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Diabetic retinopathy (DR) is a leading global cause of vision impairment, with its
prevalence increasing alongside the rising rates of diabetes mellitus (DM). Despite
the retina’'s complex structure, the underlying pathology of DR remains
incompletely understood. Single-cell RNA sequencing (scRNA-seq) and recent
advancements in multi-omics analyses have revolutionized molecular profiling,
enabling high-throughput analysis and comprehensive characterization of
complex biological systems. This review highlights the significant
contributions of scRNA-seq, in conjunction with other multi-omics
technologies, to DR research. Integrated scRNA-seq and transcriptomic
analyses have revealed novel insights into DR pathogenesis, including
alternative transcription start site events, fluctuations in cell populations,
altered gene expression profiles, and critical signaling pathways within retinal
cells. Furthermore, by integrating scRNA-seq with genetic association studies and
multi-omics analyses, researchers have identified novel biomarkers, susceptibility
genes, and potential therapeutic targets for DR, emphasizing the importance of
specific retinal cell types in disease progression. The integration of scRNA-seq
with metabolomics has also been instrumental in identifying specific metabolites
and dysregulated pathways associated with DR. It is highly conceivable that the
continued synergy between scRNA-seq and other multi-omics approaches will
accelerate the discovery of underlying mechanisms and the development of
novel therapeutic interventions for DR.

KEYWORDS
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1 Introduction

Diabetic retinopathy (DR) is a leading cause of vision impairment and blindness among
the working-age population globally (Bryl et al., 2022; Tan and Wong, 2022; Wurl et al,
2023). Projections indicate a substantial increase in the number of affected adults, with
estimates reaching 129.84 million by 2030 and 160.50 million by 2045, posing significant
societal and economic burdens (Ashraf et al., 2020; Yang et al., 2024; Yuan et al., 2024). The
molecular mechanisms underlying DR encompass pathways such as inflammation,
oxidative stress, renin-angiotensin system activation, and vascular endothelial growth

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2024.1500474/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1500474/full
https://www.frontiersin.org/articles/10.3389/fcell.2024.1500474/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2024.1500474&domain=pdf&date_stamp=2024-12-11
mailto:meikm@163.com
mailto:meikm@163.com
mailto:nnh1972@163.com
mailto:nnh1972@163.com
https://doi.org/10.3389/fcell.2024.1500474
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2024.1500474

Li et al. 10.3389/fcell.2024.1500474
Vs n \ B )
a.Technical approaches b.The key cell subpopulations and
_ Lyse Library BD Rhapsody characterized by a distinct transcriptional
= Cell Construction pipeline . .
‘ | I S{en‘? Barcode signature and function
atrix
| Barcoded Sequencing Gene and Cell ’
Bead Filtering
—U—U—U L‘—U—U Normalization g *
Data Analysis PCA Reduction
Retinal Cell Clustering scRNA-seq GWAS
\_Cells J
Dlss0c1at10n @ f@
- O ) C .
> Cell-type specific expression
& L of DR risk-associated loci
Retmal single cell 10 x Genomics - ]
C\ — d.The advantages and challenge of scRNA-
Bioinformatﬁ Library preparation < >ﬂ/ seq in DR
analysis 5 sequencing ( ) =) Chromatin cerssbiliy
— Barcoded c¢DNA
( . . . )
c.scRNA-seq with Multiomics
2 . Correlation of |
Epigenome Transcriptome Proteome Metabolome gene expression scRNA-seq
""""""""""""" ~ k. and MS
i TARGET-seq
expression
{:§ _ || 4— — levels Mefab scTrio-seq
mRNA . A 100,y
S8 Gene — | T— () : PEA/STA _Genome
Hisbone == (‘ 3 PLAYR Association
ggj} s CITE-seq of genomic
X, Protein o ZCK REAP-seq alterations
i RAID d
g —iRNA,, --|-- 7 CCITE-seq| Z'x'pri?ﬁ)n
L T 1] L r 17 ]. r ] L T
Transcription Expression Translation Function
\ J L

GRAPHICAL ABSTRACT

Overview of single-cell RNA sequencing (scRNA-seq) Applications in Diabetic Retinopathy Research. The application of single-cell RNA sequencing
(scRNA-seq) methodologies in the study of diabetic retinopathy(DR) highlights four key areas: (A) The workflow of a typical sScRNA-seq experiment; (B)
The identification of key cell subpopulations, each characterized by a distinct transcriptional signature and function; (C) The integration of scRNA-seq
with multi-omics approaches for DR research; (D) The advantages and challenges associated with scRNA-seq.

factor (VEGF) signaling (Nouri et al., 2024). However, there remains
a considerable gap in our understanding of the specific cellular
alterations and their complex interactions in the disease’s
progression. Emerging evidence suggests that abnormalities in
cellular metabolic pathways, such as glucose, amino acid, and
lipid metabolism, also play crucial roles in DR pathogenesis
(Rohlenova et al, 2020; Yang Z et al., 2023). These metabolic
disruptions lead to cellular stress, inflammation, and vascular
damage, which are pivotal in disease development. Recognized
increasingly as a neurodegenerative and neuroinflammatory
disorder, DR involves intricate interactions among dysfunctional
glial cells, neurons, and endothelial cells (ECs), highlighting its
complexity (Llorian-Salvador et al., 2024).

Transcriptomic profiling of aqueous humor (AH), vitreous
humor (VH), and retinal tissue has offered valuable insights into
the global genomic alterations associated with DR pathogenesis,
contributing to the identification of potential biomarkers and
therapeutic targets (Wolf et al., 2023). However, the retina is a
complex tissue composed of diverse cell types. Conventional
transcriptomic profiles of DR, derived from heterogeneous cell
populations, obscure crucial information about specific vulnerable
cell types. Single-cell RNA sequencing (scRNA-seq) emerges as an
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unbiased and potent technique for characterizing distinct cell
populations within complex tissues under both healthy and
diseased conditions (Blanchard et al., 2022).

The exponential growth of scRNA-seq has dramatically
enhanced our capacity to quantify ligand and receptor expression
across diverse cell types, enabling the systematic elucidation of
intercellular communication networks that underlie tissue
function in both health and disease states (He et al., 2020; Ma
et al., 2023).

Additionally, Xia et al. (2023) employed scRNA-seq in
conjunction with genetic perturbation to precisely localize a
pericyte
neovascularization tufts

specific subpopulation adjacent to pathological
(Liu et al, 2022a). These findings
underscore the potential of single-cell analyses to provide in-
depth insights into distinct cell subpopulations and their roles in
pathophysiological processes.

Multi-omics analyses (Fan and Pedersen, 2021; Guo et al., 2024)
at the bulk retina level have been instrumental in providing a
comprehensive understanding of cellular processes by integrating
diverse molecular data, including mutations, mRNAs, proteins, and
Wang N et al. (2022) pioneered

methodologies for concurrent genomics and transcriptomics,

metabolites. advanced
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FIGURE 1

Illustration of single-cell RNA sequencing (scRNA-seq) experiments. (A) Typical single-cell RNA sequencing (scRNA-seq) workflow encompasses
several key steps: a. single-cell isolation, which can be achieved through techniques such as micromanipulation, laser-capture microdissection,
microfluidics, or fluorescence-activated cell sorting; (B). Cell lysis; (C) Reverse transcription of mRNA into complementary DNA (cDNA); (D) Amplification

of cDNA and library preparation; (E) Sequencing.

leading to the identification of genes associated with DR. This
finding was validated across independent cohorts and
computational models, demonstrating the study’s robustness
(Koh and Bickhed, 2020).

The innovative approach employed in this research holds broad
implications for understanding the complex genetic underpinnings
of various diseases (Zhang and Zhao, 2016). This study also lays the
foundation for developing novel therapeutic strategies for DR, with
the potential to surpass current treatments such as laser surgery and
intraocular injections.

In conclusion, integrating gene expression data from relevant
cellular models with genetic association data has provided critical
insights into the functional relevance of genetic risk factors for
complex diseases such as DR. The identification of disease-
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associated differential gene expression and the utilization of
expression quantitative trait loci based genome-wide association
studies (GWAS) have been instrumental in elucidating potential
causal genetic pathways underlying DR (Peng et al., 2023).
Identifying ligand-receptor interactions from scRNA-seq data
involves integrating annotated relationships with statistical methods
(Mao et al., 2024). This approach has spurred the development of
single-cell multi-omics technologies, utilizing diverse experimental
protocols such as mRNA-DNA methylation and mRNA-protein
analysis to investigate cell type-specific gene regulation (Lv et al.,
2022). Yao et al. (2022) employed scRNA-seq to elucidate EC
heterogeneity and functional diversity. Their systematic analysis
identified a unique EC cluster within the diabetic retina
characterized by elevated inflammatory gene expression (Ma
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etal.,, 2023; Samanta et al., 2024). Therefore, single-cell multi-omics
analysis offers a more comprehensive understanding of cell type-
specific gene regulation than single-cell mono-omics approaches.
This integrated approach significantly enhances our comprehension
of the cellular and molecular landscape in DR, enabling the
identification of affected cell types, elucidation of dysfunctional
pathways, and discovery of potential therapeutic targets.

In this review, we explore the specific applications of scRNA-seq
in DR from four distinct perspectives (Figure 1). Initially, we provide
an overview of the foundational technologies underpinning single-
cell sequencing, focusing on mRNA-genome sequencing, isolation
techniques, specific protocols, and the analysis of scRNA-seq data.
Next, we examine DR research through the lens of scRNA-seq,
juxtaposing its findings with those from complementary multi-
approaches, including transcriptomics,
metabolomics, and

omics genomics,

lipidomics. We delineate key cell
subpopulations and their dynamic changes throughout DR
progression. The synergistic potential of integrating scRNA-seq
with these multi-omics techniques for advancing DR research is
also emphasized. Furthermore, we provide an overview of the
current challenges and future opportunities in translating scRNA-

seq findings into novel therapeutics for DR.

2 Technical approaches
2.1 Technical approaches

In recent years, scCRNA-seq (Ding et al., 2020) has revolutionized
our understanding of cellular heterogeneity and regulation within
diverse tissues during development and disease. This technology
enables high-throughput, high-resolution transcriptomic profiling
of individual cells by isolating and sequencing their RNA, thereby
revealing distinct cellular states and functions (Lei et al., 2021).

2.1.1 ScRNA-seq workflow

The scRNA-seq workflow begins with the collection (Liu et al.,
2024) and isolation of single cells from DR tissues (Chen et al.,
2024b). Unlike conventional methods, scRNA-seq enables the
differentiation of various retinal cell types, including ganglion
cells, cone photoreceptors, and rod photoreceptors, at the single-
cell level (Zhang et al., 2024). Figure 2 illustrates the essential steps
involved in a typical scRNA-seq experiment.

