouse kidneys in 14 different groups are projected by uniform manifold approximation and pro-
jection (UMAP) plot[52]. Copyright 2022, CellPress. (B) The scArches approach allows iterative integration
of query and references single cells[95]. Copyright 2022, Springer Nature Limited. (C) Detection of cellular
and genetic correlates of SLE. Genetic multiplexing enabled single-cell profiling of hundreds of individuals
with and without SLE. These profiles revealed that SLE patients exhibit changes in cell composition and
cell type-specific gene expression, which were used to model disease status and severity. Additionally, cell
type-specific cis-eQTL maps were produced and used to annotate and contextualize genetic loci associated
with SLE[33]. Copyright 2022, American Association for the Advancement of Science (AAAS). (D) The pro-
cess of single-cell protein activity analysis identifies recurrence-associated renal tumour macrophages[129].
Copyright 2022, CellPress.
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Figure 7: (A) The approach of spatial dynamic metabolomics identifies metabolic cell fate trajectories in
human kidney differentiation[134]. Copyright 2022, CellPress. (B) Representative gene expression across
a time course (sham, 4 hours, 12 hours, 2 days, and 6 weeks) of bilateral ischemia-reperfusion injury in
female C57BL6/J mice, demonstrating changes in expression (low [teal] to high [magenta]) and localization
of differentially expressed injury genes, including Aadat, Lcn2, Cryab, and Cfh[44]. Copyright 2022, Elsevier
Inc. (C) A new pipeline for 3-dimensional morphometrics validated in kidney tissue. (a) Cell-specific
identification; (b) kidney perfusion via aorta cannulation; (c) slice preparation using a physical slicer for
multi-purpose tissue processing; (d) reversible optical clearing; (e) flexible in-house built chambers compatible
with multiple microscopy systems; (f) comprehensive computational analyses, where the white arrow shows
a segmental lesion; and (g) tissue recycling for subsequent immunofluorescence (IF), classical histology, and
transmission electron microscopy. ECi, ethyl cinnamate[108]. Copyright 2019, Elsevier Inc.

TABLE 1 | Top 20 co-cited references related to SCA in kidney disease.
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author
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Publication
time

Reference
type
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Publication
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SCA
+acute
kidney
injury

2020 Article 28 97

10 Single-
cell
tran-
scrip-
tomes
from
human
kidneys
reveal
the
cellular
identity
of renal
tumors.

Science
(IF=63.832)

Matthew
D
Young[84]

SCA+
renal
tumor

2018 Article 28 160

11 Single
cell
RNA
sequenc-
ing to
dissect
the
molecu-
lar
hetero-
geneity
in lupus
nephritis.

JCI
Insight
(IF=9.496)

Evan
Der[72]

SCA+
lupus
nephritis

2017 Article 26 145
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Rank Title
Journal
IF2021

First
author
(reference)

Paper’s
main focus

Publication
time

Reference
type

Total
citation

Total link
strength

12 Mapping
systemic
lupus
erythe-
matosus
hetero-
geneity
at the
single-
cell
level.

Nature
Im-
munol-
ogy
(IF=31.25)

Djamel
Nehar-
Belaid[85]

SCA+
SLE

2020 Article 26 93

13 Dimensionality
reduc-
tion for
visualiz-
ing
single-
cell data
using
UMAP.

Nature
Im-
munol-
ogy
(IF=31.25)

Etienne
Becht[82]

SCA
Method

2019 Article/Analysis24 93

14 Fast,
sensitive
and
accurate
integra-
tion of
single-
cell data
with
Harmony.

Nature
Meth-
ods
(IF=47.99)

Ilya
Korsunsky[79]

SCA
Method

2019 Article/Analysis23 91

15 Single-
Cell
RNA
Profiling
of
Glomeru-
lar Cells
Shows
Dy-
namic
Changes
in
Experi-
mental
Diabetic
Kidney
Disease.

JASN
(IF=14.981)

Jia
Fu[86]

SCA
+dia-
betic
kidney
disease

2019 Article 20 102
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Rank Title
Journal
IF2021

First
author
(reference)

Paper’s
main focus

Publication
time

Reference
type

Total
citation

Total link
strength

16 SCANPY:
large-
scale
single-
cell gene
expres-
sion
data
analysis.

Genome
Biology
(IF=18.01)

F
Alexan-
der
Wolf[80]

SCA
Method

2018 Article 20 91

17 Distinct
Effector
B Cells
Induced
by
Unregu-
lated
Toll-like
Recep-
tor 7
Con-
tribute
to
Pathogenic
Re-
sponses
in Sys-
temic
Lupus
Erythematosus.

