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Abstract

Early and accurate detection of diseases is of great significance for enhancing treatment outcomes and improving patient
prognosis. The emergence of single-cell sequencing technology has brought new opportunities for this. This technology
breaks through the limitations of traditional sequencing and can analyze the genome, transcriptome, etc. at the single-cell
level, clearly demonstrating the heterogeneity between cells. In neurological diseases, single-cell sequencing can reveal the
changes in gene expression of nerve cells in the early stage of the disease, facilitating early diagnosis and disease monitoring.
Although single-cell sequencing has broad prospects in disease detection, it faces challenges such as complex data processing
and high detection costs. With the continuous advancement of technology, single-cell sequencing is expected to become a
key means for accurate disease detection, bringing about a revolution in clinical diagnosis.
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Introduction
Research background and significance

In the field of life science research, cells, as the basic units
of organisms, are of great significance for understanding life
processes through in-depth exploration of their functions and
characteristics. Traditional sequencing technologies typi-
cally conduct analyses at the multicellular level. The results
obtained are the averages of signals from a large number
of cells, which largely masks the heterogeneity informa-
tion among cells. However, an increasing number of stud-
ies have shown that this inter-cellular heterogeneity plays a
crucial role in the occurrence, development, and treatment
response of diseases [1]. For example, in tumor tissues, dif-
ferent tumor cells have distinct gene expression profiles and
biological behaviors. Traditional sequencing technologies
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are unable to accurately reveal these differences, resulting in
a lack of precision in tumor diagnosis and treatment [2, 3].

The emergence of single-cell sequencing technology pro-
vides a powerful tool to address this issue. This technology
can perform high-throughput sequencing analysis of the
genome, transcriptome, and epigenome at the single-cell
level, thus precisely revealing the heterogeneity and func-
tional differences among cells. This breakthrough enables
researchers to gain a deeper understanding of the structure,
function, and interactions of cells from a brand-new perspec-
tive, bringing revolutionary changes to life science research
[4].

Single-cell sequencing(SCS) technology is irreplaceable
in the field of disease detection, offering unprecedented
opportunities for early disease diagnosis, precision treat-
ment, and in-depth research on pathogenesis [5]. In the
aspect of tumor diagnosis, traditional tumor detection
methods often rely on tissue biopsies. This approach is not
only invasive, but also due to the heterogeneity of tumor
tissues, the obtained samples may not fully reflect the real
situation of the tumor. Single-cell sequencing technology
can sequence and analyze individual cells in tumor tissues,
accurately identify tumor cell sub-populations, and discover
cell groups with special biological characteristics such as
tumor stem cells, providing key information for early tumor
diagnosis and personalized treatment [6]. In the research
of neurological diseases, single-cell sequencing technology
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can help reveal the diversity and functional differences of
neurons, gain an in-depth understanding of the pathogenesis
of neurological diseases such as Alzheimer’s disease (AD)
and Parkinson’s disease, and provide a theoretical basis for
the development of new treatment methods [7, 8].

The development of SCS technology has greatly pro-
moted the advancement of precision medicine. Precision
medicine aims to formulate personalized medical plans
based on patients’ individual genetic characteristics, environ-
mental factors, and lifestyles to improve treatment efficacy
and reduce adverse reactions. SCS technology can provide
detailed information at the cellular level of patients, enabling
doctors to more accurately understand the pathogenesis and
development process of diseases, and thus formulate more
precise treatment strategies [9, 10].

The application of single-cell sequencing technology in
the field of disease detection has important scientific signifi-
cance and clinical value, offering new ideas and methods to
solve many problems currently faced in the medical field.

Current status and challenges of disease detection

Traditional disease detection methods have played a signifi-
cant role in the field of medical diagnosis. However, with
the advancement of medical research and the increasing
clinical demands, their limitations have become increas-
ingly apparent. In tumor detection, tissue biopsy serves as
a primary traditional diagnostic approach. While it allows
for the acquisition of tumor tissue for pathological analysis,
this method is invasive and may subject patients to pain and
complications. Furthermore, tumors exhibit high heteroge-
neity; thus, samples obtained through biopsy often fail to
comprehensively represent the characteristics of the entire
tumor, leading to potential misdiagnosis or missed diagno-
ses. For instance, in breast cancer diagnosis, due to varia-
tions in cellular composition and molecular features across
different regions within a tumor, relying solely on localized
biopsy samples may not accurately assess the malignancy
grade or biological behavior of the tumor. This can adversely
affect subsequent treatment planning [11, 12].

Serological testing assists in disease diagnosis by detect-
ing specific biomarkers in the blood, such as carcinoem-
bryonic antigen(CEA) and alpha-fetoprotein(AFP), which
are commonly used for cancer screening and diagnosis.
However, the specificity and sensitivity of these biomark-
ers are limited; they may also be elevated in certain benign
conditions or physiological states, leading to false-positive
results that impose unnecessary psychological burdens on
patients and incur additional costs for further examinations
[13]. Moreover, for some early-stage tumors or small lesions,
serum markers may not yet be elevated, resulting in false-
negative outcomes that can delay the early diagnosis of dis-
eases [14].

Imaging modalities such as X-ray, CT, and MRI can
visualize internal anatomical structures and assist clini-
cians in identifying pathological changes. However, these
methods have limited capability in detecting early-stage
small lesions and are susceptible to interference based
on lesion size, location, and surrounding tissues. In the
context of lung cancer screening, conventional imaging
examinations may fail to reliably characterize pulmonary
nodules smaller than 1 cm in diameter, potentially delay-
ing timely therapeutic interventions for certain patients
[15]. More importantly, while these imaging methods
primarily provide morphological data, they offer limited
insights into the biological characteristics and pathologi-
cal nature of lesions, thus often requiring integration with
complementary diagnostic modalities for comprehensive
clinical evaluation.

In the field of neurological disease diagnosis, conven-
tional approaches primarily rely on clinical manifestations,
physical signs, and neuroimaging evaluations. For neurode-
generative disorders such as AD and Parkinson’s disease, the
prodromal phase often presents with non-specific symptoms
that frequently lead to misdiagnosis or delayed detection
[16, 17]. Current diagnostic modalities face significant chal-
lenges in identifying subtle neuronal alterations and molecu-
lar-level pathological changes during early disease progres-
sion, thereby missing the critical window for therapeutic
intervention. Although cerebrospinal fluid (CSF) analysis
enables detection of neurological biomarkers, this invasive
procedure demonstrates suboptimal patient compliance,
while its diagnostic validity remains susceptible to multiple
confounding factors, including sample collection techniques
and pre-analytical variables.

The emergence of SCS technology offers a transforma-
tive approach to address these diagnostic challenges. This
cutting-edge methodology enables comprehensive genomic
profiling at individual cell resolution, effectively circum-
venting the limitations of conventional bulk-tissue analysis.
In oncological diagnostics, SCS allows precise molecular
characterization of malignant cells within tumor ecosystems,
including identification of biologically distinct subpopula-
tions such as cancer stem cells, therapy-resistant subclones,
and immune-evasive variants. By interrogating cellular
transcriptomic signatures, mutational landscapes, and epi-
genetic modifications at single-cell resolution, researchers
can delineate intratumoral heterogeneity with unprecedented
precision, thereby establishing critical biomarkers for early
cancer detection, prognostic stratification, and personalized
therapeutic strategies [18, 19]. Crucially, this technology
demonstrates unique clinical value in detecting drug-resist-
ance-associated genetic alterations and immune check-
point-related molecular signatures. Such molecular insights
empower clinicians to optimize treatment regimens by
selecting targeted therapies and immunomodulatory agents
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based on the dynamic clonal evolution of tumors, ultimately
improving therapeutic outcomes [20— 23].

In neuropathological investigations, SCS technology pro-
vides unprecedented resolution for deciphering the molecu-
lar pathogenesis of neurological disorders. This advanced
approach enables systematic characterization of cell-type-
specific transcriptional profiles and epigenetic dysregulation
in both neurons and glial cells, offering critical insights into
disease-driving mechanisms [24]. By leveraging single-cell
analysis of brain tissue specimens or CSF-derived cells,
researchers can detect preclinical-stage cellular aberra-
tions and identify novel molecular signatures indicative of
emerging neurodegeneration, thereby establishing non-inva-
sive diagnostic paradigms for early disease detection [25].
Furthermore, the technology’s capacity to map pathogenic
signaling networks at single-cell resolution facilitates the
discovery of disease-modifying targets. Such a mechanistic
understanding of neuroimmune interactions and synaptic
pathophysiology provides a robust scientific foundation for
developing next-generation therapies with enhanced cellular
specificity [26].

SCS technology has emerged as a paradigm-shifting
innovation in disease diagnostics, offering transformative
potential to overcome the inherent limitations of conven-
tional diagnostic approaches. With continuous refinements
in throughput and analytical pipelines, this technology is
poised to redefine precision medicine frameworks by ena-
bling spatiotemporal resolution of disease progression at
cellular and molecular levels. Future clinical implemen-
tation may establish single-cell omics as a cornerstone in
next-generation diagnostic platforms, empowering clinicians
to decipher complex disease heterogeneity, track dynamic
therapeutic responses, and ultimately pioneer preventive
healthcare strategies through early-stage molecular aberra-
tion detection.

Positioning and novel contributions

Recent reviews have significantly advanced the understand-
ing of SCS applications: Jovic D comprehensively cataloged
SCS methodologies but offered limited clinical implementa-
tion insights [4]. Zhang Y detailed SCS in oncology research
[27], while Su Y emphasized neurodegenerative applica-
tions, yet neither addressed cross-disease convergence [28].

Methodes
Search strategy
A comprehensive literature search was conducted on PubMed

and Embase to identify studies published up to March 2025.
The search strategy integrated Medical Subject Headings
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(MeSH) terms and key phrases, including"single-cell
sequencing,""accuract disease detection"and"tumor"with
Boolean operators (AND/OR) employed to optimize preci-
sion. Reference lists of included articles and relevant reviews
were manually screened to capture studies potentially missed
in the initial database search. The retrieval process adhered
to the PRISMA 2020 guidelines to ensure transparency and
methodological rigor.

Inclusion and exclusion criteria

An initial search retrieved 864 articles, which were filtered
to include 101 studies through the following process: first, a
time filter retained studies published between January 2015
and May 2025 (prioritizing cutting-edge studies post-2020),
then 171 duplicates were removed using bibliographic man-
agement software; Subsequently, two researchers (X.Q.W.
and B.L.) performed multi-stage screening according to
predefined criteria: 264 studies unrelated to single-cell
sequencing diagnostic applications (e.g., pure therapeutic
mechanism studies or non-clinically translatable animal
experiments) were excluded via title and abstract screening;
full-text evaluation of the remaining 429 articles excluded
those focusing solely on clinical management, epidemiol-
ogy, or lacking molecular mechanism analysis. The final
101 included studies covered original research, reviews, and
meta-analyses in oncology, neurological diseases, genetic
disorders, etc. Key data were extracted into a structured
database for qualitative synthesis. The screening process
was strictly followed by PRISMA 2020 guidelines and was
visualized in a flowchart (Fig. 1).