2.2 Single-cell isolation

In DR, single-cell isolation techniques are essential due
to the retina’s intricate tissue architecture (Niu et al., 2021),
the need to identify rare cell populations, and the complexity
of the generated data (Xu et al., 2021). These techniques
(Kleino et al., 2022),
sequencing and bioinformatics, provide profound insights

coupled with high-throughput

into DR pathogenesis and potential therapeutic targets (Van
de Sande et al.,, 2023). Table 1 summarizes these experimental
techniques, outlining their

respective advantages and

disadvantages.
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2.3 Specific protocols for scRNA-seq

Specific protocols for scRNA-seq in DR research necessitate
meticulous tissue preparation to ensure high cell viability (FHeumos
et al,, 2023). This involves marker-based cell sorting to identify and
isolate rare cell populations. Subsequent data integration with other
omics approaches and advanced bioinformatics analysis are crucial
for unraveling disease mechanisms and identifying potential
therapeutic targets (Gérard et al., 2020). This methodology
empowers comprehensive transcriptomic analysis at the single-
cell level (Temple, 2023).

2.4 Analysis of single-cell sequencing data

ScRNA-seq is revolutionizing our comprehension of DR by
facilitating the identification of differentially expressed genes
(DEGs) and signature gene profiles (Wang et al., 2022). This
technology affords granular insights into the cellular and
molecular underpinnings of DR through comparative analysis
of gene expression between healthy and diseased retinal cells
(Zhang X et al., 2023). The retina’s diverse cellular composition,
including ganglion, cone, and rod cells, necessitates specialized
algorithms for precise classification and analysis (De Rop et al,,
2022). DR-specific pathological alterations in retinal cells
demand tailored analytical approaches to detect and interpret
these changes at the single-cell level (Yu et al, 2022). To
accurately capture the progressive nature of DR, single-cell
data track
interactions over time (Replogle et al., 2020). Understanding

analysis must evolving cellular states and
the intricate interplay between various retinal cell types within
the microenvironment is pivotal for elucidating DR pathogenesis
(Vu et al., 2016). Advanced computational methodologies, such
as machine learning, enhance DEGs detection and provide
deeper insights into disease mechanisms (McNulty et al,
2023). Integration with other omics data, enabled by tools like

Cell Ranger.

3 ScRNA-seq application in diabetic
retinopathy research

The advent of novel sequencing technologies has been
of traditional
of DR
scRNA-seq have provided
invaluable insights into the heterogeneity of cell types and their
corresponding states (Zhang P et al.,, 2023). In 2020, Van Hove et al.

instrumental in overcoming the limitations

approaches and advancing our comprehension

pathogenesis. Advancements in

(2020) pioneered a single-cell transcriptomic retinal atlas,
correlating genes associated with DR risk with cell type-specific
expression patterns. Their findings emphasized distinct fibrotic,
inflammatory, and  gliotic  profiles  within  macroglia
subpopulations. Recent investigations have identified a unique
retinal EC population in diabetes alongside a negative feedback
regulatory pathway that attenuates endothelial dysfunction by
upregulating alkaline ceramidase 2 (ACER2) expression to

decrease ceramide content (Yao et al., 2024).
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Diabetes induces the
upregulation of IEGs in
retinal astrocytes.
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1.microglial communication
with other cells occur in the
early stages of DR.

(Chen et al. 2023)

2.microglial activity within
retinal cell-cell communication
networks. (Niu et al. 2021)
3.Microglia emerged with both
profibrotic and fibro genic
properties(Hu et al. 2022)

Microglia

1.Miiller glia as the most active cell

type in DR (Chen et al. 2023)
2.VEGFA upregulation by RGCs,
rods, and cones during diabetes
correlated with a reduced proportion
of Miiller glia expressing its receptor
VEGFR2(Niu et al. 2021)

( Macrophage

1.photoreceptor cell death in
the DR retina trigger
macrophage migration to
remove debris and dying cells
(Van Hove et al. 2020).

2. macrophages expressing
proangiogenic cytokines that
contribute to angiogenesis
(Corano Scheri et al. 2023).
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"Rods and Cones

Rod photoreceptors, cone
photoreceptors, and bipolar
cells identified common
upregulation of pathways

' related to oxidative stress
response and inflammation
(Van Hove et al. 2020)

1.ECs population mitigates ceramide
accumulation and endothelial dysfunction by
upregulating ACER2 expression.

(Yao et al. 2024)

2. High glucose levels induce endothelial cell
senescence(Gui et al. 2020).

3. DRECs characterized by increased
inflammation and severe DR progression.
(Sun et al. 2021)

4. ECs related to cell adhesion molecules and
leukocyte trans-endothelial migration.

(Tan et al. 2023)

Summary of Crucial Cellular Components and Their Features in DR Revealed by scRNA-seq. SCRNA-seq technology provides biological information

at the single-cell level and has been extensively applied to DR research. This review concludes that DR-associated microenvironments are characterized
by diverse, highly heterogeneous, and dynamic cell populations. scRNA-seq has been instrumental in identifying various temporal states of different cell
types, each with a distinct transcriptional signature and function. As scRNA-seq technology matures, it offers new approaches to study DR,
deepening our understanding of its pathogenesis and paving the way for innovative treatments. Key cellular components include endothelial cells (ECs),

retinal pigment epithelium (RPE), and retinal ganglion cells (RGCs).

ScRNA-seq provides a highly sensitive method to detect
gene expression changes within specific cell types, significantly
enhancing our understanding of the molecular pathways
involved in DR (Jovic et al., 2022). Identification of DEGs
sheds light on
contributing to DR, thus facilitating the development of

the cellular and molecular mechanisms
targeted therapies (Bawa et al., 2022). These gene expression
alterations lead to dysfunction and subsequent injury across
various retinal cell types, including retinal pigment epithelium
(RPE), cone photoreceptors, macroglia, microglia, and vascular
cells (Ghita et al., 2023). Furthermore, genetic risk variants,
cellular statuses, and microenvironmental deterioration further
propel DR progression. This section will explore the diverse
applications of scRNA-seq in DR research (Figure 3; Table 2
for details).
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3.1 ECs

ECs are critical for the formation and maintenance of the blood-
retinal barrier and retinal vascular integrity (Yang and Liu, 2022). In
DR,
neovascularization. SCRNA-seq has become a valuable tool for

EC dysfunction underlies vascular leakage and
identifying gene expression alterations in ECs that contribute to
these vascular pathologies, providing novel insights into the
mechanisms of vascular permeability and abnormal blood vessel
growth (Hu et al., 2023).

Studies employing scRNA-seq have generated comprehensive
transcriptional profiles of retinal cells in DR. Yao et al. (2024)
characterized the heterogeneity and functional diversity of
retinal ECs in the human choroid, identifying a novel

diabetes-specific EC population. They further elucidated a
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TABLE 1 The specific nuances of each single-cell isolation method.

Techniques
method

Throughput

Precision

Specificity

Advantages

Disadvantages

10.3389/fcell.2024.1500474

Applications

References

Micromanipulation Low High High minimal Labor-intensive; time- Rare cell isolation, Xu et al. (2023a)
contamination consuming research labs
Laser Capture Low High High can isolate cells from = potential thermal Tissue-specific cell | Xu et al. (2023b)
Microdissection complex tissues damage isolation
Optical Tweezers Low Very High High non-invasive; no expensive; potential Biophysics, cell Deng et al.
need for labels photodamage manipulation (2024)
Magnetic-Activated Medium Medium Medium Gentle on cells; quick | Lower purity; limited to | Cell separation, Tan et al. (2023)
Cell Sorting and easy surface markers clinical labs
Dielectrophoretic Medium Medium Low Label-free; gentle on  complex Label-free cell Sun et al. (2024)
cells; can sort based | instrumentation; sorting
on intrinsic potential cell viability
properties issues
Fluorescence- High High High High throughput; Expensive; requires Immunology, Gérard et al.
Activated Cell high purity; can fluorescent labeling; cancer research, (2020)
Sorting isolate live cells potential cell damage sorting
Microfluidics High High High minimal reagent use; =~ Complex fabrication and = Single-cell Wang et al.
integrates with operation; expensive sequencing, (2024)
downstream analysis = setup research
Droplet-Based Very High Medium High reduces cross- Requires specialized Single-cell RNA Wang et al.
Microfluidics contamination equipment; droplet sequencing, (2024)
stability issues genomics

negative feedback regulatory pathway that attenuates ceramide
accumulation and endothelial dysfunction by upregulating
ACER2 expression. These findings emphasize the crucial
interplay between ECs and other cellular components in DR.
Subsequent research by Gui et al. (2020) and Bertelli et al. (2022)
reinforced the pivotal role of ECs in DR progression. High
glucose levels were found to induce EC senescence, with
p53 identified as a key regulator of this process. Inhibition
of p53 in human retinal microvascular ECs diminished
senescence markers, while overexpression exacerbated them.
(2021)
encompassing over 14,000 single cells from both healthy and

Sun et al constructed a transcriptome atlas
diabetic murine retinas. This analysis identified a distinct
subgroup of ECs, retina-specific  ECs,

characterized by heightened inflammation and accelerated DR

termed diabetic

progression. The study linked the HIF-1 signaling pathway to
dysregulated genes in both general diabetic ECs and DRECs,
emphasizing its pivotal role in DR pathogenesis. Subsequent
analysis of 80 human post-mortem retinal samples from
patients with varying DR stages demonstrated significant
enrichment of DR-associated genes in ECs, specifically those
linked to cell adhesion molecules and leukocyte trans-
endothelial migration (Tan Y et al.,, 2023).

The application of scRNA-seq has markedly propelled
DR research, enabling the identification of ECs subclusters
exhibiting noncanonical transcriptional profiles and active
This
insights

angiogenesis. high-resolution
the

underpinnings of DR, thereby facilitating the development of

methodology provides

unparalleled into cellular and molecular

innovative therapeutic approaches.
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3.2 RPE

RPE cells are crucial for maintaining photoreceptor cell
(Liu 2022a).
Dysfunction of RPE cells in DR can lead to neural retinal

function and overall retinal health et al,
(NR) degeneration and subsequent visual impairment. SCRNA-
seq has emerged as a powerful tool for identifying distinct RPE
cell populations based on their unique gene expression profiles,
providing invaluable insights into the molecular mechanisms
underlying RPE cell dysfunction in diabetic conditions.

