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Abstract: In the context of rapid global population aging, immunosenescence has emerged as a major determinant of morbidity
and mortality in older adults. Age-associated thymic involution is recognized as a central driver of this process. This review
summarizes current understanding of the cellular and molecular mechanisms underlying thymic involution, and its consequences
for T-cell homeostasis, and discusses the emerging strategies to restore thymic function with the goal of delaying immune aging
and promoting healthier longevity. The thymus, essential for T-cell development and the establishment of central tolerance,
undergoes progressive structural and functional decline with age. This deterioration is characterized by thymic epithelial cell
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(TEC) loss, cortical-medullary disorganization, adipose infiltration, and fibrosis. These changes reflect coordinated remodeling
of all stromal compartments. The aged TECs display impaired cytokine production and antigen presentation capacity, fibroblasts
promote extracellular matrix accumulation and fibrosis, and adipocytes displace functional parenchyma while releasing
immunomodulatory adipokines. Together, these alterations disrupt the thymic microenvironment required for efficient
thymopoiesis. As a consequence, early thymic progenitors (ETPs) recruitment to thymus is impaired, together with their reduced
T-lineage commitment and TCR gene rearrangement efficiency. More importantly, both positive and negative selection are
impaired due to stromal dysfunction, highlighting the potential of autoimmunity. Thymic involution has great impact on
peripheral T-cell aging. With age, thymic output of naive T-cells diminishes remarkably, leading to contraction of TCR repertoire
diversity and reduced capacity to respond to novel antigens. This diminished thymic replenishment accelerates the accumulation
of senescent and terminally differentiated T-cell subsets, including TEMRA cells, CD8'CD28" T cells, GZMK'CD8" T cells,
virtual memory T cells, and cytotoxic CD4" T-cells. These subsets display reduced proliferative capacity, metabolic
reprogramming, telomere erosion, and a pro-inflammatory senescence-associated secretory phenotype (SASP). They contribute
to chronic low-grade inflammation (inflammaging) and increased susceptibility to infections, malignancies, and autoimmunity.
Persistent viral infections, such as cytomegalovirus (CMV), further drive oligoclonal T-cell expansion and repertoire skewing.
Based on these mechanistic insights, the review discusses therapeutic strategies targeting thymic regeneration and T-cell
rejuvenation, including cytokine-based approaches (e.g., IL-7 fusion proteins, thymosin al), TEC-directed interventions (e.g.,
FOXNI gene delivery, FGF21 signaling), and metabolic modulation through caloric restriction or inhibition of mTOR and
AMPK pathways. Advances in stem cell-derived thymic organoids provide powerful platforms for modeling human
thymopoiesis and hold promise for future regenerative therapies. Integration of multi-omics profiling with machine learning—
based immune-age prediction is expected to enable personalized immune monitoring and guide targeted interventions. Future
research should focus on deciphering dynamic cell-cell and metabolic regulation within the aging thymic niche to achieve
durable restoration of immune competence in elderly individuals.
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Figure 1 Thymus involution

With age, thymic cellularity gradually declines, along with disruption of tissue architecture, reduced production of naive T cells, and
reduction in the peripheral TCR repertoire. DN, CD4 CD8~ double-negative thymocyte; DP, CD4 ' CD8" double-positive thymocyte;
Treg, regulatory T cell; DC, dendritic cell; cTEC, cortical thymic epithelial cell; mTEC, medullary thymic epithelial cell; Fb,

fibroblast; Ad, adipocyte.
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Figure 2 Age-related changes in the peripheral T cell

Schematic overview of types, repertoire, and function of peripheral T cells with aging. (Left panel) During aging, age-related T cell
subsets accumulate in the peripheral compartment. Different colors denote distinct T cell subsets. Blue indicates naive T cell; green,
recent thymic emigrant (RTE); brown, effector T cell; light yellow, memory T cell; dark brown, GZMK'CD8" T cell; red, terminally
differentiated effector memory T cell re-expressing CD45RA (TEMRA); dark yellow, virtual memory T cell; purple, CD8'CD28" T
cell. (Middle panel) In aged individuals, the T cell receptor (TCR) repertoire becomes progressively less diverse, as illustrated by the
transition from a highly diverse TCR pattern in young T cell to a restricted repertoire in aged T cell. (Right panel) Aged peripheral T
cells display reduced proliferative capacity, metabolic impairment, and increased secretion of inflammatory cytokines, giving rise to a
senescence—associated secretory phenotype (SASP).
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