Single-cell sequencing technology method

Single-cell isolation is the first critical step in single-cell
sequencing, which aims to obtain a single cell accurately
from a complex cell population to provide a pure sample for
subsequent nucleic acid amplification and sequencing analy-
sis. At present, the common single cell separation methods
include: flow cytometry, microfluidic chip technology, laser
capture micro-cutting technology, etc. (Fig. 2). Each of these
methods has its own advantages and limitations.

Flow cytometry

Flow Cytometry (FCM) is a technique for the rapid quanti-
tative analysis and sorting of cells or other biological par-
ticles arranged in a single file within a fluidic system [29].
FCM demonstrates several remarkable advantages[30].
First and foremost, it combines powerful analytical capa-
bilities with high-precision cell sorting functions, enabling
simultaneous identification and isolation of specific cell
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Fig.1 PRISMA flow diagram
for the methodology
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populations. The technique achieves exceptional pro-
cessing speed, capable of analyzing tens of thousands
to millions of cells within minutes when sufficient sam-
ple quantities are available. Its multiparametric analysis
capacity stands out through advanced multiplex fluo-
rescent labeling techniques, where multiple monoclonal
antibodies conjugated with distinct fluorophores permit
simultaneous detection of various cellular characteristics
in a single assay. This multi-parameter approach signifi-
cantly enhances the resolution of cellular subpopulations,
enabling more accurate identification and quantification
of rare cell subsets. Furthermore, FCM exhibits remark-
able sample versatility, accommodating diverse specimen
types including cell culture supernatants, cellular lysates,
microbial samples, synthetic microspheres, as well as vari-
ous biological fluids such as serum and plasma.

FCM, while a powerful analytical tool, presents several
inherent limitations. Firstly, the technique mandates strin-
gent sample preparation as single-cell suspensions. During
tissue dissociation procedures, mechanical and enzymatic
processing may compromise cellular integrity through
membrane damage, potentially altering biological charac-
teristics and compromising subsequent analytical accuracy.
Secondly, the requirement for high-end instrumentation and
specialized personnel for operation and maintenance creates
substantial financial barriers, restricting its accessibility in
resource-limited settings. From a technical perspective, the
methodology demonstrates reduced efficacy in detecting
specific intracellular components, particularly cytoplasmic
and nuclear markers such as Bcl-2 and Cyclin-D1, where
suboptimal detection performance has been documented.
Furthermore, unlike pathological specimens that permit
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Fig.2 Single-cell separation technique

long-term archival storage for retrospective analysis, FCM
samples lack equivalent preservation capacity. These limita-
tions collectively constrain its diagnostic utility for particu-
lar neoplastic conditions, including Hodgkin lymphoma and
myeloproliferative neoplasms, as well as in the analysis of
specialized cell populations like megakaryocytes.

Microfluidic chip technology

Microfluidic chip technology refers to a technique that inte-
grates the functionalities of an entire analytical laboratory-
including sampling, sample pretreatment, reaction, separa-
tion, and detection-onto a chip measuring just a few square
centimeters. Microfluidic chip technology offers numer-
ous outstanding advantages [31]. First, it integrates min-
iaturization and a high degree of automation. By cleverly
designing the dimensions and curvature of flow channels,
microvalves, and cavities, multiple steps in sample detection
can be concentrated on a single small chip. This integration
significantly reduces the complexity and errors associated
with manual operations throughout the entire detection pro-
cess. Second, it enables high throughput; microfluidic chips
can be designed with multi-channel structures that allow
simultaneous diversion of samples to multiple reaction units
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through a network of microchannels. Each reaction unit is
isolated from one another to prevent interference, enabling
parallel testing of various parameters on the same sample.
Compared to conventional sequential testing methods, this
approach greatly shortens detection time and enhances effi-
ciency. Third, there is reduced reagent consumption; due
to the minuscule size of reaction unit cavities on the chip,
although reagent concentrations may need slight adjustments
upwards, overall reagent usage is far lower than that required
by traditional methods—significantly lowering costs for
reagents. Fourth, minimal sample volume is required; only
microliter or even nanoliter quantities are needed for analy-
sis, whole blood can also be used directly for testing, which
holds significant importance for populations with limited
blood volumes or difficulties in venous collection (such as
infants, elderly individuals, or disabled persons), making
multi-parameter assessments feasible even with rare sam-
ples. Fifthly, contamination risks are minimized; the inte-
grated functionality of chips mitigates environmental con-
tamination during manual handling processes—for instance
in molecular nucleic acid tests-effectively addressing false-
positive issues caused by aerosol diffusion.

However, microfluidic chip technology also faces sev-
eral challenges [32]. Firstly, there is a lack of standardized
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protocols and regulations regarding core technologies. A
mature microfluidic product typically requires various com-
ponents such as reagents, microfluidic chips themselves,
driving platforms for these chips, along with optoelectronic
detection modules and signal processing systems, includ-
ing user interface software among others. Due to its nas-
cent stage within technological development cycles, lacking
standardization or normalization at present makes achieving
component interoperability difficult while hindering collabo-
rative product development between upstream and down-
stream companies—a situation compounded by stringent
technical requirements leading to prolonged development
timelines. Second, there exists an acute shortage related tal-
ent across disciplines: interdisciplinary professionals, corpo-
rate R&D personnel, and specialized market experts remain
scarce, particularly within domestic contexts where skilled
technicians engaged specifically in product development
involving chips are especially hard-to-find. Furthermore,
production costs currently remain prohibitively high; most
disposable immunoassay-based devices cannot fully leverage
potential benefits offered via reusable analytical platforms,
resulting in elevated expenses per test conducted under exist-
ing manufacturing conditions whereby research-grade stand-
ard glass substrates might range anywhere from tens up into
hundreds dollars each. Additionally certain platform-specific
technical hurdles persist such as antibody immobilization
issues which represent critical concerns when dealing non-
homogeneous immunoassays performed using these types
devices-determining effective means securing antibodies
onto channel surfaces remains paramount despite availabil-
ity diverse methodologies (e.g., direct adsorption onto walls
covalent bonding forming active functional groups utilizing
techniques like soft lithography) all exhibiting inherent limi-
tations e.g., conformational changes induced upon binding
could diminish activity levels alongside necessity ensuring
proper sealing around channel surfaces since nonspecific
protein interactions coupled denaturation phenomena would
severely compromise sensitivity outcomes observed during
assays conducted therein. Moreover, integrating external
apparatuses (like automated analyzers display equipment
etc.) alongside respective fluidics represents yet another
key challenge requiring focused attention moving forward.

Laser capture microdissection

Laser Capture Microdissection (LCM) is a technique that
allows for the precise extraction of target cells from frozen
or paraffin-embedded tissue sections without compromis-
ing the structural integrity of the surrounding tissues [33].
The advantages of LCM are significant; it facilitates accu-
rate isolation of specific cell types from complex tissues
while preserving cellular morphology and structural integ-
rity [34]. This capability makes LCM particularly suitable

for studying specific subpopulations within tissues, which
is crucial for advancing our understanding of intercellular
interactions, disease mechanisms, and early detection strate-
gies in various diseases. When combined with immunohis-
tochemistry techniques, LCM provides powerful tools for
analyzing solid samples at single-cell resolution. Recent
advancements have been made utilizing LCM technology
in single-cell RT-PCR, short tandem repeat analysis in foren-
sic science, Western blotting techniques, mass spectrometry
studies, among others [35].

However, LCM does present certain limitations. The
operation is relatively complex and requires skilled person-
nel as well as specialized laser cutting platforms; thus, plac-
ing high technical demands on operators while being time-
consuming during execution. Additionally, its throughput is
low-making large-scale single-cell isolation challenging, as
only a limited number of cells can be isolated per session;
this poses difficulties in meeting high-throughput research
needs. Furthermore, the equipment associated with this tech-
nology tends to be costly, with substantial maintenance and
operational expenses that may hinder its widespread adop-
tion across various laboratories. Improper control over laser
energy levels or parameters during dissection could poten-
tially damage cellular components affecting nucleic acids’
integrity and protein activity within those cells-thereby
influencing subsequent analytical results adversely.

Application of single-cell sequencing
in tumor disease detection

Analysis of tumor cell heterogeneity

Tumor Cell Heterogeneity and the Role of SCS Tumor cell
heterogeneity, a cornerstone of cancer biology, describes
molecular diversity among tumor cells across genomic,
transcriptional, proteomic, and epigenetic dimensions. This
heterogeneity drives divergent behaviors in tumor growth,
invasion, metastasis, and therapeutic response, significantly
challenging diagnosis and clinical management [36] (Fig. 3).
In the research of melanoma, SCS technology has played a
crucial role [37]. Melanoma, a highly aggressive cutaneous
malignancy, exhibits marked tumor cell heterogeneity. While
traditional bulk sequencing fails to resolve this complexity,
SCS enables precise dissection of gene expression profiles
and mutational landscapes at cellular resolution [38]. Studies
applying SCS to melanoma tissues have identified distinct
tumor subpopulations with heterogeneous drug-resistance
profiles [39]. Certain clones overexpress drug-efflux trans-
porters (e.g., ABCB1), conferring chemotherapy resist-
ance through enhanced drug expulsion, while others harbor
mutations (e.g., in MAPK/ERK pathways) that impair tar-
geted therapy response. Notably, SCS has uncovered rare

@ Springer



410 Clinical and Translational Oncology (2026) 28:404-423
Tumor cell Tumor cell proliferation Tumor cell invasion and metastasis
@ e o
5 TS T A e e o leten)
o o > o7 (o[o]e]o]e]efESH)
Fo A : — e e — Primary Tumor Site \ sligetEasess P
. ?‘ .\)J 5/ ttl l>'/ \4 ;
9 . //\) - Q\; 9 & Q 7 — d
, (D N
Q\!/\ e ere ~ (@ —
@

Immune escape

CD8+ T cell

Fig.3 Tumor heterogeneity analysis and microenvironment

subclones with unique biological properties, despite their
low abundance, which may drive tumor recurrence and
metastasis through mechanisms, such as immune evasion
or niche adaptation [40]. These findings underscore SCS’s
capacity to reveal functional diversity within tumors, offer-
ing critical insights for overcoming therapeutic resistance.