Over the years, studies utilizing scRNA-seq have identified
substantial alterations in gene expression associated with oxidative
stress, inflammation, and cellular metabolism within RPE cells
during DR (Tan Y et al, 2023). These investigations have
pinpointed key regulatory pathways and genes implicated in
RPE cell dysfunction, providing potential targets for therapeutic
interventions. Notably, Voigt et al. (2021a) isolated RPE tissue
from the macula and periphery of three human donors to examine
regional variations in gene expression. Their research culminated
in a comprehensive expression atlas of RPE and choroidal cell
types, significantly surpassing the resolution of previous bulk
transcriptomic studies of the RPE. Another study (Hu et al,
2019) characterized the transcriptome of human fetal NR and
RPE at single-cell resolution, revealing distinct gene expression
profiles: NR genes linked to nervous system development and RPE
genes associated with retinol metabolism. Despite these
differences, both tissues exhibited developmental processes
ranging from active proliferation to visual perception
maturation, suggesting functional interactions during later
developmental stages. Disruptions in these interactions have

frontiersin.org
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FIGURE 3

Representative strategy of single-cell RNA sequencing (scRNA-seq) and Multi-Omics. This figure summarizes the four key applications of single-cell
RNA sequencing in DR research, each accompanied by a corresponding graph for better understanding. (A) SCRNA-seq combined with Transcriptomics;
(B) ScCRNA-seq combined with Genomics; (C) SCRNA-seq combined with lipidomic; (D) SCRNA-seq combined with Metabolomic; (E) SCRNA-seq

combined with proteomics.

been implicated in the formation of a multilayered retina-like
structure by the RPE.

The application of scRNA-seq to individual RPE cells has
significantly advanced our comprehension of normal visual
physiology and the dysfunctions associated with DR. By
providing granular insights into the gene expression profiles and
regulatory pathways of RPE cells, scRNA-seq research holds the
potential to inform novel therapeutic strategies targeting RPE
dysfunction and its contribution to DR.

3.3 Retinal ganglion cells (RGCs)

RGCs are
visual information from the retina to the brain’s visual centers
(Kim et al, 2021). In DR, damage to RGCs is a primary
cause of vision loss (Zhang et al, 2017). ScRNA-seq has
provided compelling evidence of RGC depletion in the early
stages of DR.

A comprehensive study analyzed 80 human post-mortem

essential for relaying complex, integrated

retinal samples from 43 patients with varying stages of DR
using RNA sequencing (Becker et al,, 2021). This investigation

identified ~disease-related genes that were significantly
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overrepresented among marker genes associated with RGCs,
indicating a progressive downregulation of RGC-specific genes
during DR progression and suggesting a general loss of this cell
type. Notably, the study revealed partial RGC loss even in diabetic
patients without clinically diagnosed DR, aligning with optical
coherence tomography findings of RGC damage in this pre-
pathological stage of DR. These results underscore the critical
importance of early detection and intervention to prevent further
RGC loss and preserve vision in diabetic patients (Lee et al,
2021). One study (Yang Z et al., 2023) investigates Using scCRNA-
seq, EMPA mitigates microglia-mediated neuroinflammation
and prevents RGC loss in retinal injury, with Mfnl and
Opal as essential contributors to its mitochondrial
protective effects.

Notably, RGCs show substantial diversity, with each subtype
expressing different members of the synuclein family. SCRNA-seq
has revealed cross-species expression patterns of synuclein family
members, offering new avenues to investigate the distinct roles of
RGC subtypes in visual signal processing and transmission
(Laboissonniere et al., 2019; Peng et al., 2024). These findings
hold promise for clinical advancements, potentially leading to
novel diagnostic and therapeutic approaches for retinal and

neurodegenerative diseases.
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TABLE 2 Various applications of SCRNA-seq in DR research (n = 26 studies).

Technical
approach

Study
references

Type of cells

Modeled DR
feature

Analysis

Species

Sample and
model

Number of
cells

Key study findings

ScRNA-seq Xia et al. (2023) Photoreceptors, ECs, amacrine, BCs, Vascular diseases 10xGenomics Mice Control 76,000 Identified retinal pericytes sub-
pericytes, pigmented epithelial cells, (n=2) population 2, marked by Collal was
microglial, Miiller, erythroid cells, OIR (n = 2) vulnerable to retinal capillary
ganglion cells dysfunction

ScRNA-seq Transcriptomic | Van Hove et al. Photoreceptors, BCs, amacrine cells, Degenerating diabetic 10xGenomics Mice Akimba 9,474 Identified in DR are revealing unique

(2020) macroglia, immune cells, ECs retina (n=4) functional subtypes of inflammatory
Control (n = 2) and macroglia cells
ScRNA-seq Transcriptomic | Corano Scherietal. | ECs, pericytes, glia, neurons, immune cells | Preretinal fibrovascular 10xGenomics Human Control (n = 4) 4,097 Identified is AEBP1 signaling
(2023) membranes PDR (n = 4) modulates the transformation of
pericytes into myofibroblasts

ScRNA-seq Genomics Niu et al. (2021) Rods, cone, BCs, Miiller glia, amacrine, DR-associated 10xGenomics Mice Control (n = 3) 51,558 Identified that the expression of
microglia, ganglion cells, cones, pericytes, | neurovascular DR (n = 3) RLBP1 is reduced in diabetes, and
horizontal cells degeneration Miller glia mitigates neurovascular

degeneration associated with DR

ScRNA-seq Genomics WangJ etal. (2024) | Rods, cone, BCs, Miiller glia, amacrine, DR-associated 10xGenomics Mice Control (n = 3) 51,558 Identified that the expression of
microglia, ganglion cells, cones, pericytes, | neurovascular DR (n = 3) RLBP1 is reduced in diabetes, and
horizontal cells degeneration Miiller glia mitigates neurovascular

degeneration

ScRNA-seq Wang Jetal. (2024) = BCs, amacrine, ganglion cells, cones, Biomarkers and 10xGenomics Human PDR (n = 5) 5,011 Identified are key meta-programs

Transcriptomic microglia, ECs, pericytes therapeutic targets Control (n = 3) elucidating the role of microglia in

the pathogenesis of PDR, along with
three critical ORGs

ScRNA-seq Transcriptomic Becker et al. (2021) = Amacrine, BCs, ECs, horizontal cells, Neurological damage Seurat R Human Human (n = 80) 3,223 Identified is the continuous
RGC, Rod, microglia, Miiller package72 downregulation of RGC-specific

genes in DR

ScRNA-seq Genomics Chen et al. (2023a) | Rod, cone, Miiller, horizontal cells, BCs, Neural retinas damage 10xGenomics Human BKSDB(n = 2) 276,402 Identified the expression of RLBP1 is

Transcriptomic amacrine, ganglion, microglia, ECs, Mice BKSWT (n = 2) reduced in diabetes, and Miiller glia
pericytes, astrocyte, T cells mitigates neurovascular

degeneration associated with DR

ScRNA-seq Sun et al. (2021) photoreceptor, BCs, amacrine cells, vascular inflammation 10xGenomics Mice Control (n = 3) 14,000 Identified the expression of RLBP1 is
horizontal cells, ganglion cells Diabetic (n = 3) reduced in diabetes, and Miiller glia

mitigates neurovascular
degeneration associated with DR

ScRNA-seq Transcriptomic | Saddala et al. Microglia, Rods, cone, BCs, Miiller glia, retinal degeneration 10xGenomics Mice Control (n = 5) 6,800 Identified is the analysis of retinal

(2023) amacrine cells, RGCs, cones DR (n = 8) homeostasis and microglial
degeneration

ScRNA-seq Transcriptomic | WangJ etal. (2024) = BCs, amacrine, ganglion cells, cones, Biomarkers 10xGenomics Human PDR (n = 5) 5,011 Identified are key meta-programs

microglia, ECs, pericytes

and therapeutic targets

Control (n = 3)

elucidating the role of microglia in
the pathogenesis of PDR, along with
three critical ORGs

(Continued on following page)
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TABLE 2 (Continued) Various applications of SCRNA-seq in DR research (n = 26 studies).

Technical
approach

Study
references

Type of cells

Modeled DR
feature

Analysis

Species

Sample and
model

Number of
cells

Key study findings

ScRNA-seq Transcriptomic Becker et al. (2021) = Amacrine,BCs,ECs, horizontal cells, RGC, = Neurological damage Seurat R Human Human (n = 80) 3,223 Identified is the continuous
Rod, microglia,Miiller package72 downregulation of RGC-specific
genes in DR
ScRNA-seq Genomics Chen et al. (2023b) = Rod,cone,Miiller,horizontal cells, BCs, Neural retinas damage 10xGenomics Human Human (n = 4) 276,402 Identified the expression of RLBP1 is
Transcriptomic amacrine, ganglion, microglia, ECs, Mice BKSDB(n = 2) reduced in diabetes, and Miiller glia
pericytes, astrocyte, T cells BKSWT (n =2) mitigates neurovascular
degeneration associated with DR
ScRNA-seq Sun et al. (2021) photoreceptor, BCs, amacrine cells, vascular inflammation 10xGenomics Mice Control (n = 3) 14,000 Identified the expression of RLBP1 is
horizontal cells, ganglion cells Diabetic (n = 3) reduced in diabetes, and Miiller glia
mitigates neurovascular
degeneration associated with DR
ScRNA-seq Transcriptomic | Saddala et al. Microglia, Rods, cone, BCs, Miiller glia, retinal degeneration 10xGenomics Mice Control (n = 5) 6,800 Identified is the analysis of retinal
(2023) amacrine cells, RGCs, cones DR (n = 8) homeostasis and microglial
degeneration
ScRNA-seq Transcriptomic He et al. (2024) ECs, rod, cone, Miiller, horizontal cells, retinal vasculature 10xGenomics Mice Mice (n = 3) 18,439 Identified is that GLP-1 expression is
BCs, amacrine cells, ganglion cells, Human Human (n = 54) downregulated in DR, whereas GLP-
pigment epithelium cells, microglia, 1 RAs increase GLP-1R expression
pericytes, astrocyte and improve retinal degeneration
ScRNA-seq Metabolomic Yao et al. (2024) microvascular ECs, microglia, pericytes, Blood-Retina- Barrier 10xGenomics Mice Diabetic 18,376 Identified a new type of EC specific to
photoreceptors, Miiller, neurons (BRB) (n=2) diabetes and a regulatory pathway
Control (n = 2)
ScRNA-seq Transcriptomic Zhou et al. (2024) B cell, monocyte, EC, Osteoblasts, immune cell infiltration 10xGenomics Human Control (n = 3) 6,894 Identified the location of
macrophage, T cell FVM (n = 3) HMOXI1 expression, TP53, HMOXI,
and PPARA related to
M2 macrophages and ferroptosis
ScRNA-seq Transcriptomic = Xiao et al. (2021) Microglia, Miiller, photoreceptors retina neurodegeneration = 10xGenomics Monkey Control (n = 2) 10,263 Identified cell-type-specific
photoreceptors, amacrine, BC diabetes (n = 2) molecular changes and constructing
the retinal interactome
ScRNA-seq Genomics Xu et al. (2023a) microglia, fibroblasts, EC, dendritic cells, | vasculature of DR 10xGenomics Human PDR (n = 2), AD 102,451 Identified APP signaling is crucial in
pericytes and AD (n=9) the vasculature of both PDR and AD
ScRNA-seq Wang Jetal. (2024) = microglia, lymphocytes, myeloid cells, PDR 10xGenomics Human Control (n = 3) 5,000 Identified key cellular mechanisms,
Proteomics endothelial PDR (n = 5) oxidative stress-related genes, and
potential therapeutic targets for
proliferative diabetic retinopathy
ScRNA-seq Transcriptomic | Chen et al. (2023b) | photoreceptors, cone BCs, Miiller cells, aging process 10xGenomics Mice DR (n=3) 51,327 Identified p53 accelerates EC
horizontal cells, epithelial, ECs Control (n = 3) senescence and exacerbates the
progression of diabetic retinopathy
ScRNA-seq Transcriptomic Mao et al. (2023) apoptosis 10xGenomics Mice DR (n = 3) 51,558

