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Abstract: Thymic atrophy is a major determinant of T-cell dysfunction and immunosenescence, as it restricts de 
novo T-cell generation, reduces the T-cell receptor (TCR) repertoire, hastens peripheral T-cell aging, and disrupts 
central immune tolerance. It presents an enormous barrier to antitumor immune surveillance as well as current 
cancer immunotherapies such as immune checkpoint inhibitors (ICIs) and chimeric antigen receptor T-cell (CAR-
T) therapy. In this review, we discuss how age, metabolic disorders, psychological stress, cancer pathology, and 
cancer-directed therapies converge upon thymic epithelial cells, stromal organization, and hematopoietic progeni-
tor trafficking leading to structural and functional thymic decline. We then describe how thymopoiesis impairment 
reshapes tumor immunity and therapeutic responsiveness, and summarize noninvasive imaging methods for as-
sessment of thymic health, and highlight new strategies for thymic regeneration or functional replacement through 
pharmacologic agents, cytokine and endocrine modulation, mRNA-based trophic factor delivery, cell replacement, 
tissue engineering, and thymus-centered CAR-T platforms. Despite significant translational challenges, rapid ad-
vances in thymic regeneration biology suggest that restoration of thymic function may be a rational host-directed 
approach to enhance the depth, duration, and safety of cancer immunotherapy.
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Introduction

Cancer immunotherapy has transformed clini-
cal oncology over the last decade. Although 
ICIs and CAR-T cell therapy have achieved 
remarkable responses in diseases that were 
previously difficult to treat, many patients re- 
main unresponsive. The major driver of such 
heterogeneity comes from the functional state 
of the host immune system, especially its fit-
ness, diversity, and responsiveness within the 
T-cell compartment [1-6]. T cells are critical 
players in antitumor immunity. Continuous gen-
eration of naive T cells maintains a diverse and 
flexible peripheral T-cell pool, while the breadth 
of the TCR repertoire determines whether the 
immune system recognizes tumor neoantigens 
and mounts an effective cytotoxic response [1, 
7]. Because the thymus is the primary site of  
de novo T-cell development and TCR genera-
tion, thymic involution represents an impor- 
tant upstream contributor to age-associated 

immune remodeling, although peripheral im- 
mune maintenance and dysfunction are shap- 
ed by antigen exposure, chronic inflammation, 
infection, and tissue-specific immune environ-
ments [6].

The thymus is the primary lymphoid organ in 
which T cells differentiate, their TCR genes 
undergo recombination, and positive and ne- 
gative selection occurs. Functional T cells are 
generated whereas autoreactive clones recog-
nizing self-tissues at a high affinity are elimina- 
ted or redirected toward regulatory lineages 
within the thymus. This organ controls not only 
the diversity of the TCR repertoire but also the 
integrity of central immune tolerance [4, 7, 8]. 
Maintaining its function is essential for an 
effective immune monitoring of cancers.

Increasing evidence suggests that thymic sta-
tus correlates with ICI efficacy and immune 
related adverse events (irAEs) [9, 10]. Both 
peripheral TCR diversity and recent thymic emi-
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grants (RTEs) correlate with objective response 
rate and progression free survival upon check-
point blockade indicating that thymic health 
could be used as a host side biomarker of 
immunotherapy responsiveness [3, 11-13]. 
Thymic history of the donor T cell pool also 
plays an essential role during the production of 
CAR-T cells. T cells obtained from people who 
experienced thymic involution are typically 
highly differentiated with short telomeres and 
upregulation of exhaustion markers, compro-
mising their ex-vivo expansion and in vivo per-
sistence [2, 14]. On the other hand, cancer 
itself can alter the thymic microenvironment  
via systemic inflammation, cachexia, and treat-
ment-related injury resulting in a malignant 
cycle where tumor burden damages the thy-
mus, thymic failure weakens immunity, and 
immune collapse allows tumor progression [9, 
10, 15].

For these reasons, thymic atrophy should be 
considered not merely a background feature of 
aging but a potentially modifiable host factor 
that may influence cancer immunity and immu-
notherapy outcomes. This review summarizes 
recent progress in understanding the mecha-
nisms of thymic involution, the immunologi- 
cal consequences of thymic failure, Computed 
tomography (CT)-based and multimodal strate-
gies for noninvasive thymic assessment, and 
emerging interventions including pharmaco- 
logic thymic regeneration, engineered thymic 
organoids, and intrathymic CAR-T engineering. 
The thymic reconstruction may become a syn-
ergistic target for improving the efficacy and 
safety of current and next-generation cancer 
immunotherapies.

Structural and functional foundations of the 
thymus

The thymus is a highly specialized central lym-
phoid organ whose anatomical compartments 
and stromal cell networks create the microen- 
vironment required for major histocompatibility 
complex (MHC) restriction, autoreactive T cell 
clearance and regulatory T cell (Treg) differen-
tiation. Beyond intrathymic T cell developmen-
tal regulation, the thymus secretes a panel of 
endocrine peptides, and exert local control 
over thymopoiesis and enter systemic circula-
tion to modulate anti-tumor immunity.

Thymic architecture and niches

The thymus is located in the anterior media- 
stinum and is surrounded by a connective tis-
sue capsule. It is divided into two major func-
tional regions, the cortex and the medulla [16]. 
The cortex is enriched with immature double-
negative (CD4-CD8-, DN) and double-positive 
(CD4+CD8+, DP) thymocytes, whereas the me- 
dulla contains more mature single-positive 
(CD4+ or CD8+, SP) thymocytes together with 
dendritic cells (DCs), macrophages, and spe-
cialized stromal cells. The blood-thymus barrier 
and perivascular spaces maintain a relatively 
insulated milieu for T-cell development [16].

Thymic epithelial cells (TECs) provide the main 
support structure for the thymic microenvi- 
ronment. Cortical TECs (cTECs) and medullary 
TECs (mTECs) produce various chemokines 
including CCL19, CCL21, and CXCL12 and 
express Notch ligands such as DLL4, thereby 
regulating progenitor homing, expansion, and 
T-lineage specification [16]. This spatial or- 
ganization allows TCR rearrangement, positive 
selection, and negative selection to occur in a 
tightly ordered sequence. Its disruption directly 
reduces the diversity of the peripheral T-cell 
pool and weakens the capacity of the immune 
system to detect and eliminate tumor cells [17].

Cellular composition and core immune func-
tions

Thymic stromal cells (TSCs) constitute a he- 
terogeneous network that includes TECs, fibro-
blasts, endothelial cells, innate lymphoid cells, 
and antigen-presenting cells originating from 
the bone marrow. cTECs facilitate positive 
selection through the presentation of self-pep-
tide-MHC complex to enable survival of those 
thymocytes with MHC restriction [16]. mTECs 
are the principal executors of central tolerance. 
Through high expression of the autoimmune 
regulator (AIRE), they drive ectopic expression 
of a broad panel of tissue-restricted antigens 
(TRAs), allowing the elimination of potentially 
autoreactive T cells to at the source [7, 8, 18].

Under the control of Notch signaling, bone mar-
row-derived hematopoietic progenitors prog-
ress through DN, DP, and SP stages [16]. 
Positive selection in the cortex is responsible 
for the establishment of MHC restriction, while 
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negative selection in the medulla destroys 
clones that exhibit a high affinity for self-anti-
gens [7, 8]. Hassall’s corpuscles are structur- 
es of medulla composed of terminally differen-
tiated mTECs and represent a very specialized 
medullary environment involved in the induc-
tion of Tregs. In humans, Hassall’s corpuscles 
produce thymic stromal lymphopoietin (TSLP), 
which allows dendritic cells in the close vicinity 
to present self-antigens to CD4+ SP thymocyt- 
es that have already been positively selected, 
but remain self-reactive. Instead of clonal dele-
tion, this interaction may lead to the expre- 
ssion of Foxp3 and drive the development of 
CD4+CD25+Foxp3+ Treg lineage [19].