Immunity
(IF=43.474)

Scott A
Jenks[87]

SCA+
SLE

2018 Article 20 76

18 Reversed
graph
embed-
ding
resolves
complex
single-
cell
trajectories.

Nature
Meth-
ods
(IF=47.99)

Xiaojie
Qiu[83]

SCA
Method

2017 brief
communications

19 117

40



P
os

te
d

on
8

J
u
n

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

62
08

19
.9

92
40

46
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Rank Title
Journal
IF2021

First
author
(reference)

Paper’s
main focus

Publication
time

Reference
type

Total
citation

Total link
strength

19 Metascape
provides
a
biologist-
oriented
resource
for the
analysis
of
systems-
level
datasets.

Nature
Commu-
nica-
tions
(IF=
17.694)

Yingyao
Zhou[81]

SCA
Method

2019 Article 16 53

20 Single-
nuclear
tran-
scrip-
tomics
reveals
diversity
of proxi-
mal
tubule
cell
states in
a
dynamic
response
to acute
kidney
injury.

PNAS
(IF=12.779)

Louisa
M S
Gerhardt[88]

SCA
+acute
kidney
injury

2021 Article 13 271

PNAS, Proceedings of the national academy of Sciences of the United States of America; JASN, Journal of
the American Society of Nephrology

TABLE 2 | Top 25 co-occurrence keywords and top 10 keyword-related to kidney disease for SCA in kidney
disease

Rank Top 25 keywords Occurrences Total link strength Rank Top 10 keyword-related to kidney disease Occurrences Total link strength

1 expression 374 593 1 SLE 24 127
2 RNA-seq 181 316 systemic lupus erythematosus 55 261
3 EGFR 159 309 systemic-lupus-erythematosus 104 417
4 gene-expression 152 211 lupus 13 75
5 activation 144 283 lupus nephritis 25 143
6 cancer 118 257 2 acute kidney injury 43 223
7 gene 115 205 acute-renal-failure 16 73
8 cell 114 209 AKI 18 103
9 systemic-lupus-erythematosus 104 118 ischemia-reperfusion injury 10 48
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Rank Top 25 keywords Occurrences Total link strength Rank Top 10 keyword-related to kidney disease Occurrences Total link strength

10 disease 101 157 nephriti 13 76
11 growth 96 191 3 chronic kidney disease 39 208
12 protein 87 147 chronic kidney-disease 30 133
13 identification 86 150 4 renal fibrosis 20 107
14 mechanism 81 144 fibrosis 38 219
15 pathway 78 175 5 diabetic kidney disease 10 63
16 mutation 76 150 diabetic nephropathy 17 77
17 inflammation 74 127 diabetic-nephropathy 16 95
18 receptor 73 165 6 focal segmental glomerulosclerosis 12 53
19 inhibition 61 134 nephrotic syndrome 18 86
20 resistance 60 125 7 IgA nephropathy 17 79
21 apoptosis 60 123 8 kidney transplantation 10 34
22 differentiation 60 118 9 autoimmune-disease 12 58
23 T-cell 60 82 rheumatoid-arthriti 32 150
24 glioblastoma 55 122 10 kidney 52 251
25 transcriptome 54 111 kidney-disease 13 54

RNA-seq, RNA-sequence; EGFR, epidermal growth factor receptor; SLE, systemic lupus erythematosus;
AKI, acute kidney injury

Table 3 Summary of top major achievement articles on SCA in kidney-related diseases (IF[?]10)

Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cell
landscape in
kidneys

Kidney In-
ternational
(2017)

Healthy
mouse
kidney (NA)

Fluidigm C1 Mesangial
cells

Mesangial
cell function
can be
dissected by
identifying
and
analysing
genes
expressed in
every single
cell.

Lu Y et
al.[109]

Kidney In-
ternational
(2017)

Healthy
mouse
kidneys
(n=20)

Fluidigm C1 Podocytes A large
number of
proteins
related to
the
cytoskeleton
are encoded
by essential
genes
specific to
podocytes.

Lu Y et
al.[110]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

PNAS
(2017)

Healthy
mouse
kidney (NA)

Fluidigm C1
and
SMART-seq

Renal duct
cells

A better un-
derstanding
of
physiological
regulation
and patho-
physiology
in the renal
collecting
duct can be
achieved by
identifying
gene
expression
patterns
among the
three types
of cells.