Control (n = 3)

(Continued on following page)
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TABLE 2 (Continued) Various applications of SCRNA-seq in DR research (n = 26 studies).

Technical
approach

Study
references

Type of cells

rod, cone, bipolar cell, Miiller glia,
amacrine cell, horizontal cell, EC,
RGC,microglia, pericyte

Modeled DR
feature

Analysis

Species

Sample and
model

Number of
cells

Key study findings

Identified is the first single-cell atlas
of alternative transcription start sites
in healthy and diabetic retinas

ScRNA-seqTranscriptomic Gao et al. (2022) Macrophages, Monocytes, B cells, T cells, | Proliferative Diabetic 10xGenomics Human PDR 7,971 Identified CD44, ICAM1, and
Fibroblasts Retinopathy (n = 11) Control POSTN were associated with PDR,
(n=7) suggesting POSTN as a key ligand
ScRNA-seq Zhang J et al. Retinal pigment, ECs, astrocytes, oxidative stress- 10xGenomics Mice Healthy 21,588 Identified in DR tissues, Miiller glia,
Transcriptomic (2022) microglia, anaplastic cells, cone, rod, BCs, | inflammation (n=1)DR(n=1) microglia, ECs, and BCs are involved
Miiller, ECs, T cells in pathways related to oxidative
stress and inflammation
ScRNA-seq Transcriptomic Liao et al. (2024) NK cells, monocytes, B cells, dendritic circulating immune 10xGenomics Human Control (n = 5) 71,545 Identified a detailed map of immune
cells, basophils NDR (n = 3) cells in patients with type 1 DR,
plasmacytoid DR (n = 3) revealing that the JUND gene plays
dendritic cells an important role in its development
ScRNA-seq Transcriptomic Deng et al. (2024) rod, cone, amacrine cells, bipolar cell, neural retinas damage 10xChromium Rat Control 23,724 Identified Miiller cell clusters
Miiller cells, microglia, ECs, horizontal Human (n =2)DR upregulate the Rho gene in response
cells, macrophages, pericytes (n = 3) Macula to damaged photoreceptors across
(n = 3) Peripheral species, with co-expression of RHO
(n =3) and PDE6G
ScRNA-seq Transcriptomic Lv K et al. (2022) microglia, rods, monocytes, cones, BCs, Inflammation 10xChromium Mice Control 14,355 Identified activated microglia in the
Metabolomics Lipidomics amacrine cells, horizontal cells, RGCs (n=23) retina may change their internal
DR (n = 3) metabolism, which can lead to
inflammation in the early stages
of DR
ScRNA-seq Transcriptomic | Wang Y et al. rod, cone, horizontal cells, amacrine cells, | BRB 10xChromium | Rat Control (n = 2), 35,910 Identified is an atlas of the inner BRB
(2022) BCs, Miiller cells, microglia cells, ECs, Diabetic (n = 3) for the early stage of DR, elucidating
pericytes the degeneration of its constituent
cells and Miiller cells
ScRNA-seq Transcriptomic | Wang Y et al. rod, cone, Miiller, horizontal, amacrine, Inflammation 10xChromium Rat Control (n = 2), 35,910 Identified are the most pronounced
(2024) bipolar, ECs, pericytes, microglia Diabetic (n = 3) differential expression changes in
microglia in early DR
ScRNA-seq Transcriptomic | Xu et al. (2023a) mesangial cell, cone, podocyte, Molecular of 10xChromium | Mice Control 9,264 Identified that the association

intercalated cell, principal cell, proximal
tubule cell, rod, ganglion cell, bipolar cell,
horizontal, T cell myeloid cell

DN and DR

ScRNA-seq, single-cell RNA, sequencing; DR, diabetic retinopathy; GWAS, Genome-Wide Association Studies; RPE, retinal pigment epithelium.

(n = 3), Diabetic
(n=28)

between MCs and RPCs is a cellular
basis for the cooccurrence of DN
and DR
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3.4 Muller cells

Miiller cells are essential for providing structural and functional
support to retinal neurons (Tang et al., 2023). In the context of DR,
these cells undergo reactive gliosis, compromising their ability to
maintain retinal homeostasis (Perais et al., 2023). scRNA-seq has
been instrumental in elucidating the molecular alterations within
Miiller cells during DR, particularly in genes associated with
inflammation, gliosis, and their supportive roles in the retina.

Employing scRNA-seq, Chen et al. (2023b) identified Miiller glia
as the most active cell type under these conditions. While overall
communication among Miiller glia remained consistent, a decrease
in interactions mediated by growth factors and a corresponding
increase in cytokine-driven interactions were observed. In another
study (Niu et al,, 2021) utilizing scRNA-seq, Miiller glia cluster six
was highlighted as exhibiting a stronger correlation with retinal
alterations in diabetic mice compared to other clusters.

Moreover, diabetic conditions were associated with upregulated
VEGFA expression in RGCs, rods, and cones. Concurrently, there was
a decreased proportion of Miiller glia expressing its receptor, VEGF
receptor 2(VEGFR2). These findings highlight the complex molecular
adaptations occurring within Miiller cells in response to the diabetic
environment. SCRNA-seq has provided invaluable insights into the
multifaceted roles of Miiller cells in DR, elucidating alterations in their
gene expression profiles and interactions with other retinal cells in
response to diabetes. These findings have identified potential
therapeutic targets for modulating Miiller cell function and
mitigating retinal damage associated with DR.

3.5 Photoreceptors cells (rods and cones)

Photoreceptor cells are essential for converting light into neural
signals. Their degeneration, significantly contributing to vision loss
in the advanced stages of DR, has been a focal point of research
(Rauscher et al., 2024). ScRNA-seq has been instrumental in
elucidating alterations in gene expression within photoreceptors
under hyperglycemic and ischemic conditions, providing crucial
insights into the molecular mechanisms underlying their
degeneration (Xiong et al., 2019).

A recent study (Van Hove et al, 2020) reported substantial
alterations in retinal cell population composition, notably impacting
rod photoreceptors and specific inflammatory cell subsets. Differential
gene expression analysis of rods, cones, and bipolar cells (BCs)
identified a common upregulation of pathways associated with
oxidative stress response and inflammation in Akimba models.

Through  scRNA-seq, researchers have acquired a
comprehensive understanding of the transcriptional heterogeneity
within neuronal and inflammatory cell populations in DR. This in-
depth knowledge offers significant potential for developing targeted
therapies designed to mitigate photoreceptor degeneration and

preserve vision in patients with DR.

3.6 Microglia

Microglia, the resident macrophages of the retina, play crucial
roles in both inflammation and neuroprotection within the tissue
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(Kinuthia et al., 2020). In DR, activated microglia can contribute to
inflammatory damage. ScRNA-seq has been instrumental in
characterizing the diverse activation states of microglia and
macrophages, distinguishing between pro-inflammatory and
neuroprotective phenotypes, and identifying the underlying
signaling pathways involved in their activation (Van Hove
et al., 2020).

A study (Chen et al.,, 2023b) observed microglial activation in
BKSDB mice, suggesting impaired communication with other cell
types during the early stages of DR. Analysis revealed disparate
changes in receptor-ligand interactions, with decreased microglial
communication mediated by growth factors and enhanced
interactions via cytokines and other signaling pathways in
BKSDB compared to BKSWT mice. Another study (Niu et al,
2021) reported elevated microglial activity within retinal cell-cell
communication networks in BKSDB mice at 8 months of age. Wang
Y et al. (2024) reveals significant early-stage changes in retinal
microglia under diabetic conditions, identifying three new
microglial subtypes and constructing an inflammatory network,
which provides insights into early intervention strategies for DR
through scRNA-seq analysis.

ScRNA-seq of fibrovascular membranes in a study of PDR
identified eight distinct cellular populations, with microglia being
the predominant cell type (Hu et al, 2022). A subpopulation of
microglia expressing Glycoprotein Non-Metastatic Protein B
exhibited both profibrotic and fibrogenic characteristics, suggesting
a potential role in PDR progression. Pseudotime analysis revealed
unique differentiation trajectories of profibrotic microglia from
resident microglia within the PDR context. The identification of
ligand-receptor interactions between profibrotic microglia and
upregulated cytokines in PDR vitreous implied their activation
within the PDR microenvironment.

The above studies overlap in their assertion of distinct microglial
phenotypes in DR, providing novel insights into the cellular and
molecular underpinnings of DR pathogenesis.