Endocrine functions and immunoregulatory 
factors

The thymus is classically considered an endo-
crine organ as well: TECs release thymosin 
alpha 1 (Tα1), thymosin beta 4 (Tβ4), thymo- 
poietin, and other peptides that control local 
thymocyte development and circulates to exert 
systemic effects on immune function [20, 21].

The relevance of thymic peptides to immune 
responses has recently attracted interest. Tα1 
enhances immune responses and reduces tu- 
mor burden in BALB/c mouse models [22]. 
While in clinical settings such as chronic he- 
patitis B, chronic hepatitis C, and non-small  
cell lung cancer, it shows an immunoadjuvant 
effect, improving interferon responses and sur-
vival in some cases [20]. Tβ4 is a peptide 
secreted from TECs; its precursor is broadly 
expressed in the nucleus and plays roles in 
nuclear function [23]. Tβ4 controls cytoskele-
ton dynamics via binding with G-actin. It was 
found to be expressed in certain types of tumor 
cells and has been associated with malignant 
properties and metastasis potential [20]. It 
stimulates hypothalamic release of luteinizing 
hormone-releasing factor, indicating partici- 
pation of thymic peptides in neuroendocrine-
immune crosstalk, which could indirectly affect 
immune activity within the tumor microenvi- 
ronment [21].

In addition to Tα1 and Tβ4, another class of 
synthetic active fragments based on thymopoi-
etin, namely thymopentin (TP5), has been iden-
tified, with potential for regulating T cell medi-
ated immunity. Thympoietin is a 49-amino-acid 
thymic hormone, while TP5, consisting of resi-

dues 32-36 (Arg-Lys-Asp-Val-Tyr), is its active 
core. In transplantable tumor models, it delays 
tumor induced immunosuppression and par-
tially normalizes immune function [21, 24].

Etiology and pathological features of thymic 
atrophy

Age-related thymic atrophy

One of the most obvious manifestations of 
immunosenescence is age-related thymic invo-
lution. It manifests morphologically as reduced 
thymus size, blurring of the corticomedullary 
border, loss of epithelial space, and gradual 
adipose infiltration [25-29]. This decline is far 
from a simple linear attrition process; thymic 
output peaks shortly after birth before decre- 
asing exponentially throughout life, eventually 
reaching a point at which the generation of new 
naive T cells becomes very limited [30].

Hormonal signaling plays an important role in 
driving involution. The surge of sex steroids at 
puberty impacts thymic structure and physiolo-
gy; TECs express androgen receptors (ARs) and 
estrogen receptors (ERs) and are thus directly 
targeted by sex hormones [31]. Sex steroids 
strongly inhibit TEC proliferation in culture mod-
els such as the rat TEC line IT-45R1, possibly 
through protein kinase C [32]. Transcriptomics 
has revealed how sex hormones globally repro-
gram TEC gene expression, affecting their dif-
ferentiation state and stromal functions [33].

An important consequence of sex steroid ac- 
tion is reduction of interleukin-7 (IL-7) produc-
tion that occurs from TECs and is required for 
survival, proliferation, and TCR rearrangement 
of early DN thymocytes [34, 35]. During β-se- 
lection, IL-7 controls cell growth and differentia-
tion, including the suppression of Bcl-6 [34]. 
While loss of IL-7 upon sex steroid suppression 
removes an essential survival signal. Anti-
apoptotic pathways such as Bcl-2 weaken, or 
the restraint on proapoptotic molecules such 
as Bim is released, leading to increased apop-
tosis at this vulnerable time point [36]. Aging  
of the hematopoietic compartment, with de- 
creased early T-cell progenitors and attenuated 
Notch signaling, contributes to this process.

Androgens may even directly induce thymocyte 
apoptosis. Testosterone in castrated male mice 
reduces thymic size within just 2-4 hours and 
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strongly implicates apoptotic mechanisms [37]. 
In thymic organ culture, dihydrotestosterone 
(DHT) increases thymocyte apoptosis, indicat-
ing a direct or microenvironment-mediated pro-
apoptotic effect [37]. In parallel, other endo-
crine factors, growth hormone (GH) and the 
TEC-derived insulin-like growth factor 1 (IGF-1) 
axis decline with age, further impairing epithe-
lial renewal and thymopoiesis [38-41].

However, the thymic stromal microenvironment 
itself is generally considered the dominant fac-
tor [42, 43]. Intrinsic reprogramming of TECs is 
another central mechanism of involution. The 
master transcription factor FOXN1 progressi- 
vely decreases with age. Its reduction acceler-
ates thymic degeneration, whereas TEC-specific 
overexpression of FOXN1 can delay involution 
[44-47]. At the epigenetic level, reduced miR-
181a-5p and increased miR-125a-5p can pro-
mote involution by derepressing TGF-β sig- 
naling and suppressing FOXN1, respectively 
[48-50]. Wnt signaling, which TECs produce 
and respond to in an autocrine/paracrine man-
ner, also declines with age [51]. Wnt4 positi- 
vely regulates FOXN1 expression through the 
canonical β-catenin pathway within TECs [52], 
its loss promotes epithelial-to-mesenchymal 
transition (EMT), fibroblast accumulation, and 
adipogenic conversion. Deletion of β-catenin 
specifically in FoxN1+ TECs results in severe thy-
mic hypocellularity, delayed TEC maturation, 
and reduced expression of molecules critical 
for TEC function such as RANK and EphB2/3 
[53].

Chronic inflammation acts as an additional  
contributing driver. Aged thymic tissue shows 
increased IL-1, IL-6, TNF-α, and related inflam-
matory mediators, which damage TECs throu- 
gh NF-kappaB and STAT3 signaling [54]. The 
NLRP3 inflammasome activation induces IL-1β 
maturation and enhances inflammatory cas-
cades. NLRP3-deficient mice show a delayed 
degeneration of the thymus [55]. Another fac-
tor is oxidative stress, TECs are very sensitive 
to reactive oxygen species, lack of stromal cat-
alase accelerates DNA damage [56, 57].

Recently, it has been proposed that thymic 
involution may represent an evolutionary opti-
mization of energy allocation rather than dete-
riorating [30]. High levels of thymic output at 
young ages create a diverse naive T cell pool 
while accumulating memory T cells with aging 

decreases the requirement for continuous pro-
duction of new clones. Thymopoiesis is ener-
getically demanding, and mathematical models 
based on Pontryagin’s maximum principle sug-
gest that the optimal strategy may be a high 
early-life peak followed by exponential or pow-
er-law decline, a pattern consistent with human 
TREC data [30].

Obesity and metabolic-disease-associated 
thymic atrophy

Lifestyle and metabolic factors measurably 
impact thymic health. In a deep-learning CT 
analysis of 27,612 asymptomatic adults, thy-
mic health was associated with smoking, obe-
sity, and physical activity [58]. People with  
better thymic function had about 50% less 
chance of dying from all causes during 12 
years; mortality from lung cancer was about 
50% lower, and cardiovascular disease mor- 
tality was reduced by roughly 60-90% [58]. 
Smoking intensity correlated negatively with 
thymic health. In terms of metabolism, high-
density lipoprotein (HDL) was positively associ-
ated with thymic health, whereas triglycerides, 
fasting glucose, and blood pressure showed 
negative associations [58]. People with high 
concentrations of inflammatory cytokines in 
the plasma, including IL-6, IL-18, and oncosta- 
tin M, along with high C-reactive protein (CRP) 
were found to have poor thymus function, sug-
gesting that chronic inflammation may be a 
potential cause of accelerated involution [58].