Chen L et
al.[198]

JASN
(2019)

Healthy
mouse, rat,
pig, and
human
kidney
tissue (NA)

10 ×
Genomics
Chromium
& Fluidigm
C1

Immune
cells

Finding a
signature of
gene
expression
across
species in
kidney
resident
macrophages.

Zimmerman
K et al.[111]

JASN
(2018)

Healthy
mouse
kidneys
(n=8)

Drop-seq Mesangial
cells,
endothelial
cells, and
podocytes

They have
discovered
novel
markers for
all types of
glomerular
cells and
have found
that both
endothelial
cells and
podocytes
have a
diversity of
transcrip-
tional
profiles.

Karaiskos N
et al.[93]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Nature
Communica-
tions
(2021)

Normal
human
biopsy
kidney
(n=8) and
wt adult
male
C57BL/6J
mice (n=16)

Smart-seq2
and 10X
Genomics
Chromium

Mesangial
(MCs) and
glomerular
parietal
epithelial
cells (PECs)

Identification
of all four
glomerular
cell types
(podocytes,
glomerular
endothelial
cells,
mesangial
cells (MCs),
and parietal
epithelial
cells
(PECs)) as
well as
macula
densa cells.
Pdgfrb-
expressing
glomerulus-
associated
cells include
bona fide
intra-
glomerular
MCs with
functional
phagocytosis.

He B et
al.[112]

JASN
(2021)

Mouse
kidney,
wild-type
male mouse
kidneys
(n=2,
C57Bl/6N)

Illumina
HiSeq 4000
seq and
Dropseq

Tubule cells With
single-cell
transcrip-
tomics from
dissociated
kidneys,
osmotically
regulated
genes can be
quantified
and
physiological
phenotypes
predicted.

Hinze C et
al.[31]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Scientific
data (2020)

Normal
human
kidneys
(n=3)

10X
Genomics
Chromium

Renal
tubular cells

The tran-
scriptomic
map of the
human
kidney
classifies
collecting
duct cells
into two
subtypes
and
proximal
tubule cells
into three
subtypes.

Liao J et
al.[199]

45



P
os

te
d

on
8

J
u
n

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

62
08

19
.9

92
40

46
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Nature
Communica-
tions
(2019)

Human
kidneys,
(NA)

snDrop-seq Proximal
tubule cells

They
provided
insight into
potential
targeted
therapies by
delineating
common and
rare cell
type-specific
expression of
genes
associated
with chronic
kidney
disease,
diabetes and
hyperten-
sion. These
include the
expression of
a mechano-
sensory ion
channel
associated
with
hypertension
in mesangial
cells and the
identifica-
tion of cell
populations
in the
proximal
tubule that
are defined
by
pathogenic
expression
signatures.

Lake B et
al.[200]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Science (2018) Mouse kidneys
healthy vs
diseased
mouse models
(NA)

Drop-seq and
10X Genomics
Chromium

20 different
cell types in
mouse kidneys

1) the analysis
of cell
trajectory and
lineage tracing
in vivo
revealed that
Notch signals
govern
transitions
between
intercalated
cells and
principal cells.
2) During
metabolic
acidosis in
mouse and
human kidney
diseases, the
fate of the
cells changed
towards a
principal cell
trajectory. 3)
The
phenotypic
manifestation
and
differentiated
cell type of
inherited
kidney
diseases are
influenced by
distinct
genetic
mutations.

Park J et
al.[36]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2018)

Healthy
adult kidney
(n=1)

DropSeq
and InDrops

Epithelial,
endothelial,
immune and
stromal cells

1) In
independent
transplant
biopsy
samples,
both
nonclassical
CD16+ and
classical
CD16-
groups
expressed
dendritic cell
maturation
markers. 2)
Novel proin-
flammatory
responses to
rejection
were
identified by
comparing
healthy
kidney
epithelial
transcrip-
tomes with
biopsy
specimens.
3)
Endothelial
cells were
subdivided
into three
groups:
resting cells,
activated
endothelial
cells, and a
group
expressing
antibodies
that
internalize
Ig and
activate Fc
receptors.

Wu H et
al,[57]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cell stem
cell (2022)

Human fetal
kidneys
(n=3) (13
weeks, 16
weeks, and
18 weeks of
gestation)

Spatial
dynamic
metabolomics

Proximal
tubular cells

During dif-
ferentiation
from the
renal vesicle
to the
proximal
tubules,
isotopic
labeling
revealed a
shift from
glycolysis to
fatty acid
β-oxidation,
and hiPSC-
derived
kidney
organoids
have
immature
metabolic
phenotypes
that can be
enhanced by
butyrate
supplemen-
tation to
improve
tubular
epithelial
differentiation.