SCS in Breast Cancer Heterogeneity SCS has similarly
uncovered profound tumor cell heterogeneity in breast can-
cer, the most prevalent malignancy among women. Breast
cancer encompasses diverse molecular subtypes, including
Luminal A, Luminal B, HER2-enriched, and triple-negative
breast cancer (TNBC) [41]. SCS enables granular analysis
of these subtypes, revealing significant intra-subtype het-
erogeneity that bulk sequencing obscures [42]. For exam-
ple, in TNBC, SCS has identified distinct subpopulations
with divergent surface markers, gene expression profiles,
and functional properties [43, 44]. Specific clusters exhibit
heightened proliferative activity, while others demonstrate
enhanced invasive and metastatic potential through epithe-
lial-mesenchymal transition (EMT) activation [45]. Further-
more, these subclones interact differentially within the tumor
microenvironment (TME), modulating tumor growth and
progression via cytokine/chemokine secretion and paracrine
signaling. Such insights underscore the clinical relevance of
SCS in dissecting cellular hierarchies and informing thera-
peutic strategies for heterogeneous breast cancers.

@ Springer

Cytokines recruit
immunosuppressive
cells

Tumor cells secrete cytokines

®¢
IL-10, TGF-B

Advantages of SCS in Tumor Heterogeneity Analysis.
The power of SCS in dissecting tumor heterogeneity lies not
only in identifying distinct cellular subpopulations but also
in elucidating their functional and molecular characteristics.
By analyzing SCS data, researchers obtain multidimensional
profiles of individual cells, including gene expression pat-
terns, mutational signatures, and epigenetic modifications,
enabling a comprehensive view of tumor biology.

Transcriptomic Insights: Single-cell RNA sequenc-
ing (scRNA-seq) resolves gene expression heterogeneity,
uncovering critical pathways linked to tumor initiation,
progression, and drug resistance [46]. Genomic Precision:
Single-cell DNA sequencing detects somatic mutations
and copy-number variations, mapping clonal evolution to
guide precision oncology strategies [47]. This multi-omics
approach bridges cellular diversity to clinical applications,
transforming our understanding of tumor dynamics and
therapeutic vulnerabilities.

Tumor microenvironment

TME serves as a critical foundation for tumor growth, pro-
liferation, and metastasis. Comprising tumor cells, immune
cells, stromal components, and extracellular matrix, these
elements engage in intricate cross-talk that collectively gov-
erns tumorigenesis, disease progression, and therapeutic
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outcomes[48]. Single-cell sequencing has emerged as a
transformative approach for dissecting cellular heterogeneity
and functional dynamics within the TME, offering unprec-
edented resolution to characterize tumor-immune-stromal
interactions[49].

Single-cell sequencing has revolutionized the investiga-
tion of tumor-immune cell interactions. In melanoma, this
technology has unveiled tumor cell-secreted factors (e.g.,
CXCL12) that orchestrate immunosuppressive cell recruit-
ment, including regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs)[50]. Tregs facilitate
tumor immune evasion through inhibitory cytokines (IL-10,
TGF-p) that suppress effector T cell activity[51, 52], while
MDSCs impair T cell function via nutrient deprivation (e.g.,
arginine depletion) to fuel tumor progression[53]. Further-
more, single-cell analyses elucidate compromised antigen
presentation mechanisms: Although tumor antigens are nor-
mally processed by APCs to activate T cell responses[54],
malignant cells frequently dysregulate MHC-I expression to
evade immune detection. This technology enables system-
atic profiling of antigen presentation-related genes across
cellular subsets, providing mechanistic insights into tumor
immune escape.

Single-cell sequencing has delineated the complex
immune landscape of TNBC, an aggressive subtype with
distinct TME features. Notably, TNBC exhibits remarkable
macrophage infiltration, with single-cell analyses identifying
M1 (anti-tumor) and M2 (pro-tumor) polarization states[55].
M1 macrophages secrete pro-inflammatory cytokines (TNF-
a, [L-12) to activate antitumor T cell responses, while M2
counterparts promote tumor progression through immuno-
suppressive factors (IL-10, TGF-f). This technology pre-
cisely maps macrophage spatial distribution and functional
specialization within TME. Furthermore, single-cell profil-
ing reveals diverse T cell populations including cytotoxic
CD8 +T cells, helper CD4+T cells, and regulatory T cells,
whose compositional dynamics correlate with disease pro-
gression and clinical outcomes[56]. Despite cytotoxic poten-
tial, CD8 + T cells frequently exhibit functional exhaustion
marked by elevated PD-1/CTLA-4 expression-a therapeutic
vulnerability illuminated through single-cell transcriptomic
mapping. These insights establish a cellular atlas for devel-
oping precision immunotherapies targeting TNBC’s immu-
nosuppressive niche.

SCS has unraveled the pivotal role of tumor-stromal
crosstalk in shaping malignant progression. In colorectal
cancer, this technology decodes the dynamic reciprocity
between cancer-associated fibroblasts (CAFs) and tumor
cells, revealing CAFs heterogeneity across functional sub-
types [57]. Mechanistically, CAFs orchestrate tumorigenesis
through dual modalities: (1) Secretory activation of growth
factors (PDGF) and extracellular matrix remodeling (col-
lagen deposition) to fuel proliferation and invasion; (2)

Direct contact-mediated regulation of oncogenic signaling
pathways. Single-cell transcriptomic profiling identifies
CAF-specific molecular signatures, with SDF-1-enriched
subpopulations demonstrating strong correlation with meta-
static competence[58]. Therapeutic targeting of these protu-
moral CAF subsets through pathway inhibition significantly
attenuates metastatic dissemination, highlighting the clinical
potential of stromal reprogramming strategies.

SCS illuminates endothelial cell heterogeneity driv-
ing tumor angiogenesis. Malignant cells secrete vascular
endothelial growth factor (VEGF) to activate endothelial
proliferation and neovascularization[59]. This technology
deciphers tumor-associated endothelial signatures distinct
from normal counterparts, revealing pathological features
including enhanced vascular permeability and hemodynamic
abnormalities that facilitate metastasis[60]. Importantly, sin-
gle-cell profiling uncovers endothelial-specific biomarkers
and druggable targets, advancing precision anti-angiogenic
therapeutic development.

Early diagnosis and prognosis evaluation of tumor

Early Cancer Diagnosis and the Role of SCS Early tumor
detection is critical to improving patient survival and treat-
ment outcomes. The Li Shao group at Tsinghua University
has established a groundbreaking single-cell atlas of human
gastric carcinogenesis through sequencing of gastritis and
early gastric cancer specimens [61]. Leveraging computa-
tional systems biology, this work delineates 17 critical cell
types-including pre-malignant gastric epithelial subsets-and
constructs the first quantitative interactome mapping gastri-
tis-to-carcinoma transition. Mechanistically, epithelial evo-
lution follows a three-stage transformation trajectory: pro-
gressive inflammatory activation, metabolic reprogramming,
and proliferative escalation. Crucially, two first-in-field bio-
markers were identified: (1) Intestinal metaplasia-associated
signatures enabling early detection of pre-cancerous lesions
[62]; (2) Molecularly defined pre-malignant cell clusters
emerging prior to histopathological confirmation. These sub-
clinical populations, characterized through network analysis
of epithelial cell-cell communication, establish a paradigm-
shifting framework for precision diagnosis and therapeutic
interception in incipient gastric cancer.

SCS in Prognostic Assessment of Tumors SCS demon-
strates transformative potential in evaluating tumor prog-
nosis, which is influenced by multifaceted factors such
as tumor cell heterogeneity, microenvironment dynamics,
and interpatient variability. Patrick Tan’s team (Duke-
NUS) integrated 2,138 spatial transcriptomic regions and
152,423 single-cell profiles from 226 gastric cancer sam-
ples (n=121 patients), defining two distinct evolutionary
trajectories with clinical prognostic relevance [63]. The
study delineates: (1) Branched evolution characterized
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by progressive somatic copy number alteration (SCNA)
accumulation driving subclone diversification; (2) Punc-
tuated evolution featuring early acquisition of divergent
sCNAs followed by parallel clonal expansion. Analysis
of the TCGA cohort confirmed significantly worse sur-
vival in punctuated evolution cases (p <0.01) [64]. These
aggressive tumors exhibited elevated intratumoral hetero-
geneity (ITH) with concurrent upregulation of hypoxia and
EMT pathways. TME was enriched with pro-angiogenic
endothelial cells, CAFs, and metastasis-associated TAM1
macrophages, collectively establishing a molecular basis
for therapeutic resistance and poor prognosis.

SCS technology has important application value in
the early diagnosis and prognosis evaluation of tumors.
Through the discovery of specific markers in the early
stage of tumors, early detection and diagnosis of tumors
can be achieved, and more treatment opportunities can be
obtained for patients.
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Neuronal type identification and functional study

SCS Advances in Mammalian Brain Research scRNA-seq
has revolutionized our understanding of neuronal diversity in
mammalian brains. By profiling individual neurons in mouse
models, researchers have systematically resolved novel neu-
ronal subtypes with distinct molecular signatures and func-
tional properties [65](Fig. 4). Case Study: Visual Cortex
Neuronal Diversity. In the mouse visual cortex, scRNA-seq
identified a novel inhibitory interneuron subtype character-
ized by high expression of marker genes (e.g., Pvalb, Sst)
and unique electrophysiological profiles [66]. Functional
validation revealed this subtype modulates signal transmis-
sion and integration within visual circuits through: Syn-
aptic specificity: Preferential connectivity with excitatory
pyramidal neurons. Dynamic regulation: Activity-dependent
modulation of gamma oscillations during visual processing.
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These findings redefine classical neuronal classifications and
provide a molecular framework to investigate circuit-specific
roles of neuronal subpopulations in sensory processing and
behavior.

In the study of the human brain, SCS technology has also
played an important role. SCS of the prefrontal cortex of the
human brain identified 21 distinct subpopulations of neurons
[67]. These subgroups differ significantly in gene expression,
cell morphology, and function, and some of them are closely
associated with higher neural functions such as cognition,
emotion, and behavior. The in-depth study of these neuron
subgroups will help us to better understand the function
of the human brain and the pathogenesis of neurological
diseases.

SCS in Neuronal Development Research SCS has become
a cornerstone for unraveling the molecular dynamics of neu-
ronal development. During neurogenesis, neural stem cells
(NSCS) undergo progressive differentiation into diverse
mature neuronal subtypes-a process orchestrated by intri-
cate gene regulatory networks. By employing scRNA-seq,
researchers can map temporal gene expression trajectories,
pinpointing key drivers of neuronal lineage specification.

SCS decodes temporal dynamics of neuronal develop-
ment by mapping transcriptional trajectories from NSCs
to mature neurons. This approach reveals stage-specific
regulatory programs governing neurogenesis, with murine
models identifying evolutionarily conserved signaling axes
(e.g., Notch, Wnt) that orchestrate lineage commitment [68].
Dysregulation of these pathways correlates with neurodevel-
opmental disorders, pinpointing molecular vulnerabilities in
neural differentiation cascades.