Obesity leads to thymic atrophy through com-
plex mechanisms that cause abnormalities in 
T-cell development and immune surveillance 
[59, 60]. In diet-induced obese mice, thymic 
architecture deteriorates with reduced cortical 
and medullary cellularity, obliteration of corti-
co-medullary junctions, and increased perithy-
mic adiposity [60]. Thymocyte counts decline 
significantly, accompanied by elevated apopto-
sis of CD4+ and CD8+ SP and DP populations. 
This damage results in functional deficiencies 
shown in decreased levels of signal-joint T-cell 
receptor excision circles (sjTRECs) in peripheral 
lymphocytes, suggesting the reduced number 
of recent thymic emigrants [60]. Mechani- 
stically, obesity-induced chronic inflammation, 
characterized by higher IL-6 and TNF-α concen-
trations, leads to the apoptosis of thymocytes 
and affects the cytokine balance necessary for 
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proper thymopoiesis [59]. Adipokine dysfunc-
tion is another contributing factor, since hyper-
leptinemia in obesity is usually associated with 
leptin resistance and glucocorticoid effects, 
which counteract the positive role of leptin in 
maintaining thymic cellularity [59]. Moreover, 
increased aromatase activity in adipose tissue 
raises estrogen levels, and estrogen signaling 
through estrogen receptor α suppresses cor- 
tical thymocyte survival and differentiation. 
Although the insulin/IGF-1 axis may support 
thymic function, its potential benefits are over-
shadowed by concurrent metabolic disturbanc-
es, including insulin resistance and reduced 
growth hormone signaling [59]. In middle-aged 
people, there is an inverse correlation between 
TREC levels and body mass index, and obese 
individuals with or without type 2 diabetes 
exhibit significantly reduced thymic output 
compared with lean subjects [60].

In summary, these results provide evidence 
that obesity causes premature thymic aging by 
targeting multiple levels of the T cell generation 
pathway, including bone marrow precursors, 
intrathymic selection, and peripheral repertoire 
maintenance, thereby increasing susceptibility 
to infections and cancers [59, 60].

Psychological stress-induced thymic atrophy

Acute or chronic thymic atrophy induced by psy-
chological stress occurs via the neuroendo-
crine-immune axis. Central mechanisms in- 
clude activation of the hypothalamic-pituitary-
adrenal axis with a persistent increase in glu- 
cocorticoids [61-63]. Glucocorticoids promote 
apoptosis of thymocytes, especially DP cells, 
and inhibit their proliferation, leading to de- 
creased thymic weight and cellularity [62, 63]. 
In addition to their effects on thymocytes, glu-
cocorticoids may secondarily injury the thymic 
stromal microenvironment [64].

This causal chain has been reproduced in mul-
tiple animal models. Physical stressors such as 
restraint, water immersion, and forced swim-
ming, as well as psychological stressors such 
as anticipatory stress, can all induce significant 
thymic involution [61, 62, 65]. This effect may 
be prevented through adrenalectomy removing 
endogenous glucocorticoid production, gluco-
corticoid receptor antagonism using RU486,  
or inhibition of glucocorticoid synthesis via  
aminoglutethimide [65, 66]. These interven-

tions confirm glucocorticoids as a core media-
tor of stress-induced thymocyte depletion.

The degree of thymic injury is dependent upon 
the type and severity of the stressor. Quan- 
titative immunohistochemistry comparing phy- 
sical water-immersion stress with psychologi-
cal stress found that physical stress caused 
more severe thymic atrophy, including marked 
cortical thymocyte loss, blurred corticomedul-
lary boundaries, and increased macrophage 
uptake of apoptotic bodies [62]. In addition, 
chronic stress increases local thymic inflam- 
matory mediators like IL-6 and interacts with 
other immune cytokines like Interferon-gamma 
(IFN-γ) to compound microenvironmental da- 
mage [61, 67]. The resulting immunosuppres-
sion due to this stress may contribute to  
higher rates of infections, decreased vaccina-
tion response, and possibly an increased risk 
for tumors among those who are chronically 
stressed [67].

Cancer-associated thymic atrophy

Cancer-associated thymic atrophy is heteroge-
neous and appears to arise through mecha-
nisms that depend on tumor type, disease 
stage, and host context. Some tumors predo- 
minantly disrupt early thymocyte differentia-
tion or thymic epithelial cell homeostasis, whe- 
reas cachexia-associated models may remodel 
medullary stromal compartments and central 
tolerance. Tumor-derived inflammatory signals, 
infiltrating myeloid or dendritic-cell popula-
tions, nutritional and metabolic disturbances, 
and anticancer therapies may contribute to dif-
ferent degrees depending on the tumor model.

Cancer cachexia is likely one of the main driv-
ers of thymic pathology [10, 68] (Figure 1A). 
The magnitude, temporal course, and underly-
ing cellular mechanisms vary between tumor 
models. Mechanistic characterization is cur-
rently most detailed in hepatocellular carcino-
ma (HCC)-associated cachexia. Mouse models 
of HCC cachexia show marked atrophy of the 
thymus characterized by reduction in size, 
weight and total cellularity along with histology 
showing medullary degeneration [10]. Single-
cell sequencing shows that stage II and III 
mature mTEC subsets are reduced in cachec- 
tic mice, accompanied by reduced AIRE and 
TRA expression. These changes directly weak-
en mTEC-mediated negative selection and dis-
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rupt central tolerance [10]. Apart from mTECs, 
single-cell profiling also reveals remodeling of 
the medullary fibroblast compartment, there is 
a reduction in mature medullary fibroblasts, 
accompanied by an accumulation of immature 
cell types. Such immature fibroblasts have  
poor capability of antigen processing and pre-
sentation along with low CCL19 production, 
affecting the CCR7-CCL19 axis, which is ne- 
cessary for negative selection. In addition to 

that, TRA-related genes expression is dimin-
ished in these fibroblasts, further compro- 
mising central tolerance [9]. Cachexia-derived 
CD45+ erythroid progenitor cells can induce 
CD34+ progenitor death and impair maturation 
of thymic medullary fibroblasts, exacerbating 
the atrophic phenotype [9].

In the cachectic HCC model described above, 
monocytic myeloid-derived suppressor cells 

Figure 1. Cancer-associated thymic atrophy. A. Cancer cachexia. M-MDSCs are markedly enriched in the thymus 
of mice with HCC-associated cachexia. Through high iNOS expression, these M-MDSCs produce large amounts of 
NO and induce mTEC apoptosis. Reduced expression of AIRE and tissue-restricted antigens (TRAs) directly impairs 
mTEC-mediated negative selection and disrupts central immune tolerance. Injection of cachexia-derived M-MDSCs 
into tumor-free mice is sufficient to reproduce thymic atrophy and pathological multi-organ T-cell infiltration. B. 
Tumor-induced systemic inflammation. During the progression of cancer cachexia, multiple proinflammatory cy-
tokines increase markedly. IL-6 suppresses thymocyte proliferation and differentiation through pathways such as 
JAK/STAT3. TNF-α activates NF-κB signaling, exerts direct toxicity on TECs, and cooperates with IL-1 to activate 
the hypothalamic-pituitary-adrenal axis, promote glucocorticoid release, and aggravate apoptosis of intrathymic 
DP thymocytes. C. Ionizing radiation (IR) acts directly on DNA to induce DNA double-strand breaks (DSBs) and also 
generates reactive oxygen species (ROS), which further damage DNA. DSBs activate the DNA damage response 
(DDR) and the G2/M checkpoint in TECs, arresting mitosis in G2 phase. IR also suppresses cTEC functional genes, 
including β5t, Il-7, DLL4, KitL, Cxcl12, Ccl21, and Ccl25. D. Cyclophosphamide is metabolized to phosphoramide 
mustard, which impedes DNA unwinding and replication-fork progression and induces DSBs. Doxorubicin stabilizes 
Topo II-DNA cleavage complexes, prevents religation of DNA ends, and sustains DNA breaks; its anthraquinone 
structure also undergoes redox cycling to generate ROS that oxidize DNA and damage lipids and proteins. Cisplatin 
forms d(GpG) adducts that distort the DNA double helix and block DNA and RNA polymerases, arresting replication 
and transcription. Dexamethasone, used as supportive therapy, acts as an exogenous glucocorticoid and induces 
a proapoptotic BCL-2-family program that activates mitochondrial apoptosis. DP cells are highly sensitive to all of 
these processes and are therefore severely depleted.
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(M-MDSCs) accumulate in the thymus. These 
cells have a high expression of inducible nitric 
oxide synthase (iNOS), produce nitric oxide, and 
induce mTEC apoptosis [10]. Adoptive transfer 
experiments show that cachexia-derived M- 
MDSCs can recapitulate thymic atrophy in 
tumor-free mice. In this model, these experi-
ments define a cascade in which M-MDSC infil-
tration leads to NO-mediated mTEC apoptosis 
leading to decreased AIRE and TRA expres-
sion, defective negative selection and escape 
of autoreactive T cells. Preliminary clinical ob- 
servations suggest its relevance for cancer 
patients [10].