Wang G et
al.[134]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

SLE Nature
Immunology
(2019)

Human kidney
tissue, urine
and blood LN
(n=24) vs
healthy kidney
(n=10)

CEL-Seq2 and
10X Genomics
Chromium

Immune cells 1) 21
leukocyte
subsets active
in immune
cells (myeloid
cells, T cells,
NK cells and
B cells) that
demonstrated
both pro-
inflammatory
responses and
inflammation-
resolving
responses. 2)
type 1
interferon
response genes
in most cells.
3) CXCR4 and
CX3CR1 have
widespread
expression,
suggesting a
central role. 4)
In urine,
immune cells
are strongly
correlated
with those in
the kidney,
suggesting
that urine
could simulate
kidney biopsy.

Arazi A et
al.[78]

Nature
Immunology
(2019)

Human kidney
and skin tissue
LN (n=21) vs
healthy
kidneys (n=3)

Fluidigm C1
/SMART-Seq

Tubular cells
and skin
keratinocytes

As one of the
key factors
contributing to
treatment
failure, they
have identified
a high IFN
response score
and fibrotic
signature in
tubular cells.

Der E et
al.[73]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Nature
Immunology
(2019)

Human
peripheral
blood
mononuclear
cells
(PBMC),
SLE children
(n=33),
healthy
children
(n=11),
adult SLE
(n=8), adult
healthy (n =
6)

10X
Genomics
Chromium

Monocytes,
CD4+ and
CD8+ T
cells, natural
killer cells,
dendritic
cells, B cells,
and plasma
cells.

In children
with SLE,
interferon-
stimulated
genes (ISGs)
were
expressed
more than in
healthy
controls, the
high ISG
expression
signature
(ISGhi) are
predomi-
nantly
derived from
8/20 PBMC
subpopula-
tions, and
ISG-
enriched
subpopula-
tions are
associated
with high
levels of
disease
activity.

Nehar-
Belaid et
al.[85]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

PNAS
(2019)

Healthy
blood donors
(NA), mouse
spleen (NA)

10X
Genomics
Chromium

human
whole blood
cells,
immune cells
and
mesangial
cells

1) Deleting
the IFN-λ
receptor
resulted in
significantly
reduced
immune cell
activation
and reduced
skin and
kidney
damage in
lupus mice.
2) In
response to
IFN-λ
stimulation,
IFN-λ
activated
ker-
atinocytes
and
mesangial
cells to
produce
chemokines,
and only
mouse
neutrophils
and human
B cells
upregulated
ISGs.

Goel R et
al.[115]

52



P
os

te
d

on
8

J
u
n

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

62
08

19
.9

92
40

46
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

PNAS
(2019)

Human
peripheral
blood, SLE
patients (n
= 3)

10X
Genomics
Chromium

Immune
cells

In SLE
patients,
low-density
granulocytes
(LDGs) play
a significant
role in
determining
the type 1
IFN
signature,
and there
are two sub-
populations
of LDGs
that have
been
identified in
SLE:
immature
and
intermediate
mature
LDGs. And
the latter
outcome is
strongly
associated
with the
pathology of
organs
resulting
from SLE as
well as the
presence and
severity of
coronary
artery
disease.

Mistry P et
al.[102]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

EBioMedicine
(2021)

Human
peripheral
blood, SLE
(n=5) vs
healthy
controls
(n=3)

10X
Genomics
Chromium

Monocytes,
B cells,
dendritic
cells, and
granulocytes

1) Identifica-
tion of ISG
expression
features in
leucocyte
clusters and
delineation
of ISG
regulation
pathways in
SLE and LN
patients. 2)
ISG
expression
may be
regulated by
transcription
factors
PLSCR1,
TCF4,
IRF9, and
STAT1. To
prevent an
overwhelm-
ing
activation of
downstream
pathways,
granulocytes
may be
targeted as
early as
possible in
ISGs. 3)
SLE and
lupus
nephritis
may benefit
from the use
of
Avacopan, a
C5aR
antagonist.