In addition to identifying neuron types, SCS technology
also enables in-depth studies of neuron function. By ana-
lyzing the gene expression profile of neurons, it is possible
to infer the biological processes and signaling pathways in
which they may be involved, thereby understanding their
function in the nervous system. In the study of Parkinson’s
disease patients, SCS technology was used to analyze dopa-
minergic neurons in the substantia nigra, and some disease-
related gene expression changes were found [69]. These
changes can lead to abnormal functioning of dopaminergic
neurons, which in turn can trigger symptoms of Parkinson’s
disease. Further study of the function and mechanism of
action of these genes could help develop new treatments for
Parkinson’s disease.

Study on the mechanism of neurodegenerative
diseases

SCS in neurodegenerative Disease Research neurodegen-
erative diseases, such as Alzheimer’s and Parkinson’s, pose
major threats to global health. Their heterogeneous pathol-
ogies involve diverse cell types and molecular pathways.

SCS has emerged as a transformative tool to unravel these
complexities, providing unprecedented resolution to dissect
cell-type-specific molecular alterations linked to disease
progression.

SCS in AD Research AD, a prevalent neurodegenerative
disorder, is characterized by neuronal loss, extracellular
beta-amyloid (A) plaques, and intracellular neurofibril-
lary tangles composed of hyperphosphorylated tau protein
[70]. While traditional studies relied on bulk tissue analyses,
SCS now enables precise identification of disease-associated
molecular and cellular changes by profiling cell-type-spe-
cific gene expression in AD patient brains [71](Fig. 4).

On September 28, 2023, the team of Professor Li Huei
Tsai of Massachusetts Institute of Technology published
three research papers related to AD in the journal Cell, ana-
lyzing the pathogenesis of AD from multiple perspectives
from the cellular, genetic and mechanism levels [72-74].
By conducting mononuclear transcriptome and epigenome
analysis on 443 human subjects and 194,000 mononuclear
microglia with different AD pathological phenotypes, the
research team revealed the dynamic changes of microglia
state in AD disease progression and the mechanism [72].
The study identified 12 microglial transcriptional states,
including homeostasis, inflammation, and lipid process-
ing states of AD dysregulation, and 1,542 AD differentially
expressed genes, including specific alterations in microglial
state and disease stage. By integrating epigenome, tran-
scriptome, and momoid information, upstream regulators
of microglia state, gene regulatory networks, enhancer gene
connections, and transcription faction-driven microglia state
transitions were inferred, and regulatory networks control-
ling microglia state transitions during AD progression were
described [73]. In human IPSC-derived microglia-like
cells, it has been found that predicting ectopic expression of
homeostasis activators can induce homeostasis features, and
inhibiting inflammatory activators can block the progression
of inflammation [74].

In another study [75], CAI Lihui’s team used postmor-
tem prefrontal cortex autopsy samples from AD patients and
brain tissues from CK-p25 mouse models for mononuclear
RNA sequencing (SNNA-SEQ) analysis, respectively, to
prove that in the progression of AD disease, Neuronal DNA
double strand breaks (DSBs) are a key pathological mecha-
nism that disrupts genomic stability and 3D genomic struc-
ture. Using snRNA-seq analysis in postmortem prefrontal
cortex samples, gene fusion was found to be abundant in
excitatory neurons with DNA damage repair and aging gene
characteristics. In the neurodegeneration model of CK-p25
mice, it was also found that DSBs accumulation in neurons
would lead to genomic structural variation and gene fusion
enrichment, and genes with long transcripts and high tran-
scription levels had a higher frequency of DNA breakage
and were more prone to structural variation and gene fusion.
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It is suggested that the destruction of genome stability and
3D genome by DSB in neurons is a key pathological factor
that cannot be ignored in neurodegeneration.

Parkinson’s disease (PD) is another common neurodegen-
erative disease. SCS technology has also played an impor-
tant role in the study of PD, helping to reveal the pathogen-
esis of PD and search for potential therapeutic targets.

Researchers from the Broad Institute developed a novel
strategy for enriching dopaminergic neurons from postmor-
tem PD substantia nigra pars compacta (SNpc), combining
snRNA-seq with Slide-seq spatial transcriptomics to map
10 distinct subpopulations along the dorsoventral axis[76].
Strikingly, an AGTR1 + neuronal subset localized in the
ventral SNpc demonstrated selective vulnerability, exhib-
iting pronounced TP53/NR2F2 dysregulation. This sub-
population’s transcriptional signature showed significant
convergence with Parkinson’s GWAS risk loci, establishing
molecular links between cellular susceptibility and genetic
predisposition.

Professor Jiang Qinghua’s team at Harbin Institute of
Technology integrated single-cell transcriptomics with TCR
repertoire sequencing to profile T cell dynamics in PD, ana-
lyzing 103,365 T cells from blood and CSF of 8 PD patients
and 15 controls (6 fresh + 7 public blood samples; 6 PD/9
control CSF datasets [77]. PD patients exhibited CD4/CD8
ratio inversion (p <0.05) and systemic T cell clonal expan-
sion, particularly within CD8 + subsets across both compart-
ments. Multi-modal analysis of 84,384 dual-profiled cells
revealed compartment-specific cytotoxicity signatures in
CSF-localized clones, implicating adaptive immune dys-
regulation in PD pathogenesis.

Fig.5 The study of single-cell
Microglia

Single-cell sequencing technology has important applica-
tion value in the mechanism research of neurodegenerative
diseases. Through this technology, we can deeply understand
the changes at the cellular level during the disease process,
reveal the pathogenesis of the disease, and provide a theo-
retical basis for the development of new treatments. With
the continuous development and improvement of technol-
ogy, SCS technology will play a more important role in the
research and treatment of neurodegenerative diseases and
bring new hope for overcoming these difficult diseases.

Diagnosis and therapeutic target discovery
of nervous system diseases

SCS technology has shown great potential in the diagno-
sis of neurological diseases, providing new strategies and
methods for the early diagnosis and precise treatment of
diseases(Fig. 5). SCS is revolutionizing AD diagnostics by
overcoming limitations of conventional methods (clinical
assessment, neuroimaging, CSF biomarkers) in early detection
sensitivity/specificity. This technology enables high-resolution
mapping of disease-associated molecular cascades across neu-
ronal and glial populations (microglia, astrocytes), uncovering
cell-type-specific signatures in AD brains[78]. Key advances
include: Identification of pre-symptomatic transcriptional bio-
markers in vulnerable neuron subtypes. Characterization of
microglial activation trajectories showing dynamic correlation
with disease progression[79]. Detection of stage-specific gene
clusters predictive of pathological severity. These discoveries
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establish a cellular framework for developing next-generation
diagnostic systems based on neural cell-state monitoring.

SCS in PD faces challenges in early detection and molecu-
lar subtyping. The hallmark pathologyp-progressive degen-
eration of midbrain dopaminergic neurons in the substantia
nigra, leading to striatal dopamine depletion and motor dys-
function—is traditionally diagnosed via clinical symptoms
lacking specific biomarkers. SCS addresses these limitations
by profiling dopaminergic neurons in PD patients, revealing
vulnerable neuronal subtypes with distinct gene expression
signatures (e.g., SNCA, PARK?2 dysregulation) [80]. These
differentially expressed genes serve as potential biomarkers
for early diagnosis and disease monitoring. SCS also dissects
immune cell dynamics in blood and CSF, uncovering neu-
roinflammation pathways (e.g., microglial activation, T cell
infiltration) that contribute to PD pathogenesis and offer novel
therapeutic targets [81].

SCS in Therapeutic Target Discovery for Neurological
Diseases SCS drives therapeutic innovation by identifying
disease-specific molecular targets. In AD, SCS studies reveal
genes and pathways central to pathogenesis. For example,
research [75] identified neuronal DNA double-strand breaks
(DSBs) as a key driver of genomic instability and 3D chro-
matin disorganization, pinpointing DSB repair pathways as
therapeutic targets. SCS also highlights microglia’s dual role
in AD progression-both neuroprotective (Af clearance) and
pathogenic (neuroinflammation). Targeting microglial acti-
vation states (e.g., suppressing pro-inflammatory signaling
via TREM2 modulation) emerges as a promising strategy.
Current drug development efforts targeting these pathways
(e.g., y-secretase inhibitors, NLRP3 inflammasome blockers)
highlight their therapeutic potential. By linking cellular dys-
function to druggable mechanisms, SCS accelerates precision
therapy development for neurodegenerative disorders.

SCS has provided pivotal insights into therapeutic target
discovery for PD. Profiling substantia nigra dopaminergic neu-
rons revealed AGTRI1 + subpopulations with selective vulner-
ability, marked by TP53/NR2F2 upregulation-key druggable
targets for neuroprotection. Simultaneously, this technology
uncovered PD-specific immune axis dysregulation, particularly
clonal T cell expansion with functional alterations, suggesting
immunomodulation as a promising therapeutic avenue. These
findings collectively enable precise targeting of both neuronal
degeneration pathways and neuroinflammatory mechanisms,
paving the way for mechanism-driven therapeutic strategies.

Application of single-cell sequencing
in the detection of infectious diseases

Study of pathogen-host cell interaction

SCS in Host—Pathogen Interaction Studies Pathogen infec-
tion of host cells is a multifaceted process encompassing
invasion, replication, immune evasion, and host defense
activation. SCS dissects these interactions with unprec-
edented resolution, revealing critical insights into infection
dynamics by profiling transcriptional responses of indi-
vidual host and pathogen cells. This approach decodes
cell-to-cell variability in immune evasion strategies, viral/
bacterial persistence mechanisms, and host defense hetero-
geneity, offering transformative avenues for understanding
infectious disease pathogenesis.

ScRNA-seq has revolutionized HSV-1 infection
research by capturing dynamic host-virus interactions at
cellular resolution. Analyzing primary neonatal human
dermal fibroblasts (NHDFs) at 1/3/5 h post-infection (hpi),
researchers identified cell cycle status (S/G2/M phase)
and viral replication stages as key heterogeneity drivers
of infection susceptibility[82]. Notably, biphasic viral
transcriptional dynamics emerged during lytic infection:
an initial stochastic phase (1-2 transcripts/cell) followed
by coordinated viral gene activation, attributed to US1/
UL54-mediated transcriptional switching. These findings
illuminate spatiotemporal regulation mechanisms underly-
ing herpesvirus-host interplay.

Single-cell sequencing has unveiled intricate host—path-
ogen dynamics in Salmonella enterica serovar Typhimu-
rium (S. Typhimurium) infections, as demonstrated by
Weizmann Institute researchers. Their analysis of ex vivo
infected peripheral blood mononuclear cells (PBMCs)
using a novel computational framework revealed cell-
type-specific immune response trajectories during bacte-
rial invasion[83]. The study established predictive models
linking single-cell molecular phenotypes (e.g., pathogen-
sensing pathways, cytokine-signaling cascades) to clini-
cal infection severity, while identifying key immune cell
subsets governing bacterial clearance versus systemic
spread. These findings provide a mechanistic blueprint for
developing diagnostic classifiers and immunomodulatory
therapies targeting host vulnerability nodes in bacterial
infections.