Cachexia-associated thymic involution has also 
been observed in the Colon-26 (C26) adeno- 
carcinoma model [69]. In the C26 cachexia 
model, thymic weight was markedly reduced to 
approximately 0.35-fold of the normal control 
value by day 21 after tumor inoculation [69]. An 
earlier study comparing cachexia-inducing and 
non-cachexia-inducing C26 subclones showed 
pronounced thymic contraction in mice bearing 
the cachexigenic clone 20, but not in those 
bearing the non-cachexigenic clone 5 [70]. The 
C26 model additionally provides temporal evi-
dence that systemic immune alterations pre-
cede overt thymic mass loss. Circulating IL-6 
and MCP-1 were elevated as early as day 3 
after C26 inoculation, and CTLA-4 expression 
on CD4+ T cells increased by day 7, whereas  
significant reductions in splenic CD3+, CD4+, 
and CD8+ T-cell populations emerged from day 
14 and significant thymic weight loss was 
detected at day 21 [69].

In contrast to the mechanistically detailed HCC 
cachexia model, the cellular and molecular 
basis of thymic involution in C26-bearing mice 
remains less well defined. TEC subsets, AIRE/
TRA expression, thymic-output markers such 
as T-cell receptor excision circles (TRECs), and 
TCR repertoire alterations were not assessed  
in the C26 study [69]. Thus, although HCC and 
C26 cachexia models share thymic involution 
as a phenotypic endpoint, they cannot current- 
ly be assumed to share the same proximal 
mechanism, particularly the M-MDSC-iNOS/
NO-mTEC pathway demonstrated in HCC.

Tumor-induced systemic inflammation provid- 
es another mechanism of thymic injury [68] 
(Figure 1B). As cachexia progresses, levels of 
IL-6, TNF-α, and other proinflammatory cyto-

kines rise. IL-6 activates Janus Kinase-Signal 
Transducer and Activator of Transcription 3 
(JAK/STAT3) signaling and disrupts TEC ho- 
meostasis whereas TNF-α activates NF-kappa 
B, which is directly toxic to TECs, and cooper-
ates with IL-1 to stimulate glucocorticoid re- 
lease via the hypothalamic-pituitary-adrenal 
axis, leading to increased apoptosis of DP thy-
mocytes and additional local tissue injury [68]. 
Tumor-induced peripheral activated T cells and 
M-MDSCs might also home abnormally into the 
thymus and exacerbate microenvironment dis-
ruption [10, 68].

Tumor-induced thymic atrophy is reflected by a 
reduction in organ weight and thymocyte cellu-
larity [71]. Mice with tumors had T cell matura-
tion defects marked by an increase in DN2 cells 
and decrease in DN3 and DN4 subsets togeth-
er with downregulation of Notch1 and DLL4  
signaling reflecting impaired lineage commit-
ment. Concurrently, tumors induced CCR9-de- 
pendent accumulation of two different plasma-
cytoid dendritic cells (pDC) subsets [71]. Com- 
mon dendritic cell progenitors (CDP)-derived 
pDCs captured and presented tumor antigens 
within the thymus resulting in clonal deletion of 
tumor-specific T cells whereas common lym-
phoid progenitors (CLP)-derived pDCs expand-
ed and released type I interferon enhancing 
Qa2 expression on mature single-positive thy-
mocytes suggesting aberrant maturation. Ab- 
rogation of CCR9 prevented pDC infiltration 
restoring T cell generation and alleviating these 
functional changes. Thus, tumors exploit thy-
mic central tolerance pathways to suppress T 
cell output and modify the quality of newly 
exported T cells [71].

Cancer therapy itself is an important cause  
of thymic damage. Chemotherapeutic agents 
such as cyclophosphamide induce DNA dam-
age and rapidly deplete apoptosis-prone DP 
thymocytes [68]. Radiation directly damages 
thymocytes and can cause long-lasting injury  
to stromal compartments, particularly mTECs, 
which are required for central tolerance [64, 
68]. Such treatment-related damage contrib-
utes to prolonged T-cell immune deficiency, 
infection susceptibility, and relapse risk after 
hematopoietic cell transplantation [64].

Ionizing radiation (IR) used in radiotherapy acts 
directly on DNA to induce DNA double-strand 
breaks (DSBs) and also ionizes water mole-
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cules to generate reactive oxygen species 
(ROS), which further damage DNA [72, 73]. 
DSBs trigger the DNA damage response (DDR) 
and activate the G2/M cell-cycle checkpoint  
in TECs, arresting mitosis in G2 phase (Figure 
1C) [74, 75]. In addition to causing direct TEC 
injury, IR suppresses the expression of genes 
required for TEC function. Among all TEC sub-
sets, cTECs are the most severely affected, 
with broad downregulation of nearly all highly 
expressed functional genes, including β5t, Il-7, 
DLL4, KitL, Cxcl12, Ccl21, and Ccl25 [72, 73].

The thymotoxic effects of chemotherapy are 
equally important (Figure 1D). Chemothera- 
peutic agents ultimately trigger DP thymocyte 
apoptosis through distinct signaling pathways. 
Cyclophosphamide and cisplatin elicit p53- 
dependent or p53-independent apoptotic cas-
cades in response to DNA damage, whereas 
doxorubicin-induced oxidative stress activates 
the intrinsic mitochondrial pathway [76-79]. 
Dexamethasone, acting through glucocorticoid 
receptor GR/NR3C1, alters the balance of 
BCL-2 family members, thereby initiating mi- 
tochondrial outer membrane permeabilization 
[80]. DP cells exhibit inherent sensitivity to 
these signals due to their immature DNA re- 
pair capacity and high basal ROS levels, there-
by lowering the apoptotic threshold [81, 82].

Although some of these immune-stimulating 
strategies can induce acute thymic involution, 
they remain important for enhancing antitumor 
immunity. High dose IL-2 and agonistic anti-
CD40 treatment, which are intended to stimu-
late antitumor response, lead to a rapid in- 
crease in glucocorticoid production. In mice, 
strong systemic immunostimulation decreases 
thymocyte numbers by approximately 60% wi- 
thin 48 hours, which can be inhibited by adre-
nalectomy [83]. Elevated glucocorticoids and a 
decrease in T-cell receptor excision circles were 
found in patients with cancer who received 
high-dose IL-2, suggesting reduced thymic out-
put [84]. These studies emphasize the need  
for balancing immune stimulation and thymus 
protection during cancer treatment.

Imaging-based assessment of thymic health

Noninvasive assessment of thymic status is 
important for investigating the clinical rele-
vance of thymic involution in cancer patients. 
Because direct evaluation of thymic tissue is 

generally impractical, imaging provides an ac- 
cessible approach for characterizing residual 
thymic structure and fat replacement and for 
examining their associations with antitumor 
immune responses and treatment outcomes. 
CT is currently the most practical modality for 
adult thymic assessment, and quantitative and 
artificial intelligence-based approaches may 
improve the reproducibility of imaging-derived 
thymic phenotypes [17, 85].

The normal thymus is seen on CT as a triangle-
shaped or bilobed anterior mediastinum that 
has a slightly larger left lobe and concave or 
straight margins [86]. With age, the gland 
undergoes progressive fatty replacement [87, 
88]. In a CT analysis of 154 individuals without 
chest disease, the thymus was visible in 100% 
of individuals younger than 30 years, 73% of 
those aged 30-49 years, and only 17% of those 
older than 49 years [89]. Quantitative analysis 
of 194 trauma patients further showed that 
thymic density and volume decline with age, 
with no solid soft-tissue component visible in 
patients older than 54 years [87].

