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How can single-cell transcriptomic analysis reveal immune ev...

        Question: How can single-cell transcriptomic analysis reveal immune evasion mechanisms and cell populations 

associated with relapse in solid tumors?

      

📄 Overview

🔍  Applying searching strategies...

📋  Screening Results

↳ Database: Europe PMC

↳ Search query: (single-cell RNA sequencing OR scRNA-seq OR single-cell transcriptomics) AND (immune

evasion OR immune escape OR immunosuppression) AND (tumor relapse OR cancer recurrence OR disease

relapse) AND (solid tumor OR solid tumour) AND (cell population OR cell cluster OR immune cell OR tumor

microenvironment)

↳ Total identified: 838

↳ After relevance screening: 20

↳ Excluded: 818

⚠️  This report is based on Europe PMC abstract-level screening. Full-text screening requires institutional access

and must be completed by the user. The full-text assessment stage of the PRISMA flow chart is not included in this

output.

✅  Analyzed 838 studies · Synthesized the top 20

↳ Ranked by KlastroHeron using publicly available relevance criteria

↳ Citation impact: 🏆  Top 1%, 🥇  Top 5%, 🥈  Top 10% displayed

↳ Excluded 818 studies with lower relevance

✅  Found 20 papers. Analyzing...
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🔬 Evidence

Research Evidence:

• Single-cell RNA sequencing (scRNA-seq) for tumor microenvironment (TME) deconstruction: A review

on endometrial carcinoma highlights how scRNA-seq and spatial transcriptomics (ST) enable the identification

of distinct cell populations within the TME, including rare resistant subpopulations that conventional bulk

sequencing obscures. These technologies allow the characterization of immune cell states associated with

treatment response and relapse. DOI: https://doi.org/10.3389/fonc.2025.1685565

• Computational single-cell frameworks for drug resistance and immune evasion: A review integrating

deep transfer learning with single-cell data (tools such as scDEAL and SCAD) demonstrates how

pharmacological knowledge can be transferred from cell line data to clinical single-cell datasets, enabling the

identification of rare but lethal drug-resistant subpopulations that drive relapse. Traditional population-averaged

signals mask these subclones, underscoring the unique power of single-cell resolution in mapping immune

evasion trajectories. DOI: https://doi.org/10.3389/fphar.2026.1786561

• Immune evasion mechanisms in the tumor immune microenvironment: The pan-tumor review on EBV-

associated malignancies systematically describes convergent immune evasion strategies — including HLA

modulation, steric immune blockade, and NF-κB/PI3K-AKT signaling — that can be dissected at single-cell

resolution. These mechanisms are broadly relevant to solid tumors and represent key targets identifiable

through transcriptomic profiling. DOI: https://doi.org/10.3389/fimmu.2026.1791347

• Tumor evolution and clonal dynamics underlying relapse: A Darwinian perspective on tumor evolution

describes how genetic mutations, gene expression changes, and immune system interactions drive the

selection of aggressive subclones capable of therapy resistance and metastasis. Single-cell transcriptomics is

particularly suited to capturing this clonal heterogeneity and tracking evolutionary trajectories associated with

relapse. DOI: https://doi.org/10.7150/ijbs.130014

• Multi-omics and spatiotemporal technologies in precision oncology: A review on thyroid cancer precision

oncology discusses how multi-omics biomarkers and spatiotemporal technologies — including scRNA-seq —

contribute to understanding tumor heterogeneity, radioiodine resistance, and the molecular taxonomy of

aggressive variants, providing a framework applicable to immune evasion studies in solid tumors broadly. DOI:

https://doi.org/10.2147/ijgm.s602509

---

https://doi.org/10.3389/fonc.2025.1685565
https://doi.org/10.3389/fphar.2026.1786561
https://doi.org/10.3389/fimmu.2026.1791347
https://doi.org/10.7150/ijbs.130014
https://doi.org/10.2147/ijgm.s602509
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💡 Implications

Clinical Implications:

• This report may support literature review, clinical education, and professional reference, but it does not replace

patient-specific clinical judgment.

• Identification of immune-excluded and exhausted T-cell populations: scRNA-seq enables the resolution

of T-cell exhaustion states (e.g., TOX⁺, PD-1⁺ subsets) and immune-excluded phenotypes within the TME, which

are directly linked to immune evasion and poor prognosis in solid tumors.

• Detection of rare relapse-driving subpopulations: Computational frameworks applied to single-cell data

can identify minimal residual disease-associated or therapy-resistant cell states that are invisible to bulk

transcriptomics, offering actionable targets for preventing relapse.

• Spatial context matters: Combining scRNA-seq with spatial transcriptomics allows researchers to map where

immune-evasive interactions occur within the tumor architecture, distinguishing tumor core from invasive margin

dynamics.