SCS has emerged as a transformative tool in malaria
research, particularly for deciphering Plasmodium para-
sites’ complex life cycle with stage-specific differentiation
networks. A landmark study led by the Sanger Institute
established a single-cell transcriptomic atlas of > 1,700
Plasmodium berghei parasites across developmental
stages in both mosquito vectors and human hosts[84]. This

@ Springer



416

Clinical and Translational Oncology (2026) 28:404-423

comprehensive resource captures transcriptional dynam-
ics during host-environment transitions, revealing phase-
restricted gene functions and novel regulatory mechanisms
governing parasite differentiation. By mapping molecular
checkpoints in Plasmodium development, the atlas pro-
vides critical insights for antimalarial drug discovery, vac-
cine development, and transmission-blocking strategies,
serving as an essential reference for global malaria control
efforts.

Early diagnosis and surveillance of infectious
diseases

Infectious diseases are a serious threat to human health.
Early and accurate diagnosis and effective monitoring are
very important for disease prevention and control. Sin-
gle-cell sequencing proved instrumental in deciphering
COVID-19 pathogenesis and clinical progression through
high-resolution immune profiling. Comparative analysis of
peripheral blood mononuclear cells (PBMCs) from mild ver-
sus severe COVID-19 patients revealed critical immune sig-
natures: Severe cases exhibited lymphopenia with CD8+T
cell functional exhaustion alongside myeloid cell-driven
hyperinflammation (IL-6/TNF-a overexpression), directly
correlating with cytokine storm severity and impaired viral
clearance[85]. Crucially, cell-type-specific early-response
genes identified through this approach established predic-
tive biomarkers for presymptomatic diagnosis and disease
trajectory forecasting, demonstrating the technology’s dual
utility in both mechanistic understanding and clinical man-
agement of viral infections.

SCS has emerged as a game-changer in influenza manage-
ment by addressing the limitations of traditional diagnos-
tics (e.g., PCR/antigen tests) in early detection sensitivity.
This technology enables single-cell resolution analysis of
virus-host interactions, revealing that respiratory epithe-
lial cells rapidly activate innate immune responses through
interferon-related gene upregulation upon influenza infec-
tion, while the virus simultaneously evades host defenses
by hijacking critical signaling pathways[86]. Longitudinal
monitoring of immune cell dynamics across disease stages
uncovers phase-specific changes: acute infection correlates
with CD8 + T cell exhaustion and impaired viral clearance,
whereas convalescence features expanded memory T/B cell
populations indicative of immune memory formation. These
insights not only identify epithelial-derived early-warning
biomarkers but also establish immune reconstitution signa-
tures for evaluating therapeutic efficacy, collectively advanc-
ing precision strategies for influenza diagnosis, prognosis,
and vaccine development.

SCS is revolutionizing tuberculosis (TB) diagnostics
and management by overcoming the limitations of con-
ventional methods like sputum smear and tuberculin tests.
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This technology dissects Mycobacterium tuberculosis-
macrophage interactions at cellular resolution, revealing
the pathogen’s survival strategy through apoptosis suppres-
sion (BAX/CASP3 downregulation) and immune response
gene silencing in infected macrophages [87]. Crucially, it
identifies macrophage-specific metabolic signatures (e.g.,
IDO1/ARG1 overexpression) as early diagnostic biomark-
ers while enabling treatment monitoring: therapy respond-
ers show restored IFN-y+ CD4 + T cell activity, whereas
non-responders exhibit persistent exhausted CD8 + T cell
phenotypes with elevated PD-1/TIM-3 expression. These
cellular insights advance precision strategies for TB detec-
tion, therapeutic optimization, and relapse prediction.

Discovery of new anti-infection targets

Single-cell sequencing technology plays an important role in
discovering new anti-infective targets and provides a strong
basis for the development of novel anti-infective drugs. In
the study of virus infection, single-cell sequencing technol-
ogy provides a new way to discover new antiviral targets.
Taking Hepatitis B virus (HBV) infection as an example
[88] (Fig. 6), traditional research methods are difficult to
fully reveal the molecular changes at the cellular level after
HBYV infection. SCS deciphers HBV-hepatocyte interactions
with unprecedented resolution, revealing viral-induced tran-
scriptional reprogramming that orchestrates viral replica-
tion and immune evasion. This approach pinpoints critical
host factors-including proviral dependencies mediating
capsid assembly and immune checkpoint regulators-whose
therapeutic targeting (via inhibitors/agonists) could disrupt
viral persistence. Functional validation of these candidates
establishes a translational roadmap for developing precision
antiviral strategies against chronic hepatitis B.

Single-cell sequencing is revolutionizing Staphylococ-
cus aureus infection research by decoding host—pathogen
interplay at cellular resolution. This technology reveals
how immune cells dynamically upregulate defense-related
genes (cytokines, chemokines) during early infection, while
S. aureus simultaneously deploys toxin-mediated strategies
to sabotage host immunity. High-resolution profiling identi-
fies dual therapeutic targets: bacterial virulence regulators
(e.g., quorum-sensing systems controlling toxin production)
and host factors governing pathogen recognition/clearance.
These discoveries enable the development of precision thera-
pies that simultaneously neutralize bacterial virulence and
enhance antimicrobial immunity, offering new strategies to
combat antibiotic-resistant infections [89].

Parasitic infections are also an important application
area of SCS technology. Taking Plasmodium infection as an
example, plasmodium has a complex life cycle and a variety
of morphological stages, and the regulatory network of cell
differentiation is obviously different in different stages of
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Fig.6 Application of single cell
sequencing in the detection of
infectious diseases
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its life history. Through the analysis of Plasmodium cells
at different developmental stages by single-cell sequencing
technology, the regulation mechanism of plasmodium gene
expression and pathogenic mechanism can be deeply under-
stood. It was found [90] that the expression of some genes
in the erythrocyte phase of Plasmodium is closely related to
the invasion, proliferation and escape from the host immune
attack. By studying the function of these genes, it is pos-
sible to discover new antimalarial targets. For example, the
proteins encoded by certain genes may be the key molecules
of Plasmodium invasion of red blood cells, or the important
factors regulating the metabolism and survival of plasmo-
dium. The development of drugs or vaccines targeting these
targets is expected to block the infection and transmission of
plasmodium, and provide a new means for malaria preven-
tion and control.

Application of single-cell sequencing
in detection of other diseases

Autoimmune disease

Autoimmune diseases are a kind of diseases caused by the
body’s immune system mistakenly attacking its own tis-
sues and organs. The pathogenesis is complex, involving
the abnormal activation and dysfunction of a variety of
immune cells(Fig. 7). Rheumatoid Arthritis and Single-Cell
Sequencing Insights Rheumatoid arthritis (RA), a chronic
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autoimmune disorder characterized by joint inflammation
and tissue damage, severely compromises patients’ quality
of life [91]. Traditional research methods struggle to cap-
ture the intricate immune cell dynamics in RA pathogenesis,
whereas SCS enables precise characterization of immune
populations at cellular resolution. Analyses of synovial tis-
sue and peripheral blood mononuclear cells (PBMCs) from
RA patients have uncovered disease-specific immune sub-
sets and molecular signatures. Notably, a pro-inflammatory
macrophage subset with elevated expression of cytokines
(e.g., TNF-a, IL-6) and chemokines was identified in syno-
vial lesions, driving inflammatory responses. Concurrently,
T cell profiling revealed expanded Th17 populations secret-
ing IL-17, a key mediator of joint destruction. This approach
further revealed novel disease-associated genes and signal-
ing pathways, highlighting potential therapeutic targets for
RA treatment.

SCS Advances in Systemic Lupus Erythematosus
ResearchSystemic lupus erythematosus (SLE), a highly
complex autoimmune disorder characterized by multi-organ
involvement and diverse clinical manifestations, has been
increasingly studied using single-cell sequencing to decode
its pathogenic mechanisms and therapeutic vulnerabilities.
Analysis of peripheral blood mononuclear cells (PBMCs)
from SLE patients through this approach has revealed
multiple immune abnormalities [92]. Notably, abnormally
activated B cell subsets exhibiting elevated expression of
autoantibody-associated genes were identified, potentially
driving autoantibody production and immune complex
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Fig. 7 Application of single cell sequencing in autoimmune diseases, genetic diseases and rare diseases

formation. Concurrently, T cell dysregulation was observed,
marked by hyperactivation of Th1l and Th17 cells coupled
with impaired regulatory T cell (Treg) function, contribut-
ing to immune imbalance and subsequent tissue damage.
Additionally, chromatin accessibility profiling uncovered
disease-associated regulatory elements and transcription
factors, providing novel mechanistic insights into SLE
pathogenesis. These findings highlight the utility of single-
cell technologies in dissecting SLE immunopathology and
guiding precision therapies.

SCS in Other Autoimmune DisordersBeyond RA and
SLE, single-cell sequencing has advanced research in auto-
immune diseases like Sjogren’s syndrome and ankylosing
spondylitis. In Sjogren’s syndrome, single-cell analysis of
salivary gland tissue uncovered immune cell infiltration,
functional aberrations in lymphocytes, and stress-respon-
sive epithelial cells with apoptosis-related alterations,
illuminating disease mechanisms [93]. Similarly, studies
in ankylosing spondylitis identified dysregulated immune
subsets in peripheral blood and joint tissues, revealing cel-
lular heterogeneity and functional reprogramming linked to
inflammation, while pinpointing candidate biomarkers and
therapeutic targets [94]. These findings underscore the broad
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utility of single-cell approaches in dissecting autoimmune
pathogenesis.

Hereditary disease

Genetic diseases are diseases caused by changes in genetic
material, and there are many kinds of diseases that seri-
ously affect the health and quality of life of patients(Fig. 6).
Single-Cell Sequencing in Rare Genetic DisordersSingle-
cell sequencing has become pivotal in studying rare genetic
diseases, particularly those with high genetic heterogeneity
where conventional methods fail to pinpoint diagnoses or
causal variants. By profiling whole genomes or transcrip-
tomes at single-cell resolution, this technology enables
comprehensive profiling of genetic variants. For monogenic
disorders like cystic fibrosis and Huntington’s disease, sin-
gle-cell sequencing reliably detects pathogenic mutations,
facilitating early diagnosis and genetic counseling. In cystic
fibrosis, for instance, it identifies CFTR gene mutations
causing chloride channel dysfunction [95]. Moreover, this
approach uncovers novel pathogenic mutations, expanding
the genetic landscape of rare diseases and refining mecha-
nistic understanding.
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SCS in Genetic Counseling and Prenatal DiagnosisS-
ingle-cell sequencing holds transformative potential for
genetic counseling and prenatal diagnostics, particularly
for families with hereditary disease risks. By analyzing
individual embryonic or fetal cells, this technology enables
early detection of pathogenic variants, empowering informed
reproductive decisions. In prenatal diagnostics [96], single-
cell approaches detect chromosomal abnormalities (e.g.,
trisomy 21 in Down syndrome, trisomy 18 in Edwards syn-
drome) and monogenic disorders through non-invasive pro-
filing of cell-free fetal DNA (cffDNA) in maternal blood.
For monogenic diseases, targeted sequencing of fetal cells
accurately identifies inherited mutations, guiding clinical
interventions such as pregnancy termination or early thera-
peutic strategies. These applications significantly reduce the
incidence of genetic disorders and improve population health
outcomes.