3.7 Astrocytes

Astrocytes, glial cells that support neuronal function and
maintain the integrity of the blood-retinal barrier, are essential
for retinal homeostasis. These cells exhibit a dynamic response to
injury and inflammation (Xia et al., 2022). SCRNA-seq enables
precise characterization of astrocytes, differentiating them from
other glial cell types based on specific marker genes (Shi et al.,
2023). This technique has elucidated molecular alterations in
astrocytes under diabetic conditions, including changes in gene
expression related to neuroinflammation and gliosis (Pun et al.,
2023). Through scRNA-seq, researchers have investigated the
role of astrocytes in DR, focusing on their involvement in
inflammation and neurovascular damage. Diabetes has been
shown to induce the upregulation of immediate early genes in
retinal astrocytes (Shi et al., 2023). By identifying a subset of ECs
exhibiting heightened deregulation, specifically in diabetic
retinas, termed DRECs, researchers have elucidated pathways
associated with these genes. These findings underscore the
substantial contribution of astrocytes to DR progression (Pun
et al., 2023).
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3.8 Macrophage

Macrophages, differentiated mononuclear phagocytes, are
essential for inflammation, tissue repair, and immune responses.
These cells phagocytose pathogens, cellular debris, and apoptotic
cells, and secrete cytokines to regulate immune function (Wu et al.,
2021). In DR, macrophages contribute to neuroinflammation and
tissue damage by releasing pro-inflammatory cytokines and
mediating immune responses. SCRNA-seq identifies macrophages
based on their expression of marker genes such as CD68 and CD163,
as well as various cytokines, revealing gene expression profiles
associated with  phagocytosis, antigen presentation, and
inflammation (Cochain et al., 2018).

Van Hove et al. (2020) identified significant enrichment of
the

macrophages,

pathways associated ~ with activation  of

monocyte-derived

inflammatory
microglia, rnacrophages,
leukocytes, and lymphocytes, as well as monocyte and leukocyte
differentiation. These findings suggest a potential contribution to
DR progression. Conversely, extensive photoreceptor cell death in the
diabetic retina may induce macrophage migration to clear cellular
debris. Further analysis of inflammatory cells revealed a macrophage
subcluster expressing proangiogenic cytokines, implicating these cells
in angiogenesis (Corano Scheri et al, 2023). Monocyte-derived
macrophages are implicated in upregulating VEGF receptor 1
(VEGFR1) (Uemura et al,, 2021) in various tissues, including the
retina. Activation of VEGFRI in these mononuclear phagocytes
their
angiogenic cytokines such as CC chemokine ligand 2, interleukin-

enhances production of pro-inflammatory and pro-
1B, interleukin-6, tumor necrosis factor-a, and VEGFA (Van Bergen
et al,, 2019). Based on these findings, targeting ischemia-related M1-
like macrophages may represent a novel therapeutic approach for DR.

3.9 Pericytes

While pericyte degeneration is a feature of other diseases, its
severity in the retina during DR suggests the involvement of unique
intraocular microenvironmental factors in pericyte loss (Spencer et al.,
2020). SCRNA-seq profiling of pericytes has the potential to illuminate
pathways essential for their survival and function, thereby identifying
therapeutic targets to preserve retinal vascular integrity (Zhang et al.,
2022). Studies of DR patients have identified a subpopulation of
pericytes undergoing transdifferentiation into myofibroblasts within
the stromal cell compartment (Corano Scheri et al., 2023). Adipocyte
(AEBP1) exhibits
upregulation in these myofibroblast clusters, suggesting
involvement in this transformation process. Experiments exposing

Enhancer-binding  Protein 1 significant

its

human retinal pericytes to high-glucose conditions have confirmed
this shift, with siRNA-mediated knockdown of
AEBP1 attenuating the expression of profibrotic markers. These

molecular

findings provide critical insights into the molecular mechanisms
underlying pericyte dysfunction in DR.

3.10 Bipolar and amacrine cells

Bipolar and amacrine cells integrate signals from photoreceptors
and relay them to RGCs (Soni et al., 2021). Studies (Shekhar et al.,, 2016;
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Matosin et al., 2023) indicate that BCs are particularly susceptible to
hyperglycemia. While diabetic mouse retinas exhibit BC-intrinsic
defense mechanisms against diabetes-induced degeneration, a recent
study Chen et al. (2023b) employed massively parallel scRNA-seq and
computational analysis to categorize approximately 25,000 mouse
retinal  BCs 15 subtypes. These
characterized subtypes and two novel subtypes, one displaying
atypical morphology and localization (Ising et al., 2019).

ScRNA-seq is a systematic approach enabling comprehensive

into included  previously

molecular classification of neurons, identification of novel neuronal
of
heterogeneity. This technique is instrumental in advancing our

subtypes, and elucidation intra-class  transcriptional
comprehension of the cellular and molecular mechanisms

underlying DR, particularly in understudied cell types such as BCs.

4 Application of scRNA-seq with multi-
omics for DR research

Omics analyses aim to characterize the diverse molecules
essential to life, but individual omics datasets often fail to capture
the complexity of molecular interactions. Multi-omics integrates
data from genomics, transcriptomics, proteomics, metabolomics,
lipidomics, epigenomics and spatial transcriptomics to provide a
comprehensive perspective (Beneyto-Calabuig et al., 2023). This
holistic approach facilitates the exploration of relationships across
biological levels, deepening our understanding of molecular changes
in development, cellular responses, and disease (Gan et al., 2024).
Disruptions in cellular metabolic pathways, such as glucose, amino
acid, and lipid metabolism, are also recognized as key pathogenic
mechanisms in DR (Sun et al, 2021). Advances in technology,
computational tools, and commercial platforms have significantly
accelerated multi-omics analysis (Zhang Y et al, 2024). The
emergence of single-cell omics extends this approach to the
individual cell level, offering unprecedented insights into gene
regulation (Sun et al., 2024). This integrated methodology has
revealed intricate interactions between cell types and gene
expression, providing novel perspectives on DR, as depicted in
Figure 3. The identification of unique cell clusters and their
transformations in DR facilitates a deeper understanding of the
disease’s pathogenesis and

potential therapeutic

interventions (Figure 4).

4.1 ScRNA-seq combined with genomics

Advances in genetic research have elucidated the complex
mechanisms underlying DR (Kang and Yang, 2020). Integrating
scRNA-seq with genetic association studies offers a powerful
approach to identifying susceptibility genes for DR (Corano
Scheri et al.,, 2023). Traditionally, gene expression signatures have
been derived from conventional molecular profiling methods, such
as microarray and genomics, which assess average gene expression
across entire cell populations. To correlate gene expression with
genotype, researchers often integrate single-cell transcriptomes and
single-cell genomes, as summarized in Table 3, which highlights
their combined benefits. Primarily, this approach enables the
delineation of cell lineage and evolution. By analyzing both
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FIGURE 4

Presents the identification of key cell subpopulations in DR through multi-omics analysis. The figure highlights distinct cell subpopulations to
emphasize the cellular heterogeneity observed during DR progression, offering insights into the specific roles of different cell clusters in the disease’s
pathophysiology. Red arrows and text represent pathways that are significantly upregulated within these subpopulations, while blue arrows and text
signify pathways that are downregulated. Additionally, black text denotes unique intracellular or secreted proteins, as well as membrane receptors,

that are specifically expressed within each subpopulation.

cellular expression profiles and genetic variants, investigators can
reconstruct lineage relationships between different cell types and
trace the evolutionary paths of cell populations over time (Weber
et al,, 2021). Such knowledge is essential for comprehending the
development of diseases characterized by cellular heterogeneity,
including DR.
Furthermore, this the

identification and characterization of cellular subpopulations.

integrated analysis facilitates
Researchers can identify and characterize specific subgroups
defined by expression

profiles and genetic mutations (Valecha and Posada, 2022).

unique combinations of gene
This capability is invaluable for studying the cellular diversity
within complex tissues and identifying novel targets for
therapeutic scRNA-seq offers

detailed profiling at the individual cell level, unveiling gene

intervention. In contrast,
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expression differences within distinct cell types. Consequently,
scRNA-seq facilitates the identification of novel biomarkers
associated  with
targeted therapies.

One study (Zhang et al., 2019) presents the first unbiased and
comprehensive cellular and transcriptional characterization of PDR

DR  progression and response to

retinal neovascular (RNV) membranes obtained during vitreoretinal
surgery. They findings underscore the pivotal role of M2 macrophages
in RNV formation and highlight the significant contribution of
hyalocytes to the myofibroblast population. Further investigation is
anticipated to identify additional factors that can improve prognostic
prediction and uncover novel therapeutic targets. The integration of
scRNA-seq with multi-omics methodologies holds the potential to
revolutionize DR treatment by providing a deeper understanding of
the cellular and molecular mechanisms underlying the disease, thereby
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TABLE 3 The differences between ScRNA-seq and Traditional Bulk RNA Sequencing.

Aspect

Sample Preparation

Library Preparation

Sequencing

ScRNA-seq

Requires individual cell isolation, often via droplet-based methods or
sorting

Involves reverse transcription of RNA from individual cells with

UMIs and cell barcodes

Captures transcriptome of each cell with high sequencing depth

10.3389/fcell.2024.1500474

Traditional bulk RNA sequencing

Uses homogenized cell mixtures

depth

Involves reverse transcription of RNA from pooled cells without barcodes

Captures average gene expression of the population with lower sequencing

Data Analysis

Analyzes gene expression at the single-cell level, involving clustering

and trajectory inference

Analyzes average gene expression across the population, focusing on differential
expression between conditions

Resolution and
Sensitivity

High resolution, reveals cell heterogeneity, identifies rare cell types;

complex and costly

heterogeneity

Simpler and less expensive, robust average expression profiles; masks cellular

Data Interpretation

Applications

Studies cell differentiation and variability with potential data noise

and technical dropouts

Ideal for developmental biology, cancer, immunology, and

understanding cellular heterogeneity

TABLE 4 The impact of using single-cell transcriptomes and single-cell genomes on DR.