Using data from the Framingham Heart Study, 
Araki and colleagues developed a four-point 
thymic scoring system, ranging from complete 
fatty replacement (grade 0) to predominantly 
soft-tissue thymus (grade 3) [88]. The system 
showed excellent reproducibility, with intraob-
server and interobserver weighted kappa val-
ues of 0.87 and 0.83 [88]. Thymic score was 
inversely associated with age, and women sh- 
owed a 10- to 20-year delay in fatty replace-
ment compared with men. Higher BMI and a 
history of smoking were also associated with 
more advanced fatty replacement [88].

Traditional visual scoring and manual measure-
ments are limited by subjectivity. A self-super-
vised deep-learning system can automatically 
quantify thymic health on routine chest CT and 
output a continuous 0-100 score [85]. Higher 
thymic health scores have been shown to be 
associated with improved progression-free sur-
vival and overall survival in a pan-cancer co- 
hort of 3,476 patients who had received ICI 
treatment, comparable to PD-L1 expression 
and tumor mutational burden [85]. Notably, for 
patients with PD-L1 expression less than 1%, 
high thymic health remained associated with  
a 44% reduction in progression risk, indicat- 
ing that thymic assessment provides prognos-
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tic information independent of tumor-centered 
biomarkers [85].

Percent thymic tissue (pTT) is another imag- 
ing metric designed to estimate residual func-
tional thymic tissue [17]. It uses a Gaussian 
mixture model to decompose the CT attenua-
tion histogram of the thymic region, estimating 
the probability that voxels represent thymic 
parenchyma rather than fat [17]. In two inde-
pendent cohorts of locally advanced Non-
Small Cell Lung Cancer (NSCLC), pTT was ne- 
gatively associated with age and was lower in 
men than in women [17]. Among patients 
receiving chemoradiotherapy followed by dur-
valumab consolidation, higher pTT predicted 
distant-metastasis-free survival (aHR=0.51); 
and in stage IIIC patients, predicted durvalum-
ab discontinuation due to treatment-related 
adverse events with an AUC of 0.80 [17]. These 
findings suggest that preserved thymic struc-
ture may reflect stronger host immune sur- 
veillance.

The clinical value of imaging depends on whe- 
ther image-derived parameters reflect func- 
tion. In the CT-based TRACERx prospective 
cohort of 464 resectable NSCLC patients, high 
thymic health scores were associated with 
higher peripheral sjTREC levels, greater TCR α- 
and β-chain diversity in blood and tumor tis-
sue, and increased circulating T-cell abundance 
[85]. Plasma proteomics further showed en- 
richment of adaptive immune pathways among 
patients with higher thymic health [85]. These 
associations support the biological relevance 
of imaging-derived thymic health and suggest 
that structural preservation may correlate with 
residual thymopoietic activity.

Thymic assessment is particularly important in 
thymic epithelial tumors. These patients have 
impaired self-tolerance and are at increased 
risk of irAEs, especially myositis, myocarditis, 
and myasthenia gravis, during ICI treatment 
[90]. Baseline imaging should assess both 
tumor burden and the functional reserve of re- 
maining normal thymic tissue in order to bal-
ance potential immunotherapy benefits with 
risks for toxicity [90].

While CT is fundamental, other modalities offer 
complementary data, including magnetic re- 
sonance imaging (MRI) and positron emission 
tomography (PET). The technique of chemical 

shift MRI can distinguish thymic parenchyma 
versus fat based on phase difference between 
water and fat protons [91]. When distinguish- 
ing thymic hyperplasia from thymic tumors, 
hyperplasia has an average chemical-shift  
ratio around 0.37 with significant signal loss 
on opposed-phase images while tumors have 
ratios ranging from 0.9 to 1.8 without sign- 
al loss [91]. Diffusion-weighted imaging and 
apparent diffusion coefficient mapping offer 
additional functionally relevant data, hyperp- 
lasia typically lacks diffusion restriction but 
malignant thymic tumors do so frequently [91]. 
Differentiation of thymic lesions by Fluoro- 
deoxyglucose Positron Emission Tomography 
(FDG-PET) is less accurate because normal 
young thymus, thymic hyperplasia, and thymo-
ma all demonstrate increased FDG uptake  
[86]. However, new immuno-PET probes like 
radiolabeled antibodies that target CD8 may 
allow noninvasive monitoring of tumor infiltrat-
ing CD8+ T cells [92].

These imaging-derived measures should cur-
rently be interpreted as structural or compos-
ite correlates of thymic status rather than as 
direct measurements of thymic immune func-
tion. Their associations with immunotherapy 
efficacy and toxicity suggest potential value as 
host-side biomarkers, but they are not yet vali-
dated for selecting or modifying anticancer 
treatment. Further prospective studies inte-
grating imaging with functional measures of 
thymopoiesis will be required to define their 
clinical utility.

Mechanisms by which thymic atrophy impairs 
antitumor immunity

Thymic atrophy is far from being merely an  
anatomical change; it triggers a cascade of 
immune dysfunctions that reshape antitumor 
immunity. The failure in naive T-cell output 
leads to reduced TCR diversity, limiting reco- 
gnition of tumor neoantigens. Peripheral T cells 
compensate for this through homeostatic pro-
liferation acquiring a senescent phenotype 
which can also remigrate back into the thymus 
leading to a feedback loop between peripheral 
and central immune aging. Autoreactive T cells 
that escape due to defective mTEC-mediated 
negative selection have both pathogenic and 
potential antitumor implications. Loss of thymic 
endocrine activity impairs systemic immune 
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regulation. These mechanisms represent the 
barriers on the host side caused by thymic 
involution.

Failure of naive T-cell output and loss of TCR 
diversity

The most immediately apparent immunological 
effect of thymic atrophy is a gradual loss of 
naive T cell output [93] (Figure 2A). Exponen- 
tial declines in sjTRECs, as well as decreased 
numbers of CD31+ naive CD4+ T cells, indicate 
an impairment in generation of recent thymic 
emigrants [93]. TREC levels may decrease over 
95% between age 25 and 60 [94]. Single-cell 
analysis of the aging human thymus reveals 
diminished proportions of DN and DP thymo-
cytes with relatively increased SP cells and 
extrathymic innate immune cells suggesting 
reduced efficiency for intrathymic T-cell devel-
opment [93].

This output failure impairs TCR repertoire diver-
sity [95]. Mathematical models show that if thy-
mic output drops below a critical threshold, 
there is a nonlinear collapse in repertoire diver-
sity with loss of small immune clones. Although 
homeostatic proliferation maintains the overall 
count of naive T cells somewhat, it does not 
compensate for deleted clonotypes [95]. A 
sharp contraction in TCR diversity was observ- 
ed by Naylor and colleagues around the sev-
enth decade of life, from ~2×107 to 2×105 clo-
notypes [94]. This erosion undermines the 
molecular foundation for recognition of new 
antigens such as tumor neoantigens [93].

Age-associated TCR loss is not only quantita-
tive but also structural in nature [96]. High-
throughput sequencing reveals that for both 
CD4+ and CD8+ naive T cell subsets, older peo-
ple exhibit shorter TCR β-chain CDR3 loops, 
less NDN nucleotide insertions, and changes  
in physicochemical properties on the central 
part of CDR3 [96]. Measures like interaction 
strength or hydropathy decline, indicating pref-
erence for losing clones with strong interac-
tions with self peptide-MHC during long term 
peripheral selection and immune responses 
[96]. The repertoire becomes more shared; the 
percentage of clonotypes shared among indi-
viduals increases, whereas private and highly 
diverse clonotypes disappear [96]. This leads 
to reduced capacity for the immune system to 

react against the complex antigenic landscape 
of tumors [96, 97].