Deng Y et
al.[116]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Arthritis &
Rheumatol-
ogy
(2022)

Human
kidneys and
urine (n=30)

CEL-Seq2 Urinary
proteins and
immune cells

Urinary
proteomics
could
revolutionize
diagnosis
and
management
of lupus
nephritis by
monitoring
active
intrarenal
biologic
pathways,
implicate
IL-16 in
lupus
nephritis
pathogene-
sis, and
identify
IL-16 as a
potentially
therapeutic
biomarker.

Fava A et
al.[173]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Science
(2022)

Human
PBMCs,
SLEs
(n=162) vs
controls
(n=99)

Multiplexed
scRNA-seq,
10X
Genomics
Chromium,
and
snATAC-seq

Immune
cells

Among the
patients,
type 1
interferon-
stimulated
genes (ISGs)
were
expressed in
monocytes,
naive CD4+
T cells were
reduced, and
repertoire-
restricted
cytotoxic
CD8+ T
cells were
expanded.
Patients
were
stratified
into two
molecular
subtypes
based on
their cell
type-specific
expression
features.

Perez R et
al.[33]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

AKI Advanced
Science
(2022)

Mouse
kidney,
blood, and
spleen (n=6)

10X
Genomics
Chromium

Kidney
resident
macrophages
(KRMs) and
monocyte-
derived
infiltrated
macrophages
(IMs)

As
evidenced by
better
kidney
function and
lower
mortality,
small
molecule
inhibitors
targeting the
S100a8/a9
signalling
system have
demon-
strated
renoprotec-
tive effects.
It also
reduced in-
flammation,
improved
renal injury,
and reduced
renal fibrosis
in a
unilateral
IRI model.

Yao W et
al.[176]

Nature
Metabolism
(2020)

Mouse
kidneys, IRI
(n=8)

HiSeq 4000
platform
and 10X
Genomics
Chromium

Proximal
tubular cells

AKI is
associated
with
impaired
gluconeogen-
esis in the
proximal
tubule cells
of the
kidney.

Legouis D et
al.[201]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2020)

Mouse
kidneys,
Swiss-
Webster,
4-week-old
male mice
(n=3–6 per
group)

Illumina
HiSeq 2500

Proximal
tubular cells

AKI stages
and renal
cell types
show altered
gene
expression
patterns.
Several
novel genes
(Ahnak,
Sh3bgrl3,
and
Col18a1)
have not
been
examined
previously in
kidney
pathologies,
including
kidney
injury
molecule-1
(Kim1),
lipocalin 2
(Lcn2), and
keratin 8
(Krt8). Sox4
and Cd24a
show a
pronounced
nephrogenic
signature
after AKI.

Rudman-
Melnick V et
al.[124]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Genome
Medicine
(2022)

Human
kidneys,
AKI (n=8)
vs control
patients*
(n=4).

Illumina
HiSeq 4000
seq and 10X
Genomics
Chromium

Tubular
epithelial
cells

Comprehensive
resources
were
provided for
examining
the cell
type-specific
transcrip-
tomic
responses
associated
with critical
illness-
associated
acute kidney
injury in
humans,
concluding
that
recurrent
disease-
associated
signatures
and
individual
heterogene-
ity can be
noted.

Hinze C et
al.[126]

PNAS (2020) Mouse kidney,
IRI (n=3) vs
control (n=3)

NovaSeq 6000
(Illumina) and
10X Genomics
Chromium

Proximal
tubule cells

The
failed-repair
proximal
tubule cell
(FR-PTC)
state may be a
therapeutic
target.

Kirita Y et
al.[61]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2020)

Mouse
kidney (NA)

10X
Genomics
Chromium
and
SMART-
seq2

Myeloid cells The study
found that
during
injury and
repair of the
kidney,
monocytes
recruited
early on
adopt a
proinflam-
matory,
profibrotic
phenotype
expressing
Arg1, and
later
transition to
become
Ccr21
macrophages,
while a novel
Mmp121
macrophage
subset is
involved in
repair.

Conway B et
al.[125]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

DKD Nature
Communica-
tions
(2022)

Human
kidneys,
heathy
control (n=
6) vs DKD
(n = 7)

10X
Genomics
Chromium,
snRNA-seq,
and
snATAC-seq

Proximal
tubule cells

1) Using
allele-
specific
chromatin
accessibility
(ASCA), the
researchers
suspect
genetic
background
influences
kidney
function,
altering
DKD
progression.
2) The
proximal
tubule
responds
differently to
external
stimuli
depending
on genetic
background
and
metabolic
memory.