SCS in therapeutic development for genetic disorders
beyond diagnostics and prenatal testing, SCS drives novel
therapeutic strategies for inherited diseases by elucidating
molecular mechanisms and actionable targets [97]. Profil-
ing patient-derived cells at single-cell resolution identifies
disease-specific signaling pathways and hub genes, ena-
bling targeted drug development. For example, single-cell
analyses have uncovered druggable pathways in monogenic
disorders, where drugs targeting these pathways may offer
therapeutic breakthroughs. Furthermore, the technology
facilitates real-time tracking of cellular responses during
treatment, monitoring dynamic changes in gene expression
profiles and genetic variants to evaluate therapeutic efficacy.
This capability allows clinicians to optimize regimens based
on molecular evidence, accelerating precision medicine for
genetic diseases.

Rare disease

SCS in Rare Disease ResearchRare diseases, characterized
by ultra-low prevalence, heterogeneous genetic basis, and
diverse clinical presentations, represent a significant unmet
medical need. Epidemiologically, over 7,000 rare disor-
ders have been documented globally, collectively affecting
approximately 300 million individuals [98]. Conventional
approaches struggle to systematically investigate their patho-
genesis or identify therapeutic targets due to limited patient
cohorts. Single-cell sequencing overcomes these barriers by
enabling high-resolution dissection of disease mechanisms
at cellular granularity, revealing cell-type-specific molecular
aberrations and uncovering novel therapeutic vulnerabilities.
This technology has become instrumental in advancing pre-
cision diagnostics and targeted therapy development for rare
diseases (Fig. 6).

Single-Cell Profiling Elucidates Pathogenesis of 1gG4-
Related Disease IgG4-related disease (IgG4-RD), a chronic

fibroinflammatory disorder characterized by IgG4 + plasma
cell infiltration in multiple organs (e.g., salivary glands, pan-
creas, aorta), leads to fibrotic lesions, irreversible tissue dam-
age, and organ dysfunction. Its pathogenesis remains poorly
understood. A collaborative study by Tianjin Medical Uni-
versity researchers employed scRNA-seq and bulk RNA-seq
to dissect immune cell heterogeneity in affected tissues and
peripheral blood mononuclear cells (PBMCs), uncovering
molecular mechanisms underlying IgG4-RD [98]. This study
delineates the cellular origins of pathogenic IgG4 + plasma
cells and identifies potential therapeutic targets, advancing
mechanistic insights into IgG4-RD.

SCS Advances Cystic Fibrosis Research Cystic fibrosis
(CF), an autosomal recessive disorder caused by mutations in
the CFTR gene, disrupts mucus secretion and ion transport in
the respiratory and gastrointestinal systems, leading to severe
multisystem complications. Single-cell sequencing of airway
epithelial cells from CF patients has revealed distinct tran-
scriptional heterogeneity across cell subsets [99]. Key findings
include dysregulated expression of genes governing mucus
production and ion transport in specific epithelial subpopula-
tions, directly linking these abnormalities to disease pathology.
Furthermore, analyses uncovered inter-patient and intra-patient
heterogeneity in cellular composition and gene expression pat-
terns, highlighting the complex molecular landscape of CF.
These insights provide a foundation for developing cell sub-
type-targeted therapies tailored to individual disease variants,
advancing precision medicine approaches for CF.

SCS in Functional Profiling of Rare Diseases Single-cell
sequencing enables deep functional and phenotypic charac-
terization of disease-associated cells in rare disorders. By
analyzing transcriptomic profiles of patient-derived cells
[100], this technology identifies aberrant gene expression
linked to cellular metabolism, signaling pathways, and func-
tional impairments that drive pathogenesis. For example,
single-cell studies in select rare diseases have revealed dys-
regulated genes contributing to defective cellular processes,
offering mechanistic insights for therapeutic intervention.
These findings not only elucidate molecular mechanisms
but also nominate actionable targets for drug development.
As the technology matures, its integration into rare disease
research and clinical workflows holds promise for advanc-
ing precision diagnostics and tailored therapies, ultimately
improving outcomes for patients with these understudied
conditions.

Conclusion
Summary of research results

SCS in Disease Diagnostics and Precision Medicine Sin-
gle-cell sequencing has revolutionized disease research
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and clinical practice by enabling cell-level resolution of
molecular landscapes across diverse pathologies. In oncol-
ogy, this technology deciphers tumor heterogeneity, iden-
tifying distinct malignant subclones with divergent thera-
peutic vulnerabilities. It further maps dynamic interactions
within the TME, exposing immunosuppressive networks
between cancer cells, stromal components, and immune
infiltrates. Clinically, it facilitates early cancer detection
through rare circulating tumor cell profiling and improves
prognostic stratification by correlating TME signatures with
treatment response. In neurological disorders, single-cell
atlases redefine neuronal and glial taxonomy, uncovering
disease-specific subtypes in neurodegeneration and eluci-
dating mechanisms like synaptic dysfunction and neuroin-
flammation. These insights drive biomarker discovery for
preclinical diagnosis and highlight therapeutic targets such
as tauopathy regulators. For infectious diseases, the tech-
nology dissects host—pathogen interplay, capturing immune
evasion strategies and identifying infection-stage-specific
immune signatures for rapid diagnostics. It also accelerates
antimicrobial target discovery by profiling pathogen adap-
tation mechanisms. In autoimmune and genetic diseases,
single-cell analyses resolve pathogenic immune subsets and
their cytokine networks, while pinpointing mosaic mutations
in genetically heterogeneous cohorts. For rare diseases, it
uncovers cell-type-specific molecular lesions, enabling tar-
geted therapy repurposing. By bridging molecular mecha-
nisms to clinical needs, single-cell sequencing stands as a
cornerstone of precision medicine, transforming diagnostics,
therapeutic development, and patient stratification across
diverse diseases.

Research prospects

Looking ahead, technological refinements promise a broader
impact. Cost reductions through microfluidic automation and
multiplexed assays will enhance clinical accessibility. Cross-
platform standardization and Al-powered analytical frame-
works will improve data reproducibility. Integration with
multi-omics modalities (spatial transcriptomics, proteomics)
and longitudinal sampling will deepen mechanistic insights
into disease trajectories. These advances will solidify sin-
gle-cell sequencing as a cornerstone of precision medicine,
enabling dynamic profiling of therapeutic responses and
accelerating biomarker-to-therapy translation across diverse
pathologies.

Funding This review was funded by the Natural Science Foundation
of Shandong Province, China ZR2024QCO085.
Data availability Not applicable.

Declaration

@ Springer

Conflict of interest The authors declare no conflict.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

References

1. Shijun G, Haiying Z, Yan W, Li C, Yanan P, Yunyi T, et al. Appli-
cation of single cell analysis in the study of stem cell heterogene-
ity. J Tissue Eng. 2019;24(31):5057-63.

2. Arora R, Cao C, Kumar M, Chanda A, McNeil R, Samuel D,
et al. Spatial transcriptomics reveals distinct and conserved tumor
core and edge architectures that predict survival and targeted
therapy response. Nat Commun. 2023;14(1):5029 (Published
2023 Aug 18).

3. Wang S, Sun ST, Zhang XY, Ding HR, Yuan Y, He JJ, et al. The
evolution of single-cell RNA sequencing technology and applica-
tion: progress and perspectives. Int J Mol Sci. 2023;24(3):2943.

4. Jovic D, Liang X, Zeng H, Lin L, Xu F, Luo Y. Single-cell RNA
sequencing technologies and applications: a brief overview. Clin
Transl Med. 2022;12(3):e694.

5. Xiang X, Hui D, Wang L. Application of single-cell
gene sequencing in cancer research. J Mol Diagn Ther.
2019;15(1):1-4.

6. Huang X, Liu S, Wu L, Jiang M, Hou Y. High throughput single
cell RNA sequencing, bioinformatics analysis and applications.
Adv Exp Med Biol. 2018;1068:33-43.

7. Xiong LL, Xue LL, Du RL, Niu RZ, Chen L, Chen J, et al. Single-
cell RNA sequencing reveals B cell-related molecular biomarkers
for Alzheimer’s disease. Exp Mol Med. 2021;53(12):1888-901.

8. Zhao W, Liu X, He Ji. Application of cerebrospinal fluid SCS
technology in neurodegenerative diseases. Chin J Front Med
(Electronic edition). 2019;16(6):52-7.

9. Jiang H, Yu D, Yang P, Guo R, Kong M, Gao Y, et al. Revealing
the transcriptional heterogeneity of organ-specific metastasis in
human gastric cancer using single-cell RNA Sequencing. Clin
Transl Med. 2022;12(2):e730.

10. ZhuJ, Fan Y, Xiong Y, Wang W, Chen J, Xia Y, et al. Delineat-
ing the dynamic evolution from preneoplasia to invasive lung
adenocarcinoma by integrating single-cell RNA sequencing and
spatial transcriptomics. Exp Mol Med. 2022;54(11):2060-76.

11. Chen H, Fang X, Shao J, Zhang Q, Xu L, Chen J, et al. Pan-
cancer single-nucleus total RNA sequencing using snHH-seq.
Adv Sci (Weinh). 2024;11(5):e2304755.

12. Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Anders-
son A, et al. A single-cell and spatially resolved atlas of human
breast cancers. Nat Genet. 2021;53(9):1334-47.

13. Tanaka H, Mise Y, Takahashi A, Kawano F, Takeda Y, Ima-
mura H, et al. Analyzing the high frequency of false-positive


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Clinical and Translational Oncology (2026) 28:404-423

421

15

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

carcinoembryonic antigen elevations in postoperative pancreatic
ductal adenocarcinoma. Langenbecks Arch Surg. 2024;410(1):6.
Chiang TH, Maeda M, Yamada H, Chan CC, Chen SL, Chiu
SY, et al. Risk stratification for gastric cancer after Helicobacter
pylori eradication: a population-based study on Matsu Islands. J
Gastroenterol Hepatol. 2021;36(3):671-9.