Peripheral T-cell senescence and remigration 
to the thymus

Compensatory homeostatic proliferation oc- 
curs in the periphery in response to reduced 
thymic output. This alters the composition of 
the T-cell compartment with contraction of the 
naive pool and accumulation of memory-phe-
notype cells over time [98, 99]. Among these 
expanded populations, senescence-associated 
CD4+ T cells (SA-T cells) represent a distinct 
subset characterized by impaired TCR-driven 
proliferation, increased expression of cell cycle 
inhibitors such as Cdkn1a and Cdkn2b, telo-
mere shortening, and enhanced senescence-
associated β-galactosidase activity [98, 99] 
(Figure 2B). Although having low proliferative 
capacity, SA-T cells produce various inflamma-
tory mediators including osteopontin, IFN-γ, 
CCL3, CCL4, etc., after being stimulated by 
their TCRs, thus developing a senescence-as- 
sociated secretory phenotype [99]. The senes-
cent CD8+ T cells might express NK receptors 
such as NKG2D or NKG2A and exhibit antigen-
independent cytotoxicity. Meanwhile, the sen- 
escent CD4+ T cells could gain cytotoxic proper-
ties expressing granzyme B and granzyme K. 
They also lose lymph node homing capability 
and migrate into nonlymphoid tissues promot-
ing tissue damage [100].

Inflammation leads to T-cell senescence. The 
cytokine TNF-α induces direct CD4+ T cell 
senescence and terminal differentiation via 
p38 Mitogen-Activated Protein Kinase (p38 
MAPK) signaling. Subsequently, these senes-
cent T cells secrete further inflammatory medi-
ators in a feed-forward inflammatory loop that 
maintains inflammaging [101]. Chronic inflam-
mation impairs cytotoxic T-lymphocyte function 
and promotes thymic involution, contributing  
to the pathogenesis of age-related cardiovas-
cular disease, cancer, and type 2 diabetes 
[101, 102].

Peripheral T cell aging and thymic degeneration 
are reciprocally linked. Mature peripheral T 
cells can migrate back into the thymus [103]. 
Activated T cells cross via high endothelial 
venules in the corticomedullary junction, main-
ly reside in the medulla, and may remain as 
tissue-resident memory-like cells [103]. Rarely 



Thymus atrophy in cancer immunotherapy

3720	 Am J Cancer Res 2026;16(8):3710-3742

Figure 2. Mechanisms by which thymic atrophy impairs antitumor immunity. A. When the thymus shrinks, the most 
immediate fallout is a steady drop in the production of fresh, naive T cells. Without a constant stream of these 
new cells, the diversity of the T-cell receptor (TCR) library - or repertoire - takes a major hit. Instead of a vast, highly 
personalized library of cells tailored to the individual, the system becomes homogenized. We end up with a much 
more generic, shared set of receptors across different people, while losing the rare, highly specific ones. This loss of 
variety directly cripples the immune system’s ability to spot and attack the highly diverse mutations found in tumors. 
Think of it as trying to crack a complex, evolving lock with only a handful of generic master keys. B. To compensate 
for this drop-off, the body coaxes existing peripheral T cells to divide and multiply. But this copy-of-a-copy approach 
(homeostatic proliferation) comes with a cost. Over time, it rewires the entire T-cell landscape: the pool of naive cells 
dries up, replaced by an accumulation of older, memory-like cells. These worn-out, senescent T cells (SA-T cells) 
don’t just retire quietly. When stimulated, they actively secrete a cocktail of inflammatory signals - including osteo-
pontin, IFN-γ, CCL3, and CCL4 - a state known as the senescence-associated secretory phenotype (SASP). Even 
worse, these senescent cells can migrate back to the thymic medulla, disrupting the critical quality-control process 
of negative selection. C. This breakdown in quality control gets worse inside the decaying thymus. The specialized 
cells responsible for screening new T cells (mTECs) drop in number and fail to mature properly. This disrupts the 
AIRE-dependent presentation of tissue-restricted antigens (TRAs) - essentially, the immune system’s “do-not-attack” 
training list. Consequently, negative selection weakens, allowing self-reactive T-cell precursors to escape into circu-
lation. Once these rogue cells encounter their matching antigen in the body, they quickly mature into active effector 
cells like Th1 or Th17, pumping out inflammatory cytokines and driving a chronic, low-grade local inflammation. 
D. Thymic atrophy is accompanied by a marked decline in thymic peptide hormones, including thymosin α1 (Tα1), 
thymosin β4 (Tβ4), and thymopentin (TP5). Tα1 deficiency weakens antigen presentation, reduces cytotoxic T-lym-
phocyte activity, and disrupts the Th1/Th2 balance, shifting the tumor microenvironment toward immunosuppres-
sion. Tβ4 is the major intracellular G-actin-sequestering peptide. Reduced Tβ4 disrupts cytoskeletal remodeling in 
immune effector cells, impairing their directed migration to tumors and formation of immune synapses. β-Thymosin 
isoforms differentially regulate angiogenesis: Tβ4 and Tα1 are proangiogenic, whereas Tβ9 and Tβ10 are inhibitory; 
an altered balance may favor tumor neovascularization. Loss of TP5, the synthetic pentapeptide corresponding to 
the active site of thymopoietin, further aggravates immune dysregulation. By modulating cyclic guanosine mono-
phosphate (cGMP) in peripheral T cells, TP5 can normalize immune hyperactivity or deficiency caused by thymec-
tomy or aging. Its loss in the tumor microenvironment may disturb the balance between Tregs and effector T cells.

do naive T cells penetrate the healthy adult  
thymus; however, they can do so during neona-
tal life, aging, or lymphopenia [103]. The per-

centage of remigrating mature T cells increas- 
es in mice from ~1-2% at six weeks of age to 
~25% after one year, whereas remigrating Tregs 
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increase from 10% at 10 weeks to 90% by  
50 weeks [103]. These are mostly CD44-high 
activated cells. Chemokine receptors regulate 
remigration, CCR7 limits their entry to the thy-
mus and CCR6 and CXCR4 contribute to hom-
ing [103]. Remigrating cells usually have low 
expression of CD62L and high levels of CD69 
and CD103 indicating a tissue resident pheno-
type [103].

In function, remigrating T cells are able to con-
tribute to central tolerance through presenta-
tion of self or alloantigen to developing thy- 
mocytes for negative selection [103]. But they 
can also disrupt tolerance, for instance, CD8+ 
OT-I cells remigrating into the thymus of RIP-
mOVA mice will eliminate OVA-expressing den-
dritic cells and mTECs, disrupting negative 
selection and allowing generation of autoreac-
tive T cells [103]. Remigrating Tregs can inhibit 
generation of new thymic Tregs dependent on 
IL-2, thus altering the intrathymic Treg pool 
[103].

Another hallmark of T-cell aging is mitochondri-
al dysfunction. Defective mitophagy in senes-
cent CD4+ T cells allows damaged mitochond- 
ria to accumulate; leaked mitochondrial DNA 
activates cGAS-STING signaling and inflamma-
somes, driving inflammatory phenotypes [104, 
105]. In summary, thymic atrophy decreases 
naive T-cell output leading to increased homeo-
static proliferation and peripheral T cell senes-
cence, these senescent T cells enter again into 
the thymus competing for scarce stromal nich-
es and cytokines interfering with negative se- 
lection suppressing new Treg generation form-
ing a central-peripheral feedback loop deepen-
ing immunosenescence [100, 103, 104].

Abnormal central tolerance and escape of 
autoreactive T cells

Thymus mediates central immune tolerance 
through deletion of autoreactive T cells as well 
as development of thymic Tregs, a process 
dependent upon mTECs using AIRE to ectopi-
cally express thousands of TRAs [7, 18]. Since 
tolerance relies on an intact stromal microen- 
vironment, processes that reduce mTEC num-
bers, maturation, or function, such as thymic 
atrophy, may impair selection fidelity [106].

Loss or defective mTEC differentiation in the 
atrophic thymus results in inadequate AIRE-

mediated TRA presentation, thereby impairing 
negative selection [106] (Figure 2C). Autore- 
active high affinity precursors targeting pros-
tate, retinal, melanocyte, or other tissue-specif-
ic antigens can evade deletion and gain access 
to the periphery [7, 107]. Such cells may re- 
main quiescent but reactive; upon encounter-
ing their cognate antigen during inflammation 
or injury, they differentiate into effector cells 
such as Th1 or Th17 that secrete IFN-γ and 
TNF-α, resulting in chronic low-grade autoim-
munity [18, 107].