Wilson P et
al.[69]

61



P
os

te
d

on
8

J
u
n

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

62
08

19
.9

92
40

46
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cell
Metabolism
(2022)

Mouse
kidneys
(n=70)

10X
Genomics
Chromium

Podocytes,
proximal
tubule cells,
distal tubule
cells,
endothelial
cells, and
immune cells

1) Different
cell types
respond
differently to
therapeutic
interventions
in murine
diabetic
kidney
disease. 2)
ACE
inhibitors
and
(sodium-
glucose
cotransporter-
2 inhibitors)
SGLT2
inhibitors
altered gene
expression
patterns and
pathway
activation in
different cell
types, like
podocytes,
proximal
tubule cells,
distal tubule
cells, and
endothelial
cells. 3) The
development
of effective
diabetic
kidney
disease
treatments
requires un-
derstanding
cell
type-specific
responses to
therapies.

Wu H et
al.[52]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2019)

streptozotocin-
induced
diabetic
endothelial
nitric oxide
synthase
(eNOS)–
deficient
(eNOS2/2)
mice and
control
eNOS2/2
mice (NA)

Fluidigm C1
and Illumina
NextSeq 500

Glomerular
Cells and
immune cells

The hetero-
geneity of
the
responses of
the
glomerular
cells in ex-
perimental
diabetic
kidney
disease and
the changes
in the type
of
glomerular
cells.

Fu J et
al.[86]

PNAS (2019) Human kidney
DKD (n=3) vs
healthy kidney
(n=3)

snRNA-seq
and 10X
Genomics
Chromium

Podocytes,
mesangial,
endothelial,
leukocytes,
proximal
tubules

1) All the
thick
ascending
limbs in
diabetics, as
well as the
distal
convoluted
tubule, exhibit
increased
potassium
secretion and
decreased
paracellular
calcium and
magnesium
absorption. 2)
Convoluted
tubules,
proximal
convoluted
tubules, and
principal cells
have strong
angiogenic
signatures.

Wilson P et
al.[175]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2021)

24-hour
urine
samples
(n=17) from
Diabetic
nephropathy
(n=5)

10X
Genomics
Chromium

Podocytes,
proximal
tubules, loop
of Henle and
collecting
duct cells,
macrophages,
and
lymphocytes

1) The
major types
of kidney
cells and
leukocytes
can be found
in the urine.
2) Cells of
the urinary
tract have a
similar gene
expression
pattern to
those of the
kidneys.

Abedini A
et al.[202]

CKD Nature
Communica-
tions
(2022)

Mouse
kidneys,
Pax8/WT
(n = 30) and
Pax8/SAV1ko
mice (n =
16)

10X
Genomics
Chromium

Tubular cells Maintain
residual
kidney
function
early after
AKI through
YAP1-
driven
tubular cells
polyploidiza-
tion.
Targeting
tubular cells
polyploidiza-
tion after
the early
AKI phase
is one way
to prevent
AKI-CKD
transition
without
affecting
AKI fatality.

De Chiara L
et al.[121]

The Journal
of Clinical
Investigation
(2021)

Mouse
kidneys, WT
(n = 6),
Dach1 HZ
(n = 6).

ChIP-qPCR
and 10X
Genomics
Chromium

Tubular cells DACH1 was
identified as
a kidney
disease risk
gene.

Doke T et
al.[117]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

JASN
(2020)

Healthy
mice (NA)
vs
nephrotoxic
serum
nephritis,
diabetes,
doxorubicin
toxicity, and
CD2AP
deficiency
(n=4
different
disease
models,
from
different
disease
models)

10X
Genomics
Chromium

Glomerular
cells

Podocytes
were acutely
activated by
the Hippo
pathway
after
nephrotoxic
immune
injury,
which
appeared
type-specific
and injury-
specific.
YAP or TAZ
deletion
results in
more severe
and
prolonged
proteinuria
in response
to injury.

Chung J et
al.[122]

JASN
(2021)

Four fetal
rhesus
kidneys

scRNA-Seq
and
snRNA-Seq

Comparation
between
rhesus and
human cells

A model of
human-like
lateral
branch
nephrogene-
sis based on
the Rhesus
macaque,
allowing
molecular
studies of
late
gestation
nephrogenesis.