• Therapeutic target discovery: Immune evasion mechanisms identified at single-cell resolution — such as

HLA downregulation, checkpoint ligand upregulation (PD-L1, CD47), and immunosuppressive cytokine secretion

— can directly inform the rational design of combination immunotherapy strategies.

• Monitoring clonal evolution: Longitudinal single-cell profiling of pre-treatment and relapsed tumor samples

can reveal the transcriptional reprogramming events that enable immune escape and clonal outgrowth,

supporting the development of predictive biomarkers.

---
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⚠️ Limitations

Study Limitations:

• Several of the reviewed papers are narrative or systematic reviews rather than original single-cell studies,

meaning primary scRNA-seq datasets and statistical power assessments are not directly evaluable from the

available abstracts.

• The computational transfer learning frameworks (scDEAL, SCAD) described rely on cell line-derived

pharmacological data, which may not fully recapitulate the complexity of the in vivo tumor immune

microenvironment in solid tumors.

• The EBV-associated tumor review focuses on virus-driven malignancies, which may have distinct immune

evasion mechanisms compared to non-virally driven solid tumors; generalizability should be interpreted with

caution.

• Spatial transcriptomics and scRNA-seq technologies still face challenges including high cost, limited tissue

availability, RNA degradation in clinical samples, and the need for specialized bioinformatic pipelines, which may

limit broad clinical translation.

• Evidence gaps remain regarding the longitudinal application of scRNA-seq to track immune evasion dynamics

from primary diagnosis through relapse in large, prospective solid tumor cohorts.

---

📋 Summary

Clinical Summary:

• Single-cell transcriptomic analysis — particularly scRNA-seq and its integration with spatial transcriptomics

and computational transfer learning — represents a transformative approach for dissecting immune evasion

mechanisms in solid tumors at unprecedented resolution.

• Key evidence-based takeaway: scRNA-seq enables the identification of exhausted T-cell states,

immunosuppressive stromal populations, rare therapy-resistant subclones, and spatially organized immune

exclusion zones — all of which are mechanistically linked to tumor relapse and immune evasion.

• Practical recommendation: Integrating multi-omics approaches (genomics, transcriptomics, spatial profiling)

with single-cell resolution is increasingly recognized as essential for building a complete molecular taxonomy of

the TME, identifying predictive biomarkers of relapse, and designing rational combination therapies targeting

immune evasion.

• For translational or clinical research applications of these technologies, collaboration with specialized

bioinformatics teams and reference to current institutional and national oncology guidelines is strongly advised,

as methodological standards and clinical interpretation frameworks continue to evolve rapidly.
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🧪 Methodology

🔬  Methodology Summary from Top 4 Studies

Reference # 2: Huang L, Deng X, Xi Z, Huan X, Mao J, Li X. (2026)

DOI: https://doi.org/10.2147/ijgm.s602509

Study Type: Review

Design: Systematic narrative review of multi-omics biomarkers and spatiotemporal technologies in thyroid cancer

precision oncology

Sample Size: Not specified

Duration: Not specified

Model/Population:

• Published literature on thyroid cancer biomarkers, multi-omics technologies, and clinical translation studies;

notes specific focus on Asian cohorts for ancestry-specific molecular divergence

Intervention:

• Treatment: Not applicable (review)

• Comparator: Not applicable

• Parameters: Not applicable

Methodology:

• Systematic delineation of multi-dimensional TC biomarker landscape across genomic, transcriptomic,

epigenetic, and proteomic layers

• Coverage of Liquid Biopsy 2.0 including ctDNA-based MRD detection and exosomal multi-omics for non-

invasive surveillance

• Evaluation of single-cell sequencing and spatial transcriptomics for intratumoral heterogeneity analysis

• Clinical translation lens: genomic classifiers (e.g., ThyroSeq v3), biomarker-guided therapy de-

escalation/intensification, and AI/PDO integration

Outcomes:

• Diagnostic accuracy of genomic/epigenetic biomarkers for Bethesda III/IV nodules

• Biomarker utility in RAI-refractory differentiated TC and anaplastic thyroid carcinoma

• Clinical applicability of liquid biopsy for longitudinal surveillance and MRD detection

https://doi.org/10.2147/ijgm.s602509
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• Potential of AI models, patient-derived organoids, and metabolic markers for future integration

Focus: This review synthesizes the evolving multi-omics biomarker landscape and emerging spatiotemporal

technologies to establish a precision oncology framework spanning early screening, diagnosis, tailored therapy,

and dynamic monitoring in thyroid cancer.