An important consequence of thymic dysfunc-
tion is a paradox: impaired antitumor immune 
surveillance coexists with relaxed central toler-
ance. On the one hand, thymic involution reduc-
es de novo T-cell production and long-term 
renewal of the peripheral TCR repertoire, po- 
tentially narrowing the pool of T cells available 
for tumor recognition. In the TRACERx cohort, 
lower thymic health was also associated with 
lower sjTREC levels and reduced TCR diversity 
in blood and tumor samples, suggesting that 
diminished thymic activity may be linked to a 
less diverse immune-surveillance substrate. 
Patients with lower radiographic thymic health 
had higher risks of disease progression and 
death after immune checkpoint inhibitor treat-
ment [85]. On the other hand, selective im- 
pairment of medullary negative selection may 
allow some high-affinity self-reactive clones to 
escape deletion. If the corresponding self-anti-
gens are also expressed by tumor cells, these 
clones may recognize appropriately presented 
tumor-associated differentiation antigens and 
contribute to antitumor responses. This possi-
bility is supported by experimental models. 
Transient Receptor Activator of Nuclear Factor- 
κB Ligand (RANKL) blockade in adult mice 
depleted mature AIRE-expressing mTECs and 
reduced TRA expression while largely preserv-
ing cortical architecture, total thymocyte num-
bers, and positive selection. This selective 
defect allowed melanoma-reactive T cells to 
escape deletion and improved survival after 
tumor challenge [108]. Similarly, Aire deficien-
cy expanded melanoma-reactive T-cell popula-
tions and enhanced the antitumor activity of 
CTLA-4 blockade; subsequent studies show- 
ed synergy between Aire deficiency and im- 
mune-checkpoint inhibition across multiple 
tumor models, accompanied by expansion of 
highly tumor-reactive TCR clonotypes [109, 
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110]. These findings support the concept that 
impaired central tolerance can enhance an- 
titumor immunity when T-cell generation is 
relatively preserved and negative selection 
against shared self/tumor antigens is selec- 
tively weakened.

These experimental models should not, how- 
ever, be equated with naturally occurring thy-
mic atrophy. In cancer-associated thymic in- 
jury, impaired thymopoiesis, stromal remodel-
ing, defective negative selection, and peripher-
al immune suppression may occur simultane-
ously. In cachectic HCC mice, medullary stro- 
mal remodeling was associated with reduced 
expression of TRA-related genes, altered thy-
mocyte clonotypes, impaired negative selec-
tion, and increased autoreactivity [9]. In the 
clinical component of the same study, higher 
serum levels of autoantibodies reactive against 
tumor tissues were associated with longer pro-
gression-free survival in patients receiving im- 
mune-checkpoint inhibitors (HR 0.389, 95% CI 
0.158-0.960) [9]. Nevertheless, these clinical 
associations do not establish that the autoanti-
bodies or corresponding antitumor responses 
originate from thymic dysfunction, nor do they 
demonstrate that cancer-associated thymic 
atrophy improves tumor control.

Therefore, the net effect of thymic damage is 
likely to depend on the relative extent of im- 
paired T-cell production and defective central 
selection. Global or severe thymic atrophy, 
characterized by substantial loss of thymopoi-
etic capacity, would be expected to reduce 
recent thymic emigrants and repertoire renew-
al and thereby impair broad antitumor immune 
surveillance. By contrast, partial or selective 
disruption of medullary negative selection, par-
ticularly when overall T-cell generation remains 
intact, may release self-reactive clones capa-
ble of recognizing tumors that express shared 
tissue antigens. In the setting of checkpoint 
blockade, such clones may be further activat-
ed, but they may also increase the risk of auto-
immunity and immune-related adverse events. 
Naturally occurring thymic atrophy is unlikely to 
represent a purely selective defect, because 
impaired T-cell production and defective se- 
lection often coexist. Thus, current evidence 
supports a context-dependent model in which 
thymic atrophy may quantitatively restrict rep-

ertoire renewal while qualitatively relaxing rep-
ertoire selection, the balance between impair- 
ed tumor surveillance, enhanced self/tumor 
reactivity, and autoimmune toxicity remains 
dependent on tumor antigen expression, im- 
mune context, and the pattern of thymic injury.

Decline of thymic endocrine function and ef-
fects on the tumor microenvironment

Thymic atrophy is accompanied by reduced 
secretion of thymic peptides, including Tα1, 
Tβ4, TP5, and other immunoregulatory factors 
[21, 111, 112] (Figure 2D). The endocrine 
decline correlates with alterations in the sex-
hormone environment. Estrogen can influence 
Tβ4 expression, therefore, an imbalance be- 
tween sex hormones and the thymus might 
exacerbate the loss of thymic peptides during 
involution [113]. Decreased thymic peptide  
production impairs peripheral immunity, which 
could disrupt neuroendocrine-immune feed-
back. Tβ4 stimulates the hypothalamus for the 
release of luteinizing hormone-releasing factor, 
implying a thymus-hypothalamic-pituitary sig-
naling loop exists [114]. Loss of such a net-
work might affect system-wide stress and me- 
tabolic states, thus indirectly influencing the 
tumor microenvironment.

In terms of immune modulation, a lack of thy-
mic peptides leads to impaired adaptive im- 
munity. Low concentrations of Tα1 are able to 
induce Lyt+ T-cell markers, promote helper 
T-cell activity, enhance macrophage migration 
inhibition factor activity, and increase E-rosette 
formation [111], activates Toll-like receptor 
pathways in dendritic cells, promotes DC matu-
ration and cytokine production, favors Th1 
immunity [112]. A lack of Tα1 leads to reduc- 
ed antigen presentation, weakened cytotoxic 
T-lymphocyte activity, disturbed Th1/Th2 bal-
ance, and an immunosuppressive tumor micro-
environment [111, 112].

Tβ4 is a major G-actin-sequestering peptide 
that regulates actin polymerization and depoly-
merization [20]. Reduction of Tβ4 might dis- 
rupt cytoskeleton rearrangements for effector 
immune cells, impeding their migration into 
tumors and formation of immune synapses 
[20]. Various β-thymosin isoforms exert differ-
ent effects on angiogenesis, Tβ4 and Tα1 pro-
mote it while Tβ9 and Tβ10 are inhibitory, Im- 



Thymus atrophy in cancer immunotherapy

3723	 Am J Cancer Res 2026;16(8):3710-3742

balance between them may facilitates tumor 
neovascularization [20]. Oxidated form Tβ4 
sulfoxide exerts an anti-inflammatory effect 
which inhibits neutrophil chemotaxis and ad- 
hesion, its reduction could further disturb 
inflammatory homeostasis within the tumor 
microenvironment [20].

TP5, which is a synthetic active pentapeptide 
of thymopoietin, further participates in immune 
equilibrium. It exerts an immunonormalizing 
effect and reverses both immune hyperacti- 
vity or deficiency due to thymectomy or aging 
through modulation of cyclic GMP level in 
peripheral T cells [21]. Deficiency of TP5 in the 
tumor microenvironment could disturb the bal-
ance between Tregs and effector T cells [21]. 
Thymosin α 7 induces suppressor T cells, thus, 
lack of coordinated thymic peptide networks 
might result in a complex environment for 
tumor immune escape [111].

In sum, endocrine failure due to thymic atrophy 
not only affects intrathymic T-cell differentia-
tion but it also changes peripheral immune 
effector functions as well as cytoskeletal 
dynamics, angiogenesis, inflammatory tone, 
and neuroendocrine regulation thus setting up 
a system conducive for tumor growth and 
metastasis [20, 21, 111, 112].

Effects of thymic atrophy on immunotherapies

Effects on immune checkpoint inhibitors

As the central organ of de novo T-cell develop-
ment, the thymus may influence ICI respon- 
siveness by shaping long-term T-cell regenera-
tive capacity and repertoire renewal. Age-
related immunosenescence and cancer ca- 
chexia both lead to thymic atrophy through 
overlapping mechanisms, together forming a 
host-side determinant of response and toxicity 
in checkpoint blockade. However, its contri- 
bution operates alongside - and may be out-
weighed in individual tumors by - tumor antige-
nicity, antigen presentation, pre-existing T-cell 
states, and immunosuppressive features of 
the tumor microenvironment.