Advantage

Enhanced Resolution

Understanding
Heterogeneity

Disease Mechanisms

Drug Response

Description

Provides a detailed view of the
relationship between genetic
mutations and gene expression in
individual cells

Helps in identifying cellular
heterogeneity within tissues,
uncovering distinct cell
subpopulations and their genetic
makeup

Facilitates the study of how specific
genetic alterations drive disease
progression at the cellular level,
particularly in complex diseases

like DR

Aids in understanding differential
drug responses based on genetic and
transcriptional profiles, leading to
more targeted therapies

Study

DR Research

Developmental
Biology

DR Research

Drug Response

Findings

Combined scRNA-seq and scDNA-
seq revealed specific genetic
mutations linked to altered gene
expression profiles in retinal cells

Integration of scRNA-seq and
scDNA-seq identified lineage-specific
gene expression changes linked to
developmental mutations

Identified genetic mutations
associated with increased vascular
permeability and neovascularization

Linked genetic variants to differential
gene expression in response to DR
treatments

Impact

Improved understanding of
cellular changes in diabetic
retinopathy progression

Insights into
developmental pathways
and genetic regulation

Improved understanding of
disease mechanisms
leading to new therapeutic
targets

Identification of
biomarkers for predicting
treatment efficacy and
resistance

Cleaner data with less noise, but unable to resolve individual cell differences

Suitable for identifying overall gene expression changes between conditions

References

Niu et al. (2021)

Deng et al. (2024)

Cheng Y et al,,
(2024)

Abbas et al.
(2024)

Developmental Offers insights into developmental Developmental Tracked gene expression changes Insights into the genetic Tresenrider et al.
Biology processes by linking genetic changes Biology during development in conjunction | regulation of development (2023)
to expression patterns during with genetic alterations
different stages of development
Pathophysiological | Identifies genetic and transcriptional DR Research Detailed cellular and molecular Better strategies for Van Hove et al.
mechanism changes within retinal cells, profiles of retinal cells under diabetic = preventing and treating DR (2020)

Precision Medicine

improving understanding of DR
progression

Enhances the development of
precision medicine approaches by
correlating genetic mutations with

functional outcomes in cells

Precision
Medicine

conditions revealed

Correlated specific genetic mutations
with changes in gene expression
affecting DR phenotypes

Tailored therapeutic
strategies based on
individual genetic profiles

Zhang X et al.
(2024)

facilitating the development of precise and efficacious therapeutic
interventions.

Population-based GWAS have consistently identified multiple
genetic variants associated with DR (McIntosh et al., 2024). Similar
to other complex diseases, such as age-related macular degeneration,
many of these DR-associated variants are located within non-coding

Frontiers in Cell and Developmental Biology

regions and exert crucial regulatory functions on gene expression
(Herrera-Luis et al, 2022). Notably, single nucleotide
polymorphisms identified through meta-GWAS of DR are
enriched in DNase hypersensitivity sites, suggesting their
potential to influence gene expression by altering chromatin

states or transcription factor binding (Khan et al., 2020).
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Research by Chen et al. (2023b) identified rod BCs, cone BCs, and
amacrine cells as retinal neuronal cell types most strongly associated
with DR risk. The gene Neurexin 3, a DR risk candidate, is primarily
expressed in interneurons, suggesting their critical role in DR
pathogenesis. Subsequent research by Niu et al. (2021) employed
scRNA-seq to classify 11 retinal cell types and analyze the cell-type-
specific expression of DR-associated loci. These studies unveiled diverse
expression patterns, including elevated acid-sensing ion channel five in
specific cell clusters and altered expression of genes such as Fos, madd,
and pttgl across multiple cell types. In diabetic mice, Retinaldehyde
Binding Protein 1 (RLBP1), encoding Cellular Retinaldehyde-Binding
Protein, exhibited decreased expression in Miiller glia but increased
expression in other retinal cells. Furthermore, Calcium Voltage-Gated
Channel Subunit Alphal H, encoding a calcium channel subunit, was
downregulated in cone BCs during DR.

Importantly, research on proliferative DR in mice revealed
associations between amyloid-beta precursor protein (APP) gene
expression and Alzheimer’s disease (AD) risk genes identified
through GWAS (Xu et al, 2023). APP expression exhibited
negative correlations with SCIMP, ABI3, ABCA7, and APOE,
with MINDY2 and ADAMTSI,
suggesting a potential link to AD risk.

and positive correlations

These findings offer a comprehensive characterization of the
retinal environment under both diabetic and normal conditions,
identifying novel pathogenic factors that may serve as therapeutic
targets for DR and related disorders.

4.2 ScRNA-seq combined with
transcriptomics

Alternative transcription starts sites (TSS) generate diverse
5'-UTR isoforms, influencing mRNA stability and translation
(Golubnitschaja et al., 2024). Techniques such as Cap Analysis of
Gene Expression and TSS-seq measure TSS in bulk tissues but
mask cellular diversity, whereas scRNA-seq can profile cell-type-
specific changes (Stuart et al., 2019). scRNA-seq enables detailed
gene expression profiling at the individual cell level, identifying
ligand-receptor interactions and decoding intercellular
(Zhu 2023). scRNA-seq

provides detailed gene expression profiles at the individual cell

communication networks et al,
level, revealing cellular heterogeneity and rare cell types,
although with greater complexity and cost (Liu et al., 2024).
In contrast, traditional bulk RNA sequencing provides simpler,
cost-effective, and robust average expression profiles yet cannot
resolve to detect differences between individual cells (Tan Y et al.,
2023). Table 4 provides a comparison of scRNA-seq and bulk
RNA analysis.

Bulk RNA-seq scRNA-seq

synergistically in multi-omics studies. While bulk RNA-seq

and are often employed
provides a global gene expression overview, it lacks the resolution
to discern gene expression at the single-cell level. Conversely,
scRNA-seq excels at identifying distinct cell subpopulations but
does not directly correlate these with specific phenotypes (Tan Z
etal,, 2023; Yuetal,, 2022). By integrating both methods, researchers
can comprehensively map the transcriptomic landscape, revealing
cell-specific gene expression patterns and enabling the identification

of cell subpopulations linked to particular phenotypes. This
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comprehensive approach is instrumental in elucidating disease
progression and informing the development of targeted therapies
(Wang, Kumar and Liu, 2021).

Integrating scRNA-seq with transcriptomics and other
omics approaches provides a comprehensive framework for
elucidating the cellular and molecular underpinnings of DR
(Xia et al,, 2023). Through multi-omic analyses, researchers
have successfully identified specific cell types, signaling
pathways, and potential therapeutic targets implicated in DR
pathogenesis.

Mao et al. (2023) identified alternative TSS in retinal cells,
underscoring the significance of 5'-UTRs in post-transcriptional
regulation. Corano Scheri et al. (2023) characterized cellular
composition  within  preretinal  fibrovascular ~membranes,
implicating endothelial, inflammatory, and stromal cells in
angiogenesis and fibrosis. Becker et al. (2021) identified DEGs
and pathways associated with late-stage DR, suggesting potential
therapeutic targets. Investigations in diabetic models revealed
dynamic changes in retinal cell populations and macroglia
function, linking these cell types to retinal neurodegeneration (Li
et al, 2021; Van Hove et al.,, 2020). Additionally, transcriptomic
analysis of circulating immune cells identified Jun Proto-Oncogene
D (JUND) as a key player in DR pathogenesis. Xiao et al. (2021)
investigated ligand-receptor interactions in non-human primate
retinas, establishing the retinal interactome and identifying TNEF-
a signaling in microglia activation. Deng et al. (2024) identified
Miiller the
microenvironment, with diverse transcriptional responses to DR.

cells as pivotal interaction hubs in retinal

These findings underscore the potential for developing
therapeutic interventions by targeting specific cellular and
molecular pathways implicated in DR. The identification of
intricate cellular interactions and the discovery of novel
therapeutic targets offer promising avenues for future research

and clinical translation.

4.3 ScCRNA-seq combined with metabolomic

In DR, chronic hyperglycemia disrupts the retinal metabolic
microenvironment, an essential regulator of retinal cell function
(Zhang J et al., 2022). Recent advancements in methodology have
enabled scRNA-seq  with
metabolomics to investigate the pathophysiology of DR using

numerous  studies combining
patient samples (Das et al., 2015).
Metabolomics, the comprehensive analysis of metabolites within
biological samples, emerges as a promising omics tool for unraveling
metabolic alterations and underlying pathophysiology in diseases
such as DR. Recent studies (Fid et al., 2019; Pfeifer et al., 2023) have
identified a panel of metabolites, including L-glutamine, L-lactic
acid, pyruvic acid, acetic acid, L-glutamic acid, D-glucose, L-alanine,
L-threonine, citrulline, L-lysine, and succinic acid, as potential
biomarkers for DR, shedding light on novel disease pathways.
Serum metabolite and metabolic pathway analyses were
conducted across different stages of DR in patients with type
2 diabetes mellitus. Compared to controls, DR patients from the
Asian population exhibited dysregulated pathways, including
arginine linoleic acid metabolism,

biosynthesis, glutamate

metabolism, and D-glutamine and D-glutamate metabolism.
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Notably, elevated levels of glutamate (Ren et al., 2024), aspartate
(Zhu etal,, 2018), glutamine (Yeh et al., 2020), N-acetyl-L-glutamate
(Plumbly et al, 2019), and N-acetyl-L-aspartate (Ahmad et al,
2019), along with decreased levels of dihomo-gamma-linolenate,
docosahexaenoic acid, and eicosatetraenoic acid, were identified as
potential metabolic signatures capable of differentiating proliferative
from non-proliferative DR within this population.

Advances in metabolomics technologies are illuminating critical
pathways, biomarkers, and therapeutic targets for DR management
(Xu et al., 2022). These insights deepen our comprehension of the
disease and provide a foundation for innovative treatment strategies.

4.4 ScCRNA-seq combined with lipidomics

Accumulating  evidence underscores lipid metabolism
disruption as an early hallmark in the pathogenesis of diabetic
complications (Eid et al, 2019). Diverse lipid species, including
glycerophospholipids (Jin et al., 2024), sphingolipids (Motloch et al.,
2024), and glycerolipids (Singer et al., 2022), have been implicated as
critical risk factors for DR and its associated sequelae. Conversely,
reduced very long-chain ceramide levels have been linked to the
onset of macroalbuminuria in diabetes. Accelerated sphingolipid
catabolism, resulting in elevated glucosylceramide or
glycosphingolipid concentrations, may contribute to the neuronal
pathologies characteristic of DR (Ancel et al., 2023). Additionally,
sphingomyelin, a lipid connected to insulin resistance and an
independent predictor of cardiovascular disease, is formed by the
transfer of a phosphocholine group from phosphatidylcholine to the
ceramide backbone (Fernandes Silva, et al., 2023). Collectively, these
findings highlight the substantial contribution of dysregulated lipid
metabolism to the development of DM and its complications,
although the precise lipid species driving DR remain to be fully
elucidated (Pratama et al., 2022).

