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ABSTRACT

Latent tuberculosis infection (LTBI) remains a significant global health
challenge, affecting approximately one-fourth of the world’s population.
The immune response during LTBI is complex and involves various host
immune pathways that dictate the transition between latency and active
disease. Single-cell transcriptomics has emerged as a revolutionary tool to
dissect the heterogeneity of immune responses at the cellular level. This
study explores novel immune pathways involved in LTBI using single-cell
RNA sequencing (scRNA-seq) data, focusing on key cellular subsets, their
transcriptomic signatures, and potential therapeutic targets. Our findings
provide new insights into the immunological landscape of LTBI, which
could aid in the development of next-generation tuberculosis interventions.

1. INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium
tuberculosis (M. tuberculosis), remains a major
global health threat. While active TB manifests with
clinical symptoms, latent TB infection (LTBI)
represents a controlled state where M. tuberculosis
persists without causing disease. The immune
system plays a pivotal role in maintaining this
balance, preventing bacterial  reactivation.
Understanding these immune mechanisms is critical
for developing effective preventive and therapeutic
strategies. Single-cell transcriptomics has emerged
as a powerful tool for dissecting immune cell
heterogeneity and functional states in LTBI. By
providing high-resolution insights into host immune
responses, this approach enables the identification of
key regulatory pathways and potential biomarkers.
Future research should integrate multi-omics
approaches to further refine our understanding of
LTBI, paving the way for novel diagnostic tools,
targeted immunotherapies, and improved vaccine
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Fig. Single-Cell Transcriptomic Analysis of LTBI

Single-cell RNA sequencing (scRNA-seq) enables
the identification of cell-specific gene expression
profiles within the heterogeneous immune landscape
of LTBI. Recent studies have employed scRNA-seq
to reveal distinct immune subpopulations in LTBI,
including alveolar macrophages, T cells, and
dendritic  cells, each  exhibiting unique
transcriptomic signatures.

Immune Cell Key Functional Role
Type Transcriptomic in LTBI
Signatures
Alveolar Upregulation of Modulate
Macrophages IFN-y, IL-10 inflammatory
response
CD4+ T Cells High TNF-a, IFN- Maintain immune
y, PD-1 surveillance
CD8+ T Cells Increased GZMB, Cytotoxic activity
PRF1 against infected
cells
Dendritic Cells | Elevated /L-12, Antigen
CD86 presentation and T
cell activation

The heterogeneity of immune responses within
LTBI suggests that different cellular subsets play
distinct roles in maintaining bacterial control or
reactivation risk.

3. Novel Immune Pathways Identified in LTBI
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Fig.Novel Inmune Pathways Identified in LTBI

Several novel immune pathways have been
identified through scRNA-seq analysis of LTBI
samples:

o Interferon-Stimulated Genes (ISGs):
Upregulation of ISGs, such as [FITM3 and
OAS1, suggests a role in suppressing M.
tuberculosis replication.

e Exhaustion Pathways: Elevated expression of
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immune checkpoint molecules, including PD-1
and TIM-3, indicates immune exhaustion in
chronic LTBI cases.

e Metabolic Reprogramming: Altered glycolytic
and oxidative phosphorylation pathways in
macrophages influence bacterial persistence.

e Inflammatory vs. Regulatory Balance: A
balance between pro-inflammatory (IL-1f, TNF-
a) and regulatory (IL-10, TGF-B) cytokines
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determines infection outcome.

These pathways offer potential targets for
modulating immune responses to prevent LTBI
reactivation.

4. Implications for Tuberculosis Control

Strategies

Understanding LTBI at the single-cell level provides

a foundation for novel therapeutic interventions:

e Host-Directed Therapies (HDTs): Targeting
metabolic pathways to enhance macrophage
bactericidal activity.

e Checkpoint Inhibitors: Modulating PD-/ and
TIM-3 to restore T cell function in LTBI.

e Biomarker Discovery: Identifying
transcriptomic markers for LTBI progression
risk assessment.

e Vaccine Development: Insights from single-cell
studies can guide next-generation vaccine design
by identifying protective immune signatures.

5. CONCLUSION

Single-cell transcriptomics has transformed our
understanding of latent tuberculosis infection
(LTBI) by uncovering immune heterogeneity and
key cellular interactions. This high-resolution
approach enables the identification of distinct
immune subsets, regulatory pathways, and
infection-specific transcriptional signatures. By
mapping immune responses at the single-cell level,
researchers can better understand host-pathogen
dynamics and immune evasion mechanisms in
LTBI. Integrating multi-omics strategies, including
proteomics and metabolomics, will further refine
disease models and identify novel biomarkers for
diagnosis and treatment. Future research should
focus on leveraging these insights to develop
targeted immunotherapies and improved vaccine
strategies, ultimately aiding global tuberculosis
eradication efforts.
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