Nooreldeen R, Bach H. Current and future development in lung
cancer diagnosis. Int J Mol Sci. 2021;22(16):8661 (Published
2021 Aug 12).

Soreq L, Bird H, Mohamed W, Hardy J. Single-cell RNA
sequencing analysis of human Alzheimer’s disease brain samples
reveals neuronal and glial specific cells differential expression.
PLoS ONE. 2023;18(2):0277630.

Xiong LL, Du RL, Niu RZ, Xue LL, Chen L, Huangfu LR, et al.
Single-cell RNA sequencing reveals peripheral immunological
features in Parkinson’s disease. NPJ Parkinsons Dis. 2024;10(1):
185.

. Han J, DePinho RA, Maitra A. Single-cell RNA sequenc-

ing in pancreatic cancer. Nat Rev Gastroenterol Hepatol.
2021;18(7):451-2.

Zhang Z, Wang ZX, Chen YX, Wu HX, Yin L, Zhao Q, et al.
Integrated analysis of single-cell and bulk RNA sequencing
data reveals a pan-cancer stemness signature predicting immu-
notherapy response. Genome Med. 2022;14(1):45.

He L, Fan Y, Zhang Y, Tu T, Zhang Q, Yuan F, et al. Single-
cell transcriptomic analysis reveals circadian rhythm disruption
associated with poor prognosis and drug-resistance in lung
adenocarcinoma. J Pineal Res. 2022;73(1):¢12803.

Wang L, Sfakianos JP, Beaumont KG, Akturk G, Horow-
itz A, Sebra RP, et al. Myeloid cell-associated resistance to
PD-1/PD-L1 blockade in urothelial cancer revealed through
bulk and single-cell RNA sequencing. Clin Cancer Res.
2021;27(15):4287-300.

Foutadakis S, Kordias D, Vatsellas G, Magklara A. Identifica-
tion of new chemoresistance-associated genes in triple-nega-
tive breast cancer by single-cell transcriptomic analysis. Int J
Mol Sci. 2024;25(13):6853.

Zhang Q, Yao B, Long X, Chen Z, He M, Wu Y, et al. SCS
identifies differentiation-related markers for molecular clas-
sification and recurrence prediction of PitNET. Cell Rep Med.
2023;4(2):100934.

Kilfeather P, Khoo JH, Wagner K, Liang H, Caiazza MC, An Y,
et al. Single-cell spatial transcriptomic and translatomic profil-
ing of dopaminergic neurons in health, aging, and disease. Cell
Rep. 2024;43(3):113784.

Piehl N, van Olst L, Ramakrishnan A, Teregulova V, Simonton
B, Zhang Z, et al. Cerebrospinal fluid immune dysregulation
during healthy brain aging and cognitive impairment. Cell.
2022;185(26):5028-5039.¢13.

SunJ, Zhao J, Jiang F, Wang L, Xiao Q, Han F, et al. Identifica-
tion of novel protein biomarkers and drug targets for colorectal
cancer by integrating human plasma proteome with genome.
Genome Med. 2023;15(1):75.

Zhang Y, Wang D, Peng M, Tang L, Ouyang J, Xiong F, et al.
Single-cell RNA sequencing in cancer research. J] Exp Clin
Cancer Res. 2021;40(1):81.

Su Y, Zheng H, Cui X, Zhang S, Zhang S, Hu Z, et al. Single-
cell sequencing insights into the transcriptional landscape of
Parkinson’s disease. Ageing Res Rev. 2024;102:102553.

Cui X. Research progress of flow cytometry in medical exami-
nation. J Qiqgihar Med Coll. 2016;37(18):2336-7.

Pu Y, Jiang Y, Liu Y, Yu H, Gao X. Rapid bacterial typing
detection based on flow cytometry. Exp Technol Manag.
2019;40(10):70-6.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47

48

49.

Zhuan H, Guoxia Z, Wang Y. Advantages and application
prospects of microfluidic chip technology in the study of cell
adhesion. Chin J Tissue Eng. 2019;23(22):3584-90.

Lin X. A new single-cell biomics sequencing method based on
digital microfluidic technology. Shanghai: Shanghai Normal
University; 2024.

Guo W, Hu Y, Qian J, Zhu L, Cheng J, Liao J, et al. Laser
capture microdissection for biomedical research: towards high-
throughput, multi-omics, and single-cell resolution. J Genet
Genomics. 2023;50(9):641-51.

Rao BH, Soucek P, Hlava¢ V. Laser capture microdissec-
tion: a gear for pancreatic cancer research. Int J Mol Sci.
2022;23(23):14566.

Bhamidipati T, Sinha M, Sen CK, Singh K. Laser capture
microdissection in the spatial analysis of epigenetic modifica-
tions in skin: a comprehensive review. Oxid Med Cell Longev.
2022;2022:4127238.

Bai M, Yan Z, Shi C, Xing J, Ren T. Research progress on the
heterogeneity of mitochondrial oxidative phosphorylation func-
tion in tumor cells. Chin J Cancer Prev Treat. 2019;16(1):114-9.
Chen K, Xiong J, Xue C. Research progress of single-cell
transcriptome sequencing in melanoma. J Nav Med Univ.
2019;45(2):155-60.

Xiaoli W, Zhongjie H, Mengyang H, Yaqi L, Wang S.
Single-cell transcriptome sequencing technologies in the
research development of malignant melanoma skin. J biomed.
2023;13(2):199-210.

Yin Y. Identification of rare cell types by single cell sequencing
for melanoma. Shaanxi: Xidian University; 2020.

Zhang W, Xie X, Huang Z, Zhong X, Liu Y, Cheong KL, et al.
The integration of SCS, TCGA, and GEO data analysis revealed
that PRRT3-AS1 is a biomarker and therapeutic target of SKCM.
Front Immunol. 2022;13:919145.

Wang X, Wang Y. The clinical value and latest research pro-
gress of antibody-drug conjugations from molecular typing of
breast cancer in the era of precision medicine. Chin J Cancer.
2019;33(12):1073-82.

Ding S, Chen X, Shen K. Single-cell RNA sequencing in breast
cancer: understanding tumor heterogeneity and exploring indi-
vidualized therapy. Cancer. 2015;40(11):499-515.

Xier H, Zhenyu Y, Jingyi X, Ping Y, Shujia P, Lijuan Y, et al.
Application of SCS in neoadjuvant chemotherapy for triple-
negative breast cancer. China Cancer J. 2019;31(3):221-6.
Zhang Y, Chen H, Mo H, Hu X, Gao R, Zhao Y, et al. Single-cell
analyses reveal key immune cell subsets associated with response
to PD-L1 blockade in triple-negative breast cancer. Cancer Cell.
2021;39(12):1578-1593.e8.

Tao X, Jun Y, Yong H, Peiyao Z, Yong Y, Yadong H, et al. Analy-
sis of macrophage marker genes and their functions in triple-
negative breast cancer based on single cell sequencing. J Grad
Med Stud. 2020;33(7):715-9.

Si L, Yonghong S, Shun L, Meiliang L, Yang Y, Leilei, et al.
Study on peripheral blood B cell gene expression profile before
and after hepatoma surgery based on single-cell RNA sequenc-
ing. Chin J Cancer Prev Treat. 2019;16(4):433-42.

Zhixuan Li. Single-cell transcriptome sequencing to explore the
mechanism of promoting drug resistance phenotype in hepato-
biliary tumor heterogeneity. Shanghai: PLA Navy Medical Uni-
versity; 2021.

Werba G, Weissinger D, Kawaler EA, Zhao E, Kalfakakou D,
Dhara S, et al. Single-cell RNA sequencing reveals the effects
of chemotherapy on human pancreatic adenocarcinoma and its
tumor microenvironment. Nat Commun. 2023;14(1):3912.
Jiabao H. Analysis of microenvironment characteristics of bone
metastases in lung cancer by single-cell transcriptome sequenc-
ing. Henan: Zhengzhou University; 2023.

@ Springer



422

Clinical and Translational Oncology (2026) 28:404-423

50

51.

52.

53

54.

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67

Renpeng D. Effect of single cell transcriptome sequencing on the
function of MART-1 specific TCR-T cells in PD-L1 molecules.
Beijing: University of Chinese Academy of Sciences; 2020.

Li X, Wan Z, Liu X, Ou K, Yang L. A 12-chemokine gene signa-
ture is associated with the enhanced immunogram scores and is
relevant for precision immunotherapy. Med Oncol. 2022;39(4):43
(Published 2022 Jan 29).

Noyes D, Bag A, Oseni S, Semidey-Hurtado J, Cen L, Sarnaik
AA, et al. Tumor-associated Tregs obstruct antitumor immunity
by promoting T cell dysfunction and restricting clonal diver-
sity in tumor-infiltrating CD8+ T cells. J Immunother Cancer.
2022;10(5):e004605.

Yueyuan F. The regulatory effect of melanoma-derived extracel-
lular vesicles on the immune system. Guangzhou: Guangzhou
Medical University; 2022.

Zimmermannova O, Ferreira AG, Ascic E, Velasco Santiago
M, Kurochkin I, Hansen M, et al. Restoring tumor immuno-
genicity with dendritic cell reprogramming. Sci Immunol.
2023;8(85):eadd4817.

Zhang H. Regulation of polarization by arachidene 5-lipoxy-
genase in macrophages associated with triple negative breast
cancer and its effect on invasion of EMT6 cell line. Hohhot:
Inner Mongolia Medical University; 2023.

Haiyin S. Relationship between CD8+T and a-SMA+CAFs
cells and clinicopathological features and prognosis of triple-
negative breast cancer. Jilin: Jilin University; 2021.

Lu C, Sun Y. The role of tumor-associated fibroblasts in
the treatment of colorectal cancer. Chinese Oncology.
2019;50(7):368-72.

Yan Q. Study on the mechanism of tumor-associated fibroblasts
promoting gastric cancer metastasis through CXCL12-CXCR4
axis. Jiangsu: Soochow University; 2022.

Zhu F, Li Z, Ren J, Wu G, Peng G. Study on the relationship
between VEGF and mimicry of tumor angiogenesis. J Clin
Oncol. 2009;14(1):20-4.

Sharma A, Seow JJIW, Dutertre CA, Pai R, Blériot C, Mishra
A, et al. Onco-fetal reprogramming of endothelial cells drives
immunosuppressive macrophages in hepatocellular carcinoma.
Cell. 2020;183(2):377-394.e21.

Zhang Q, Yang M, Zhang P, Wu B, Wei X, Li S. Decipher-
ing gastric inflammation-induced tumorigenesis through
multi-omics data and AI methods. Cancer Biol Med.
2023;21(4):312-30.