Lipidomic analysis, when integrated with scRNA-seq, offers a
robust framework for the identification of novel lipid mediators
implicated in lipid metabolism and associated biochemical
processes, thereby unveiling promising avenues for disease
(Bertelli et al, 2022).
quantitative metabolomics approach, Maria et al. (Bertelli et al.,
2022)
concentrations in aqueous humor and serum from elderly
with diabetes

cataract surgery.

prediction and detection Using a

conducted a comparative analysis of metabolite

individuals and  without who  underwent

To comprehensively characterize local metabolic alterations in
activated microglia and illuminate the metabolic milieu contributing
to immune responses, Lv et al. (2022) conducted integrated
lipidomics and RNA profiling analyses on microglial cell line
models representative of the DR microenvironment. Their
findings unveiled a substantial accumulation of TAGs within
2022).  Notably,

lipopolysaccharide-stimulated macrophages exhibited a similar

activated  microglia  (Yousri et al,
increase in TAG synthesis (Ren et al., 2023). These observations
suggest that TAG accumulation in activated microglia may serve as a
potential therapeutic target for mitigating inflammation in DR.
Within the context of diabetic retinopathy, the integration of

scRNA-seq with targeted metabolomic analysis has demonstrated
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efficacy in the precise identification of disease-associated

biomarkers.

4.5 ScRNA-seq combined with proteomics

While scRNA-seq has yielded promising insights, its findings are
limited to the transcriptomic level. A comprehensive protein
expression profile is crucial for understanding cell subpopulations
in DR (Fu et al, 2023). There is a strong need for single-cell
proteomics, capable of detecting and quantifying over
1,000 proteins within a single mammalian cell.

High-throughput proteomics has become a valuable tool in
ophthalmic research, particularly in studying DR (Starr et al,
2023). Researchers have analyzed various samples, including
tears, serum, AH, VH, and retina, using techniques like mass
spectrometry and liquid chromatography (Varughese and Jacob,
2023). These studies have identified key DR biomarkers, such as
VEGF, IL-6, and ICAM-1. While serum and VH are directly
connected to the retina, their collection can be invasive, unlike
serum and tear samples (Gurel and Sheibani, 2018). Proteomic
changes in these biofluids not only enhance understanding of DR
pathogenesis but also hold potential for personalized medicine (Xu
et al,, 2014). For example, elevated plasma kallikrein in VH may
suggest that standard anti-VEGF treatments are ineffective for
certain patients. Wang et al. (2024) provide significant insights
into the cellular and molecular mechanisms underlying PDR by
identifying potential biomarkers and therapeutic targets through an
integrated approach involving scRNA-seq, machine learning,
AlphaFold protein structure predictions, and molecular docking
techniques. Abbas et al. (2024) found scRNA-seq and proteomics
are advancing our understanding of DR by enabling detailed analysis
of microvesicle cargo and their roles in modulating inflammation,
oxidative stress, and immune responses, thereby supporting the

development of MV-based biomarkers and therapies for DR.

4.6 ScCRNA-seq combined with other
multi-omics

Ocular neovascularization can affect nearly all tissues of the eye,
including the cornea, iris, retina, and choroid (Voight et al., 2010).
Pathological neovascularization is a primary cause of vision loss in
prevalent ocular diseases such as DR, retinopathy of prematurity,
2023).
Glycosylation, the most common covalent post-translational
modification of proteins in mammalian cells, plays a significant

and age-related macular degeneration (Lin et al,

role in angiogenesis (Zelniker et al, 2019). Emerging evidence
indicates that glycosylation affects the activation, proliferation,
and migration of ECs, as well as the interactions between
angiogenic ECs and other cell types essential for blood vessel
formation (Lin et al., 2023). Recent studies suggest that members
of the galectin family, which are p-galactosidase-binding proteins,
modulate angiogenesis through novel carbohydrate-based
recognition systems (Ko and Moon, 2023). These systems involve
interactions between the glycans on angiogenic cell surface receptors

and galectins.
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Recent research (Netea et al., 2020; Wimmers et al., 2021)
underscores the

biological

epigenomes central role in regulating

fundamental processes by maintaining specific
chromatin states over extended periods, enabling the durable
storage of gene-expression information (Khan et al, 2020).
Integrating scRNA-seq with epigenomic SNP-to-gene maps, as
proposed by Chen et al. (2023b), provides a comprehensive
framework to identify cell types and processes affected by
genetic variants, offering new insights into DR pathogenesis
and potential therapeutic targets. GWAS have identified genetic
variants associated with DR, helping to clarify disease
susceptibility (Skol et al., 2020). Researchers have assessed DR
risk genes across various cell types to identify those most
vulnerable to DR, emphasizing the sensitivity of bipolar,
amacrine, and Miiller glial cells. Since many DR-related
variants lie in noncoding regions, their interpretation using
scRNA-seq alone is limited (Jagadeesh et al., 2022). By linking
GWAS data with scRNA-seq and tissue-specific enhancer-gene
mappings, researchers can detect tissue-specific SNP-to-gene
associations that reveal differences in disease heritability across
cell types. Furthermore, analyzing disease-specific cell states in
both healthy and diseased tissues highlights cell-type changes
linked to DR. Finally, non-negative matrix factorization enables
the identification of cellular process programs—such as MAPK
signaling—that cell types, deepening our
understanding of DR pathogenesis at cellular and molecular levels.

Spatial gene expression is an advancing technology that has
recently seen the development of commercial systems capable of
achieving true single-cell or subcellular resolution of gene
expression within a spatial transcriptomics (Voigt et al., 2023).
However, these systems often rely on probe-based hybridization,
which requires the design of custom gene panels (Feng et al,
2024). Unbiased
progressing,  with in spot resolution
approaching near single-cell levels (Marneros, 2023). This

extend across

sequencing-based platforms are also

improvements

Retina
CSF1-CSFIR
CX3CL1-CX3CR1
CCL. = APP-CD74
335Dcy TNF-g>TNFRSF1A/B g -
. . > . EC
TG BQ"TG o @ 3
Fgr,, VEGFA-VEGFRI1
Cone Microglia
Q“?e
ER ~lg.

GASE™ AXUW 6\14{‘101?

&, 4
Amacrine OQDP‘,‘_O WA /
A < ’0\7
Ly QQ\ & I,
oé\‘ S ooq/e, Rod bipolar
N
o,
2,
3
%
Mﬁller Cone bipolar
FIGURE 5

10.3389/fcell.2024.1500474

study demonstrates the utility of spatial technology in
investigating gene expression within focal pathological areas
and along regional gradients in the heterogeneous retina, RPE,
and choroid. Ongoing research, coupled with technological
advancements, will continue to enhance our understanding of
the pathogenic underlying macular
neovascularization and other regional retinal diseases (Chen X
et al., 2024). The insights gained from this powerful technology
may inform the development of future targeted therapies,
potentially reducing vision loss associated with DR.

High-throughput technologies and omics data, such as
glycolipidosis, proteomics, and spatial transcriptomics analysis,
have advanced our understanding of DR by identifying risk
factors and developing novel biomarkers (Tolentino et al., 2023).
By integrating these data through bioinformatics, researchers gain
comprehensive insights into the susceptibility genes, mechanistic
pathways, and disease stage markers of DR (Kakihara et al., 2023).
However, scRNA analyses of glycolipidosis, epigenomes and spatial
transcriptomics in DR remain underreported.

mechanisms

5 The advantages and challenges of
scRNA-seq with multi-omics in
DR research

5.1 The advantages of scRNA-seq

5.1.1 Computational resources: Databases of

interacting proteins
CellPhone DB, a newly

comprehensively  catalogs

established public resource,
ligands, receptors, and their
interactions to facilitate the analysis of cell-cell communication
molecules (Chen et al., 2022). This framework leverages single-
cell transcriptomic data to quantify ligand and receptor expression
across diverse cell types, identifying cell-type-specific ligand-
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[llustrates cell-cell communication in DR as uncovered by scRNA-seq. The figure depicts ligand-receptor interactions associated with DR, based on
findings from previous scRNA-seq studies. In the diagram, the arrowhead points to the receptor protein and the corresponding cell expressing it, while
the arrowtail indicates the ligand protein and the cell producing it. This representation sheds light on the disrupted communication networks in diabetic
retinas and the intercellular signaling within FVM, which may contribute to the pathogenesis of DR.
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receptor pairs through empirical shuffling (Xu et al., 2023a). Unlike
many databases, CellPhone DB accurately represents heteromeric
complexes by considering the subunit architecture of both ligands
and receptors (Qin et al,, 2023).

The latest CellPhone DB wupdate incorporates enhanced
functionalities, facilitating the inclusion of novel interacting
molecules and streamlining analyses of extensive datasets (Cabrera
et al,, 2022). These advancements significantly improve the annotation
of intricate ligand-receptor interactions using scRNA-seq data. Future
research integrating scRNA-seq with CyTOF and CellPhone DB holds
the potential to uncover novel disease mechanisms (Yang et al., 2023).
Additionally, optimization methods like SoptSC and tools from the
FANTOMS project offer alternative approaches to deciphering cell-cell
relationships from single-cell data (Serensen et al, 2023). This
approach enables a more comprehensive and precise investigation
of previously unknown cell-cell interactions, offering opportunities for
further validation beyond traditional methods. In this context, we
outline the cell-cell communication observed in DR using scRNA-seq
from prior studies, highlighting the enhanced interactions between
retinal cells under hyperglycemic conditions and the intercellular
crosstalk identified among cells within fibrovascular membranes
(FVMs) (Figure 4).

5.1.2 Modeling and assessing predicted
interaction networks

Single-cell multi-omics methodologies provide a holistic
perspective on cellular expression, function, and identity, though a
complete comprehension of these intricate systems remains elusive
(Pelka et al., 2021). While a substantial portion of research has focused
on utilizing scRNA-seq to elucidate communication networks
through ligand-receptor interactions within the complex DR
microenvironment (Luo et al, 2023), recent endeavors by Chen
and Mar have delved into evaluating the efficacy of single-cell
network modeling techniques in uncovering established interaction
networks within single-cell datasets (Zhang et al, 2021). These
methods, including SCENIC, SCODE, and PIDC, employ disparate
approaches, respectively, leveraging co-expression networks with
bioinformatics knowledge, ordinary differential equations, and
mutual information-based strategies (Jumeau et al., 2018).

A comparative analysis of existing methods revealed significant
limitations in accurately predicting network structures from single-
cell expression data (Saint-Antoine and Singh, 2020). While these
approaches offer valuable insights, they consistently failed to achieve
high predictive accuracy, and the resulting networks exhibited
substantial variability across different methodologies (Deligiannidis
et al, 2023; Karyotaki et al, 2021). This inconsistency poses a
accurately  predicting
communication networks, as the choice of modeling approach can

considerable  challenge for cell-cell
substantially influence the outcomes (Hussain et al., 2021).
Although this review does not delve deeply into the intricacies of
these modeling methodologies, a comprehensive exploration of their
predictive capabilities is indispensable for a thorough understanding

of their potential applications and limitations.