Schuh M et
al.[203]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Kidney
fibrosis

Nature
Immunology
(2022)

Mouse
kidneys, 6
sham (n=6)
and UUO
wild-type
(WT) mice
(n=2).
Human
kidneys,
CKD (n=6)
vs healthy
controls (n
= 6)

10X
Genomics
Chromium

Immune
cells and
tubule cells

The
expression of
cytokines
and
chemokines
associated
with
immune cell
recruitment
identifies a
subset of
kidney
tubule cells
with
a profibrotic-
inflammatory
phenotype.
Profibrotic
tubules
secrete
CXCL1
which
recruits
basophils
with
CXCR2+.

Doke T et
al.[118]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Nature
(2021)

Human
kidneys,
CKD
(n=13) vs
non-CKD
(n=7);
Mouse
kidneys
(NA)

Smart-Seq2,
spatial tran-
scriptomics,
and
ATAC–seq

Epithelial,
endothelial,
haematopoi-
etic cells and
resident
mesenchy-
mal
cells

NKD2 was
identified as
a
myofibroblast-
specific
therapeutic
target in
human
kidney
fibrosis,
using genetic
fate-tracing,
time-course
single-cell
RNA
sequencing
and ATAC
sequencing
experiments
in mice, as
well as
spatial tran-
scriptomics
in human
kidney
fibrosis.

Kuppe C et
al.[104]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Kidney
fibrosis/AKI

Cell
Metabolism
(2022)

Mouse
kidneys,
fibrogenesis
and IRI
(n=24) vs
hearlthy
(n=11)

sci-RNA-
seq3 and
NovaSeq
6000

Epithelial,
endothelial,
immune,
and stromal
cells

Ischemia-
induced
injury
induces
diverse
injury states
in proximal
tubular cells,
including an
early state
with
enhanced
lipid
metabolism. Dur-
ing the
initial stages
of IRI, lipid
metabolism
is
transiently
activated,
and PLIN2+
lipid
droplets are
present.

Li H et
al.[123]

IgAN Kidney In-
ternational
(2022)

Mouse
kidneys,
gddY (n=5)
and ddY
(contro,
n=5) (cells
from 1
mouse failed
in quality
control)

SMARTseq2 Mesangial
cell-derived
Slit3
potentially
activating
Robo-
receptors in
podocyte/endothelial
cells.

A new un-
derstanding
of IgAN-
associated
glomeru-
lopathy’s
molecular
pathogenesis
was
provided by
the
validation of
key cell-cell
crosstalk
pathways
and the
Slit-Robo
signaling
axis through
cell culture
models.

Zambrano S
et al.[204]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cell reports
(2020)

Human kidney
and blood,
IgAN kidney
(n=13) and
blood (n=5)
vs healthy
kidney (n=6)
and peripheral
blood
mononuclear
cells (n=5)

STRT-seq Mesangial,
intercalated
and principal
cells, PBMCs

1) CD8+ T
cells exhibit
downregula-
tion of
cytotoxic
marker genes
in peripheral
blood
monocytes. 2)
EMT and
fibrosis
signatures are
seen in a
transition cell
type with
intercalated
and principal
cell markers.
3) Mesangial
cells
expressing
IgAN show
upregulation
of JCHAIN,
which is
critical for
dimerization
and
transepithelial
transport of
IgA.

Zheng Y et
al.[205]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Renal tumor Science
(2018)

Human
kidney
(fetal,
pediatric
and adult)
Wilms’
tumor
(n=3), clear
cell (ccRCC;
n=3) and
papillary
renal cell
carcinoma
(pRCC;
n=1) vs
healthy fetal
(n=2),
pediatric
(n=3),
adolescent
(n=2), and
adult
kidneys
(n=5),
ureters
(n=4)

10X
Genomics
Chromium

Tumor cells,
immune
cells,
epithelial
cells, and
proximal
tubular cells

The study
found that
one
population
of ascending
vasa recta
cells
expressed
VEGF-
signalling
receptors
KDR, FLT1,
and FLT4,
while the
other cluster
tE2
exhibited
lymphangio-
genic
VEGFC and
FLT1, and
high levels
of ACKR1,
a marker of
venular
endothelium
promoting
tissue
migration of
immune
cells,
indicating a
complex
VEGF
signalling
circuit
within RCC
tissue.

Young M et
al.[89]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cancer cells
(2021)

Human
kidney
tumor
regions,
lymph node,
normal
kidney, and
peripheral
blood
(n=29)

scRNA-seq
and
TCR-seq

Immune
cells

The immune
microenvi-
ronment and
TCR
clonotype
dynamics of
multire-
gional clear
cell renal
cell
carcinoma
(ccRCC)
samples are
dissected by
single-cell
analysis.
ccRCC
response and
resistance to
immune
checkpoint
blockade
(ICB) are
linked to
CD8+
tissue-
resident T
cells and
tumour-
associated
macrophages
(TAM).