---

Reference # 3: Mondal O, Kiruba B, Sudhakaran SL, Sundararajan V. (2025)

DOI: https://doi.org/10.3389/fonc.2025.1685565

Study Type: Review

Design: Comprehensive narrative review integrating multiple technologies for TME analysis in endometrial cancer

Sample Size: Not mentioned

Duration: Not mentioned

Model/Population:

• Published studies on endometrial cancer tumour microenvironment using IHC, scRNA-seq, and spatial

transcriptomics

Intervention:

• Treatment: Not applicable

• Comparator: Not applicable

• Parameters: Not applicable

Methodology:

• First comprehensive review combining scRNA-seq, spatial transcriptomics, and IHC in endometrial cancer

• Integration of conventional (IHC) and emerging (scRNA-seq, ST) technologies for TME characterization

• Focus on tumour heterogeneity deconstruction and cell population identification

• Synthesis of biomarker discovery and therapeutic target identification across methodologies

Outcomes:

• Tumour microenvironment composition and dynamics

• Cell population roles in treatment response

• Key biomarkers and therapeutic targets

• Cell-cell interactions within the TME

https://doi.org/10.3389/fonc.2025.1685565
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Focus: This review synthesizes IHC, scRNA-seq, and spatial transcriptomics findings to provide a comprehensive

understanding of the tumour microenvironment in endometrial cancer.

---

Reference # 4: Ma X, Zuo Z, Shi W, Sun Y. (2026)

DOI: https://doi.org/10.3389/fphar.2026.1786561

Study Type: Review

Design: Narrative review integrating computational pharmacology with cell biology using a closed-loop 'algorithm

prediction-mechanism elucidation-drug intervention' strategy

Sample Size: Not mentioned

Duration: Not mentioned

Model/Population:

• Large-scale cell line datasets, clinical single-cell data, spinal cord injury models (macrophage polarization),

osteoporosis models (osteogenic differentiation)

Intervention:

• Treatment: Decitabine, benzofuran derivatives, small-molecule drugs targeting disease-associated cell fates

• Comparator: Not mentioned

• Parameters: Not specified; drugs used to reverse macrophage polarization imbalance and osteogenic

differentiation disorders

Methodology:

• Deep Transfer Learning and Domain Adaptation frameworks (scDEAL, SCAD) to transfer pharmacological

knowledge from cell lines to clinical single-cell data

• Virtual prediction of cellular drug sensitivity at single-cell resolution without experimental labels

• Analysis of chemotherapy-induced transcriptional stress states and co-evolutionary mechanisms with

inflammatory stromal cells

• Integration of algorithmic drug sensitivity prediction with mechanistic elucidation and small-molecule drug

intervention

Outcomes:

• Predicted single-cell drug sensitivity

• Reversal of disease-associated cell fates

• Macrophage polarization balance in spinal cord injury

https://doi.org/10.3389/fphar.2026.1786561
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• Osteogenic differentiation restoration in osteoporosis

Focus: This review proposes an integrated computational-biological paradigm combining single-cell transfer

learning algorithms with small-molecule drugs to predict and reverse disease-associated cell fates in

heterogeneous disease microenvironments.

---

Reference # 5: Carnero A. (2026)

DOI: https://doi.org/10.7150/ijbs.130014

Study Type: Review

Design: Narrative review providing a Darwinian/evolutionary perspective on tumor biology and cancer progression

Sample Size: Not mentioned

Duration: Not mentioned

Model/Population:

• Published literature on tumor evolution, tumorigenesis, tumor microenvironment, and cancer therapies

Intervention:

• Treatment: Not applicable (review article)

• Comparator: Not applicable

• Parameters: Not applicable

Methodology:

• Applies Darwinian evolutionary theory as a conceptual framework to interpret tumor development and

progression

• Covers tumor heterogeneity and plasticity from a biological/evolutionary standpoint

• Integrates topics from tumorigenesis to therapy resistance within an evolutionary model

• Examines tumor-microenvironment interactions and immune system response through an evolutionary lens

Outcomes:

• Tumor growth and progression mechanisms

• Metastasis formation and tissue invasion

• Therapy resistance acquisition

https://doi.org/10.7150/ijbs.130014
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• Tumor heterogeneity and plasticity

Focus: This narrative review frames tumors as biological entities subject to Darwinian evolutionary principles to

better understand cancer progression, treatment resistance, and therapeutic strategies.

---

📊  Methodological Patterns Across Studies:

Study Types:

• Review: 4 studies

Research Models:

• Literature: 3 studies

• Multiple: 1 study

Interventions Studied:

• Not applicable (review)

• Decitabine, benzofuran derivatives, small-molecule drugs targeting disease-associated cell fates

• Not applicable (review article)

• Not applicable

💡  Insights for Research Design:

From Review/Meta-Analysis:

• Note inclusion criteria for study selection

• Review analytical approaches for data synthesis

• Consider scope when planning systematic reviews

General Recommendations:

• Methodological consistency aids reproducibility

• Most commonly used approaches may have better validation

• Consider variations when adapting protocols to your context

⚠️  Important Note:

These summaries are extracted from abstracts, which provide limited methodological detail.

For complete experimental protocols:
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• Access full-text articles via DOI links below

• Review Materials & Methods sections thoroughly

• Check supplementary materials for detailed procedures

• Consider contacting authors for specific methodological questions

• Verify protocols match your research context and regulatory requirements
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