5.1.3 Validating causal relationships

Integrating single-cell multi-omics data with perturbation
experiments, such as RNA interference or CRISPR-Cas9, offers a
robust approach for validating causal regulatory programs (Bowling
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et al, 2020). Recent advancements in high-throughput gene
technologies, exemplified by Perturb-seq, have merged CRISPR/
Cas9-mediated gene perturbation with single-cell sequencing (Li
etal,, 2023), demonstrating comparable efficacy in identifying causal
relationships to traditional RNAi or CRISPR-Cas9-based gene
activation/deletion methods while exhibiting reduced invasiveness
(Raj et al., 2018).

Advances in single-cell technologies are poised to expand the scope
of cellular parameters measurable at the individual cell level (Choi,
2020). Concurrent multi-modal profiling within single cells holds great
promise for predicting drug sensitivities in retinal cells, potentially
obviating the need for extensive in vivo or in vitro experimentation (Pei
et al,, 2020). The application of these techniques within the framework
of single-cell multi-omics studies on DR has the potential to
significantly enhance our comprehension of the disease and
accelerate the development of targeted therapeutic interventions
(Bucheli et al., 2021; Wang et al., 2020).

5.2 The challenges in scRNA-seq

5.2.1 Cell dissociation protocols

The mammalian retina is a complex tissue composed of
interconnected neurons, glial cells, and photoreceptors (Ye et al,
2020). Achieving high cell viability and quality in scRNA-seq
studies of DR is particularly challenging due to the retina’s delicate
nature (Lin et al,, 2024). The requisite process of cell dissociation to
isolate individual cells for sequencing can induce cellular stress and
damage, potentially distorting gene expression profiles and introducing
spurious artifacts that obscure authentic biological signals (Yao
et al.,, 2022).

Preserving cell viability and minimizing stress during dissociation
are paramount for accurately capturing gene expression profiles that
reflect in vivo conditions (Raj et al, 2018). Such precision is
the
underpinnings of DR. Photoreceptors, characterized by their
structure, susceptible to both enzymatic and
mechanical ~dissociation, resulting in RNA
compromised cells (VanHorn and Morris, 2021). Notably, disease

indispensable for elucidating cellular and molecular

delicate are
leakage from
states such as DR may render cells even more fragile during isolation.

Obtaining high-quality, viable retinal cells is paramount for
accurately identifying cell types most affected by DR. Data
derived from damaged or stressed cells can lead to unreliable
results, potentially misrepresenting cell vulnerability or resilience
(Peng et al.,, 2020). Precise gene expression profiling is essential
for discovering biomarkers and therapeutic targets. Artifacts
introduced by cell stress or damage can generate false
the of
meaningful biomarkers and targets (Wang et al, 2023).

positives or negatives, impeding identification
Moreover, maintaining high cell viability and quality is crucial
for the reproducibility of scRNA-seq studies. Consistent and
reliable data across multiple studies and laboratories are
fundamental for validating findings and advancing our

understanding of DR (Beltrami et al., 2022).
5.2.2 Spatial and temporal information

Human NR are light-sensitive tissues distinguished by a
complex spatial and cellular architecture (Lukowski et al., 2019).
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While single-cell omics technologies offer a comprehensive
characterization of cellular types and states, the intricate
functionality of tissues is profoundly shaped by the spatial
disposition of these cells (Quadrato et al., 2017). Despite its
capacity to analyze cellular interactions, scRNA-seq is unable to
delineate cell localization or spatial context (Lancaster et al., 2013).
Cells residing within local microenvironments exert specific
physiological roles through juxtacrine and paracrine signaling, as
well as intercellular interactions (Cohen et al., 2021).

The retina’s precise spatial organization is fundamental to its
function, and disruptions caused by infections, inflammation, or
injuries can significantly alter this architecture, impacting visual
acuity (Deng et al, 2024). Understanding these organizational
changes is crucial for diagnosing and treating retinal diseases.
Traditional histopathological techniques, complemented by in
situ hybridization and immunohistochemistry (Md Pauzi et al,
2021),
However,

examine tissue architecture and molecular markers.

these methods are limited in their ability to
comprehensively characterize the retina’s molecular landscape, as
they can only assess a restricted number of transcripts or proteins
per experiment.

Spatial context is paramount in comprehending complex tissue
function, as cellular positioning and interactions within
microenvironments significantly influence tissue behavior (Fang
et al., 2022). Spatial transcriptomics offers unprecedented insights
into disease progression by mapping cellular and tissue-level
changes across time and space (Cao et al,, 2023). This technology
enables the identification of disease-specific microenvironments
within the retina, revealing how local cellular contexts contribute
to disease pathology (Liu et al., 2023). By elucidating the spatial
distribution of gene expression alterations, researchers can uncover
novel therapeutic targets and develop treatments precisely targeted

to affected tissue regions (Geng et al., 2021).

5.2.3 Intercellular communication

The retina’s unique architecture, characterized by complex
cellular interactions and signaling pathways, distinguishes it from
other tissues, including the brain (Huang et al., 2023). This intricate
organization has historically limited investigations into cell-cell
communication within the retina, particularly in the context of
DR development (Li et al., 2023; Lou et al., 2022; Yi et al,, 2021).
Nevertheless, comprehending these intercellular relationships is
indispensable for elucidating the mechanisms underlying retinal
degeneration (Figure 5).

Normally, the retina is protected from systemic circulation by
the blood-retinal barrier, composed of the RPE in the outer retina
and ECs, pericytes, and astrocyte end-feet in the inner retina (Voigt
et al,, 2019). While various retinal cell types exhibit differential
susceptibility to DR in mice, Miiller glia and clusters of rods, rod
BCs, cones, and vascular ECs are prominently involved in
proliferative DR pathogenesis (Mullin et al., 2023; Voigt et al,
2021b). The precise role and activation mechanisms of immune
cells in DR remain to be fully elucidated (Nishikawa and
Koyama, 2021).

Exploring key retinal cell types and their interactions holds
promise for developing novel therapeutic approaches not only for
DR but also for other neurodegenerative diseases affecting the
central nervous system (Niu et al, 2021). In both diabetic and
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healthy mice, RGCs, vascular ECs, and Miiller glia exhibit significant
activity (Tresenrider et al, 2023; Yao et al, 2023). Notably,
microglial involvement in retinal cell-cell communication
networks is markedly increased in DR mice compared to controls
(Parikh et al., 2023). These findings emphasize the critical role of
understanding cellular interactions and the functions of various cell
types in DR pathogenesis (Beilke et al., 1991). Such knowledge could
lead to the identification of promising therapeutic targets for disease

management and visual function preservation (Tan et al., 2021).

6 Future outlook

Recent advancements in scRNA-seq have significantly deepened
our understanding of DR by providing comprehensive molecular
profiles of retinal cell types, including photoreceptors, ECs, and
pericytes, integral to blood-retinal barrier integrity (Chen et al,
2024; Rangasamy et al., 2020; Sun et al., 2021; Zhan, 2023). Profiling
these cells reveals critical pathways for their survival and function,
identifying potential therapeutic targets. Data-sharing platforms like
the Single Cell Portal and Spectacle database facilitate the integration
of diverse datasets, aiding in elucidating DR pathogenesis (Corano
Scheri et al., 2023). Addressing data heterogeneity through tools
such as SIDA and Harmony is imperative for analyzing large-scale
scRNA-seq data (Paik et al, 2020). While current studies
predominantly offer gene expression snapshots, longitudinal
studies and spatial transcriptomics are essential for
comprehending DR dynamics and evaluating therapeutic efficacy
(Fadakar et al., 2024). Liquid biopsy, particularly exosome analysis,
shows promise for early detection. Integrating multi-omics
approaches, transcriptomic, proteomic, and
metabolomic data, will provide a comprehensive understanding

encompassing

of DR mechanisms and inform the development of effective
treatments (Manochkumar et al.,, 2023; Xu et al., 2023).

7 Conclusion

ScRNA-seq is a enabling
transcriptomic analysis at the individual cell level, providing

revolutionary  technology
unprecedented insights into the complex cellular heterogeneity of
DR. By revealing cellular landscapes, identifying biomarkers, and
informing treatment strategies, scRNA-seq is accelerating the
development of precision medicine for DR. As technology
advances, integration with other omics approaches, particularly
spatial gene expression, holds the potential to unlock deeper
understanding of gene regulatory networks and disease
mechanisms. While challenges remain, the synergy between
laboratory research and clinical applications promises to optimize
patient outcomes through the

development of targeted

interventions.
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ACER2
AD
AEBP1
APP
BC
BCs
BRB
Collal
DEGs
DEP
DME
DN
DRECs
EC
FACS
FVM
GLP-1
GLP-1 RA
GWAS
ICAM1
IEG
INL
IPL
JUND
LCM
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MC
NDR
NK

NPDR-
NDME

NR
OIR
ONL
OPL
PBMC
PDE6G
PDR
POSTN
RBC
RGC
RLBP1

RNAi
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Alkaline Ceramidase 2

Alzheimer’s disease

Adipocyte Enhancer-Binding Protein 1
Amyloid-beta precursor protein

Bipolar cell

Bipolar cells

Blood-retina barrier

Collagen Type I Alpha 1 Chain
Differentially expressed genes
Dielectrophoretic

Diabetic macular edema

Diabetic nephropathy

Diabetic Retinal Endothelial Cells
Endothelial cell

Fluorescence-Activated Cell Sorting
Fibrovascular membrane

Glucagon-like peptide-1

Glucagon-like peptide-1 receptor agonist
Population-based genome-wide association studies
Intercellular Adhesion Molecule 1
Immediate early gene

Inner nuclear layer

Inner plexiform layer

JunD Proto-Oncogene, AP-1 Transcription Factor Subunit
Laser Capture Microdissection
Magnetic-Activated Cell Sorting
Mesangial cell

Non-diabetic retinopathy

Natural killer

Non-proliferative diabetic retinopathy without diabetic
macular edema

Neural retina

Oxygen-induced retinopathy
Outer nuclear layer

Outer plexiform layer

Peripheral blood mononuclear cell
Phosphodiesterase 6G
Proliferative diabetic retinopathy
Periostin

Retinal bipolar cell

Retinal Ganglion Cell
Retinaldehyde Binding Protein 1

RNA interference
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RPCs

RPE

SCENIC

ST

STZ

DM

TAG

TSS

VEGFR1
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Retinal pericytes

Retinal pigment epithelium

Single-cell regulatory network inference and clustering
Spatial transcriptomics

Streptozotocin

Diabetes mellitus

Triglycerides

Transcription start sites

Vascular endothelial growth factor receptor
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