CuiJ, Hou S, Liu B, Yang M, Wei L, Du S, et al. Species compo-
sition and overall diversity are significantly correlated between
the tongue coating and gastric fluid microbiomes in gastritis
patients. BMC Med Genomics. 2022;15(1):60.

Kumar V, Ramnarayanan K, Sundar R, Padmanabhan N, Srivas-
tava S, Koiwa M, et al. Single-cell atlas of lineage states, tumor
microenvironment, and subtype-specific expression programs in
gastric cancer. Cancer Discov. 2022;12(3):670-91.

Zhao JJ, Ong CJ, Srivastava S, Chia DKA, Ma H, Huang K, et al.
Spatially resolved niche and tumor microenvironmental altera-
tions in gastric cancer peritoneal metastases. Gastroenterology.
2024;167(7):1384-1398.¢4.

Yao Z, van Velthoven CTJ, Kunst M, Kunst M, Zhang M,
McMillen D, et al. A high-resolution transcriptomic and spa-
tial atlas of cell types in the whole mouse brain. Nature.
2023;624(7991):317-32.

Wang F, Sun H, Chen M, Feng B, Lu Y, Lyu M, et al. The tha-
lamic reticular nucleus orchestrates social memory. Neuron.
2024;112(14):2368-2385.e11.

Huuki-Myers LA, Spangler A, Eagles NJ, Montgomery KD,
Kwon SH, Guo B, et al. A data-driven single-cell and spatial
transcriptomic map of the human prefrontal cortex. Science.
2024;384(6698):eadh1938.

@ Springer

68.

69.

70.

71.

72.

73.

74.

75.

76

77.

78.

79.

80.

81.

82.

83.

84.

85.

Jerber J, Seaton DD, Cuomo ASE, Kumasaka N, Haldane J,
Steer J, et al. Population-scale single-cell RNA-seq profil-
ing across dopaminergic neuron differentiation. Nat Genet.
2021;53(3):304-12.

Fiorenzano A, Storm P, Sozzi E, Bruzelius A, Corsi S, Kajtez
J, et al. TARGET-seq: linking single-cell transcriptomics of
human dopaminergic neurons with their target specificity. Proc
Natl Acad Sci U S A. 2024;121(47):e2410331121.

Mathys H, Boix CA, Akay LA, Xia Z, Davila-Velderrain J, Ng
AP, et al. Single-cell multiregion dissection of Alzheimer’s dis-
ease. Nature. 2024;632(8026):858-68.

Xu H, Jia J. Single-cell rna sequencing of peripheral blood
reveals immune cell signatures in Alzheimer’s disease. Front
Immunol. 2021;12:645666 (Published 2021 Aug 9).

Sun N, Victor MB, Park YP, Xiong X, Scannail AN, Leary N,
et al. Human microglial state dynamics in Alzheimer’s disease
progression. Cell. 2023;186(20):4386-4403.e29.

Mathys H, Peng Z, Boix CA, Victor MB, Leary N, Babu S, et al.
Single-cell atlas reveals correlates of high cognitive function,
dementia, and resilience to Alzheimer’s disease pathology. Cell.
2023;186(20):4365-4385.e27.

Xiong X, James BT, Boix CA, Park YP, Galani K, Victor
MB, et al. Epigenomic dissection of Alzheimer’s disease pin-
points causal variants and reveals epigenome erosion. Cell.
2023;186(20):4422-4437.e21.

Dileep V, Boix CA, Mathys H, Marco A, Welch GM, Meharena
HS, et al. Neuronal DNA double-strand breaks lead to genome
structural variations and 3D genome disruption in neurodegen-
eration. Cell. 2023;186(20):4404-4421.e20.

Gcewensa NZ, Russell DL, Cowell RM, Volpicelli-Daley LA.
Molecular mechanisms underlying synaptic and axon degenera-
tion in Parkinson’s Disease. Front Cell Neurosci. 2021;15:626128
(Published 2021 Mar 2).

Wang P, Yao L, Luo M, Zhou W, Jin X, Xu Z, et al. Single-
cell transcriptome and TCR profiling reveal activated and
expanded T cell populations in Parkinson’s disease. Cell Discov.
2021;7(1):52.

Almeida MC, Eger SJ, He C, Audouard M, Nikitina A, Glasauer
SMK, et al. Single-nucleus RNA sequencing demonstrates an
autosomal dominant Alzheimer’s disease profile and possible
mechanisms of disease protection. Neuron. 2024;112(11):1778-
1794.e7.

Wang C, Zong S, Cui X, Wang X, Wu S, Wang L, et al. The
effects of microglia-associated neuroinflammation on Alzhei-
mer’s disease. Front Immunol. 2023;14:1117172.

Lee HG, Wheeler MA, Quintana FJ. Function and therapeutic
value of astrocytes in neurological diseases. Nat Rev Drug Dis-
cov. 2022;21(5):339-58.

Guan Q, Liu W, Mu K, Hu Q, Xie J, Cheng L, et al. Single-cell
RNA sequencing of CSF reveals neuroprotective RAC1+ NK
cells in Parkinson’s disease. Front Immunol. 2022;13:992505.
Wang Y, Huang L, Wang Y, Luo W, Li F, Xiao J, et al. Single-cell
RNA-sequencing analysis identifies host long noncoding RNA
MAMDC?2-AS1 as a co-factor for HSV-1 nuclear transport. Int J
Biol Sci. 2020;16(9):1586-603.

Gladstone RA, Siira L, Brynildsrud OB, Vestrheim DF, Turner P,
Clarke SC, et al. International links between Streptococcus pneu-
moniae vaccine serotype 4 sequence type (ST) 801 in Northern
European shipyard outbreaks of invasive pneumococcal disease.
Vaccine. 2022;40(7):1054-60.

Real E, Howick VM, Dahalan FA, Witmer K, Cudini J,
Andradi-Brown C, et al. A single-cell atlas of Plasmodium
falciparum transmission through the mosquito. Nat Commun.
2021;12(1):3196.

Bai H, Ma J, Mao W, Zhang X, Nie Y, Hao J, et al. Identifica-
tion of TCR repertoires in asymptomatic COVID-19 patients



Clinical and Translational Oncology (2026) 28:404-423

423

86.

87.

88.

89.

90.

91.

92.

93.

by single-cell T-cell receptor sequencing. Blood Cells Mol Dis.
2022;97:102678.

Mathew NR, Jayanthan JK, Smirnov IV, Robinson JL, Axelsson
H, Nakka SS, et al. Single-cell BCR and transcriptome analy-
sis after influenza infection reveals spatiotemporal dynamics of
antigen-specific B cells. Cell Rep. 2022;41(9):111764.

Hongyu Shi, Guoliang Zhang, Guohui Xiao. Application of
single-cell transcriptome sequencing technology in Tuberculosis
research. Chin J Anti-Tuberc. 2025;47(3):362.

Zhang C, LiJ, Cheng Y, Meng F, Song JW, Fan X, et al. Single-
cell RNA sequencing reveals intrahepatic and peripheral immune
characteristics related to disease phases in HBV-infected patients.
Gut. 2023;72(1):153-67.

Kerkman PF, de Vor L, van der Vaart TW, Ten Doesschate T,
Muts RM, Depelteau JS, et al. SCS of circulating human plas-
mablasts during staphylococcus aureus bacteremia. J] Immunol.
2024;213(11):1644-55.

Hildebrandt F, Iturritza MU, Zwicker C, Vanneste B, Van Hul N,
Semle E, et al. Host-pathogen interactions in the Plasmodium-
infected mouse liver at spatial and single-cell resolution. Nat
Commun. 2024;15(1):7105.

Dedmon LE. The genetics of rheumatoid arthritis. Rheumatology
(Oxford). 2020;59(10):2661-70.

Perez RK, Gordon MG, Subramaniam M, Kim MC, Hartoula-
ros GC, Targ S, et al. Single-cell RNA-seq reveals cell type-
specific molecular and genetic associations to lupus. Science.
2024;385(6705):eadr4064.

Xiang N, Xu H, Zhou Z, Wang J, Cai P, Wang L, et al. Sin-
gle-cell transcriptome profiling reveals immune and stromal
cell heterogeneity in primary Sjogren’s syndrome. Science.
2023;26(10):107943.

94.

95.

96.

97.

98.

99.

100.

Xu H, Yu H, Liu L, Wu H, Zhang C, Cai W, et al. Integrative
single-cell RNA-seq and ATAC-seq analysis of peripheral
mononuclear cells in patients with ankylosing spondylitis. Front
Immunol. 2021;12:760381.

Januska MN, Walsh MJ. Single-cell RNA sequencing reveals new
basic and translational insights in the cystic fibrosis lung. Am J
Respir Cell Mol Biol. 2023;68(2):131-9.

Li C, Fleck JS, Martins-Costa C, Burkard TR, Themann
J, Stuempflen M, et al. Single-cell brain organoid screen-
ing identifies developmental defects in autism. Nature.
2023;623(7989):E20.

Zeng L, Yang K, Zhang T, Zhu X, Hao W, Chen H, et al.
Research progress of single-cell transcriptome sequencing in
autoimmune diseases and autoinflammatory disease: a review.
J Autoimmun. 2022;133:102919.

Li Y, Wang Z, Han F, Zhang M, Yang T, Chen M, et al. Single-
cell transcriptome analysis profiles cellular and molecular altera-
tions in submandibular gland and blood in IgG4-related disease.
Ann Rheum Dis. 2023;82(10):1348-58.

Iwanaga N, Kolls JK. Spelunking in sputum: single-cell RNA
sequencing sheds new insights into cystic fibrosis. Am J Respir
Crit Care Med. 2020;202(10):1336-7.

Kernohan KD, Boycott KM. The expanding diagnostic toolbox
for rare genetic diseases. Nat Rev Genet. 2024;25(6):401-15.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Single-cell sequencing: accurate disease detection
	Abstract
	Introduction
	Research background and significance
	Current status and challenges of disease detection
	Positioning and novel contributions

	Methodes
	Search strategy
	Inclusion and exclusion criteria

	Single-cell sequencing technology method
	Flow cytometry
	Microfluidic chip technology
	Laser capture microdissection

	Application of single-cell sequencing in tumor disease detection
	Analysis of tumor cell heterogeneity
	Tumor microenvironment
	Early diagnosis and prognosis evaluation of tumor

	 Application of single cell sequencing in the detection of nervous system diseases
	Neuronal type identification and functional study
	Study on the mechanism of neurodegenerative diseases
	Diagnosis and therapeutic target discovery of nervous system diseases

	Application of single-cell sequencing in the detection of infectious diseases
	Study of pathogen-host cell interaction
	Early diagnosis and surveillance of infectious diseases
	Discovery of new anti-infection targets

	Application of single-cell sequencing in detection of other diseases
	Autoimmune disease
	Hereditary disease
	Rare disease

	Conclusion
	Summary of research results
	Research prospects

	References