Krishna C
et al.[127]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Cancer cells
(2022)

Human kidney
tumors,
Tissues were
sampled from
multiple
regions of the
tumor core,
the
tumor-normal
interface,
normal
surrounding
tissues, and
peripheral
blood. (n=12)

10x Genomics
Visium spatial
Transcrip-
tomics,
TCR-seq

Immune cells,
stromal cells
and
lineage-trace
myeloid cells

They identified
six conserved
meta-programs
that
distinguish
tumor cells
from normal
cells, and
found one
high-enriched
at
tumor-normal
interfaces that
co-localized
with IL1β-
expressing
macrophages,
which offers a
potential
therapeutic
target.

Li R et al.[128]

Cell (2021) Human
kidneys,
clear cell
renal
carcinoma,
ccRCC
(n=11,
tumor+
adjacent
normal)

10X
Genomics
Chromium

Immune
cells

They
identified
TREM2/APOE/C1Q-
positive
macrophage
infiltration
as a
potential
prognostic
biomarker
for ccRCC
recurrence,
as well as a
potential
therapeutic
target for
this disease.

Obradovic A
et al.[129]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

kidney
transplantation

JASN
(2020)

Human
kidneys,
kidney
transplant
biopsy
(n=5)

Illumina
HiSeq
platform
and 10X
Genomics
Chromium

Immune
cells

They
demonstrate
that donor
macrophages
and T cells
may persist
for years
after trans-
plantation
and that
donor
macrophages
exhibit
distinct
transcrip-
tional
profiles.

Malone AF
et al.[66]

Nature
Communica-
tions
(2019)

Human
kidneys,
human iPSC
(n=4)

10X
Genomics
Chromium

Immune
cells

Identifies
the source of
variability in
iPSC-
derived
kidney
organoids,
highlights
their repro-
ducibility,
and demon-
strates a
reduction in
off-target
cells after
transplantation.

Subramanian
A et al.[206]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Nephrotic
syndrome

The Journal
of Clinical
Investigation
(2021)

Mouse
kidneys,
5-month-old
Pdss2kd/kd

mice
(KDKD)
(n=3) and
age-matched
control mice
(CTRL
(n=3)

Illumina
HiSeq
2000/HiSeq
2500

Podocyte
cells.

The
GDC-0879
treatment
restored
Gpx4, an
enzyme that
protects
against
PUFA-
mediated
lipid peroxi-
dation.
Gpx4 and
Braf/Mapk
pathway
gene
expression
patterns in
kidney
disease
tissue
demonstrate
broader
human
disease
relevance.

Sidhom E et
al.[119]

Renal artery
stenosis
(RAS)

JASN
(2021)

Mouse
kidneys,
(NA),
samples are
up to date
(weeks)
(sham-
vehicle,
sham-AP,
RAS-vehicle,
and
RAS-AP
mice; n=6–8
each)

Illumina
HiSeq 2500
and 10X
Genomics
Chromium

Proximal,
distal
tubular, and
endothelial
cells

Senolytic
strategies
have been
developed to
delay
chronic
ischemic
renal injury
by delaying
p16
(Cdkn2a),
p19
(Cdkn2d),
and p21
(Cdkn1a)
dysregulated
senescence.

Kim S et
al.[120]
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Disease
types

Journal
(year)

Sample
type and
number of
samples

Single-cell
analysis
method
type

Cell type
focused

Main
findings

Author
(Refer-
ence)

Autosomal
dominant
polycystic
kidney disease
(ADPKD)

Nature Com-
munications
(2022)

Human
kidneys,
ADPKD
(n=8) vs
healthy kidney
(n=5)

snRNA-seq,
snATAC-seq,
and 10X
Genomics
Chromium

Proximal
tubule cells

1) Proinflam-
matory and
profibrogenic
signaling
pathways are
activated in
the collecting
duct by proin-
flammatory
fibroblasts and
proximal
tubular cells.
2) Using
GPRC5A,
cells lining the
collecting duct
are more likely
to express
transcription
factors TEAD,
CREB and
retinoic acid
receptors. 3)
Identify and
validate the
putative distal
enhancer that
regulates
GPRC5A
expression.

Yoshiharu M
et al.[64]

NA, Not Available, * Control kidney tissues were obtained post-mortem or after nephrectomy from individ-
uals without AKI.
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