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ABSTRACT 

Single-cell immune profiling has revolutionized the understanding of host-

pathogen interactions in infectious diseases. By enabling high-resolution 

analysis of heterogeneous immune populations, this technology provides 

insights into cellular dynamics, immune activation, and dysfunction during 

infection. This review explores methodologies including single-cell RNA 

sequencing, mass cytometry, and high-dimensional flow cytometry, and their 

application in bacterial, viral, and parasitic infections. We discuss discoveries 

in immune heterogeneity, identification of rare cell subsets, and functional 

characterization of immune responses. Challenges in data integration, 

standardization, and clinical translation are highlighted. Tables summarize 

key findings from recent studies and single-cell approaches used. The review 

underscores the potential of single-cell immune profiling to guide therapeutic 

interventions, vaccine development, and precision medicine in infectious 

diseases. 
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INTRODUCTION 

The immune system comprises a diverse array of cell types and functional states that 

collectively orchestrate defense against pathogens. Traditional bulk immunological assays 

obscure heterogeneity and fail to capture the complexity of immune responses. Single-cell 

technologies provide a high-resolution view of individual cell transcriptional, proteomic, and 

functional states, revealing insights into immune dynamics during infections. These 

approaches have been pivotal in uncovering rare cell populations, defining immune 

trajectories, and understanding mechanisms of immune evasion by pathogens. This paper 

reviews the principles, applications, and recent advances in single-cell immune profiling in 

infectious diseases. 

 

METHODS AND TECHNOLOGIES IN SINGLE-CELL IMMUNE PROFILING 

1. Single-Cell RNA Sequencing (scRNA-seq): Enables transcriptomic profiling at the 

individual cell level, revealing heterogeneity, activation states, and gene regulatory 

networks. 

2. Mass Cytometry (CyTOF): Measures >40 protein markers per cell using metal-tagged 

antibodies, providing phenotypic and functional profiling of immune cells. 

3. High-Dimensional Flow Cytometry: Fluorescent-based detection of multiple markers, 

enabling simultaneous assessment of cell surface and intracellular proteins. 

4. Single-Cell ATAC-seq: Profiles chromatin accessibility to identify regulatory elements 

controlling immune responses. 

 

Table 1: Single-Cell Immune Profiling Technologies 

Technology 
Measured 

Parameter 
Key Advantages Limitations 

scRNA-seq Gene expression 
High-resolution 

transcriptional data 

Expensive, complex 

analysis 

Mass Cytometry Protein Multiplexed proteomics, Limited throughput, 
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(CyTOF) expression functional analysis costly reagents 

Flow Cytometry Protein markers 
Widely available, high 

throughput 

Limited markers per 

panel 

scATAC-seq 
Chromatin 

accessibility 
Regulatory insights 

Computationally 

intensive 

 

Table 1 summarizes major single-cell profiling technologies, their measured parameters, 

advantages, and limitations. 

 

APPLICATIONS IN INFECTIOUS DISEASES 

1. Bacterial Infections: scRNA-seq of Mycobacterium tuberculosis-infected macrophages 

revealed heterogeneous activation states and identification of subpopulations resistant to 

bacterial clearance. CyTOF studies characterized differential T-cell responses in sepsis. 

2. Viral Infections: Single-cell profiling in HIV, influenza, and SARS-CoV-2 infections 

uncovered rare exhausted T-cell populations, interferon-responsive subsets, and B-cell 

maturation dynamics. These insights informed immune correlates of protection and 

vaccine response. 

3. Parasitic Infections: Single-cell analyses in malaria and Leishmania infections 

delineated monocyte and T-cell subsets associated with protective versus pathological 

immune responses. 

 

Table 2: Selected Single-Cell Studies in Infectious Diseases 

Infection 

Type 
Pathogen 

Single-Cell 

Approach 
Key Findings 

Bacterial 
Mycobacterium 

tuberculosis 
scRNA-seq 

Identification of heterogeneous macrophage 

states and resistance-associated 

subpopulations 

Viral SARS-CoV-2 
scRNA-seq & 

CyTOF 

Characterization of T-cell exhaustion, 

interferon-responsive subsets, and B-cell 

maturation dynamics 

Parasitic Plasmodium scRNA-seq Monocyte and T-cell subset mapping 
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falciparum associated with protective immunity 

 

Table 2 summarizes representative single-cell studies highlighting immune heterogeneity and 

functional insights in infectious diseases. 

 

ADVANCES AND INSIGHTS GAINED 

1. Immune Heterogeneity: Single-cell analyses reveal diverse functional states within 

nominally homogeneous cell populations, critical for understanding infection dynamics. 

2. Rare Cell Populations: Identification of rare dendritic cells, regulatory T cells, and 

tissue-resident memory cells provides insights into immune regulation and disease 

progression. 

3. Host-Pathogen Interactions: Transcriptomic and proteomic profiling at single-cell 

resolution elucidates mechanisms of pathogen evasion and host defense. 

4. Therapeutic and Vaccine Implications: Single-cell data inform biomarker discovery, 

therapeutic targeting, and rational vaccine design. 

 

CHALLENGES AND LIMITATIONS 

1. Data Complexity: High-dimensional data require sophisticated computational pipelines 

and bioinformatics expertise. 

2. Sample Preparation Bias: Cell dissociation methods can alter cell states and introduce 

artifacts. 

3. Cost and Accessibility: High costs and specialized equipment limit widespread adoption. 

4. Clinical Translation: Integration of single-cell insights into therapeutic strategies 

remains in early stages. 

 

FUTURE DIRECTIONS 

1. Multi-Omics Integration: Combining transcriptomics, proteomics, and epigenomics at 

single-cell resolution to obtain comprehensive immune profiles. 

2. Spatial Transcriptomics: Preserving tissue context to study immune cell localization 

and interactions with pathogens. 

3. Machine Learning Approaches: Enhancing pattern recognition, biomarker 

identification, and predictive modeling of immune responses. 
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4. Precision Medicine: Leveraging single-cell insights to tailor immunotherapies and 

vaccines to individual patient immune profiles. 

 

CONCLUSION 

Single-cell immune profiling represents a transformative approach in infectious disease 

research, providing unprecedented resolution of immune heterogeneity, rare cell populations, 

and functional dynamics. Applications in bacterial, viral, and parasitic infections have 

uncovered critical insights into host-pathogen interactions, immune evasion, and correlates of 

protection. Challenges including data complexity, sample preparation bias, and clinical 

translation remain, but ongoing technological and computational advances promise to 

overcome these barriers. Integration of single-cell approaches with multi-omics, spatial 

analysis, and machine learning will accelerate precision medicine, guiding the development 

of targeted therapeutics and vaccines to improve outcomes in infectious diseases. 
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