Peripheral TCR diversity has been associated 
with ICI outcomes and may represent a can- 
didate host-side biomarker. Multiple studies 
have identified associations between peripher-
al blood TCR characteristics and clinical out-

come. Higher pretreatment TCR richness is 
associated with improved objective response 
rates in advanced or metastatic NSCLC [12, 
13], while increased baseline peripheral T-cell 
diversity in patients receiving ipilimumab plus 
nivolumab is correlated with improved respon- 
se and reduced toxicity risk [13]. In renal cell 
carcinoma, although baseline TCR diversity 
may not directly predict efficacy, there was a 
significant decrease in TCR diversity at one 
month post-treatment indicating expansion of 
specific clones which correlates with durable 
clinical benefit [115]. The dynamics suggest 
activation via systemic expansion of tumor- 
specific clones upon ICI therapy, which requires 
a sufficiently broad starting repertoire [3]. In 
relapsed or refractory acute myeloid leuke- 
mia, single-cell TCR sequencing reveals that 
responders to PD-1 blockade exhibit reper-
toires dominated by CD8+ T-cell clonal expan-
sion compared to nonresponders who display 
further repertoire contraction, these results 
suggest that thymic function and repertoire 
diversity may be candidates for predicting ICI 
benefit in acute myelocytic leukemia (AML) 
[116].

A restricted peripheral TCR repertoire may 
reduce the number of clonotypes capable of 
recognizing tumor antigens and expanding 
after checkpoint blockade [3, 11, 115]. Once 
inhibitory signaling through the PD-1/PD-L1 or 
CTLA-4 pathways is relieved, therapeutic be- 
nefit still depends on the presence of pre- 
existing, checkpoint-responsive tumor-reactive 
T-cell populations [117, 118]. Thus, limited rep-
ertoire breadth provides a biologically plausible 
explanation for reduced ICI responsiveness in 
some patients. However, this interpretation 
remains inferential and does not establish that 
thymic involution is the cause of primary re- 
sistance. Peripheral TCR diversity can also be 
shaped by antigen-driven clonal expansion, 
chronic infection, tumor burden, lymphopenia, 
homeostatic proliferation, and previous anti-
cancer therapy.

Moreover, ICI efficacy does not depend exclu-
sively on ongoing thymic generation of new T 
cells. Older patients, despite generally reduced 
thymic output at the population level, can still 
derive substantial benefit from checkpoint 
blockade [119]. One explanation is that ICIs 
can act on pre-existing T-cell populations, par-
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ticularly TCF1+PD-1+ progenitor-exhausted CD8+ 
T cells maintained in tumor-draining lymphoid 
tissues. These cells can self-renew and differ-
entiate after checkpoint blockade, providing a 
source of effector cells without requiring con-
tinuous generation of new thymic emigrants 
[117]. This model indicates that ongoing adult 
thymic output is neither universally required 
nor sufficient for ICI efficacy. Rather, thymic 
function may modify the size and flexibility of 
the peripheral immune pool on which check-
point blockade acts.

Thymic dysfunction should be positioned as 
one host-side component of a broader multi-
step network governing responsiveness to im- 
mune checkpoint blockade. Although reduced 
thymopoiesis may constrain long-term T-cell 
repertoire renewal and decrease the proba- 
bility of maintaining or generating potentially 
tumor-reactive clonotypes, successful check-
point blockade additionally requires sufficient 
tumor antigenicity, intact antigen processing 
and presentation, effective T-cell priming and 
trafficking, the presence of checkpoint-respon-
sive T-cell states, and a tumor microenviron-
ment permissive for effector function. Failure 
at any of these downstream steps may result in 
resistance irrespective of thymic reserve.

Tumor-intrinsic immune escape can therefore 
outweigh the contribution of thymic dysfunc-
tion in individual patients. Loss of β2-micro- 
globulin or defects in human leukocyte antigen 
(HLA) class I antigen presentation can prevent 
recognition by cytotoxic T cells, whereas disrup-
tion of IFN-JAK signaling may permit tumor cells 
to escape interferon-mediated immune control 
[120]. Similarly, tumor-intrinsic WNT/β-catenin 
activation can impair dendritic-cell recruitment 
and promote T-cell exclusion [121]. At the T-cell 
level, checkpoint blockade preferentially ex- 
pands stem-like or progenitor exhausted popu-
lations rather than uniformly reinvigorating ter-
minally dysfunctional T cells [118]. Suppressive 
myeloid populations, regulatory T cells, and 
metabolic constraints such as hypoxia, nutrient 
competition, lactate accumulation, and ade-
nosine signaling provide additional barriers 
that cannot be corrected simply by increasing 
thymic T-cell production.

The relative importance of thymic dysfunction 
is therefore likely to be context dependent. It 
may be more relevant in patients with advanc- 

ed immune aging, profound treatment-induced 
lymphopenia, or extensive prior cytotoxic the- 
rapy, in whom peripheral T-cell replenishment 
and repertoire renewal are limited. Conversely, 
when ICI resistance is primarily driven by de- 
fective antigen presentation, T-cell exclusion, 
terminal exhaustion, myeloid suppression, or 
metabolic restriction, restoration of thymic fun- 
ction alone is unlikely to restore treatment sen-
sitivity. The thymus is consequently best con-
ceptualized as one upstream component of the 
host immune substrate - contributing to long-
term T-cell supply, repertoire renewal, and the 
quality of central tolerance - rather than as a 
necessary, sufficient, or dominant determinant 
of ICI response.

Effects on CAR-T cell therapy

Conventional autologous CAR-T-cell therapy is 
generated from mature peripheral T cells col-
lected from the patient and therefore does not 
directly depend on ongoing thymic activity. 
Nevertheless, thymic involution may indirectly 
influence CAR-T therapy by contributing to long-
term remodeling of the peripheral T-cell com-
partment from which CAR-T products are de- 
rived. Age-associated reductions in thymic out-
put are accompanied by contraction of naïve 
and less-differentiated T-cell populations and 
increasing reliance on peripheral maintenance 
of the existing T-cell pool [94]. Because the dif-
ferentiation state of the starting T-cell popula-
tion strongly influences subsequent CAR-T-cell 
expansion, persistence, and antitumor activity, 
reduced availability of less-differentiated T 
cells provides a biologically plausible link be- 
tween long-term thymic decline and conven-
tional CAR-T-cell fitness.

Clinical studies support the importance of the 
peripheral starting-cell phenotype, although 
they do not establish thymic atrophy as its 
direct cause. In patients with chronic lym- 
phocytic leukemia receiving CD19 CAR-T cells, 
Fraietta et al. found that complete responses 
were associated with a higher pretreatment 
frequency of CD27+CD45RO-CD8+ memory-like 
T cells, whereas CAR-T cells from nonre-
sponders were enriched for transcriptional 
programs associated with effector differen- 
tiation, glycolysis, exhaustion, and apoptosis 
[122]. More recently, analysis of a CD22 CAR-T 
trial in B-cell acute lymphoblastic leukemia 
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showed that nonresponders had more differen-
tiated and exhausted CAR-T-cell phenotypes 
and, importantly, that these differences could 
already be detected in the apheresis material 
before CAR-T manufacturing [123]. Experimen- 
tal studies further demonstrate that CAR-T 
products generated from preselected naïve/
stem-memory T cells exhibit greater expansion, 
persistence, and antitumor activity than prod-
ucts from unselected T cells, supporting a func-
tional advantage of less-differentiated starting 
populations [124].

However, the peripheral T-cell phenotype in 
patients with cancer cannot be attributed spe-
cifically to thymic involution. Tumor burden, 
chronic antigenic stimulation, systemic inflam-
mation, previous lymphotoxic therapies, periph-
eral homeostatic proliferation, and the manu-
facturing process itself can independently alter 
T-cell differentiation and exhaustion. Consistent 
with this complexity, chronological age alone 
does not necessarily predict poorer CAR-T effi-
cacy: several contemporary clinical cohorts 
have reported comparable response and sur-
vival outcomes in older and younger patients 
receiving CD19 CAR-T therapy [125]. Because 
age is only an indirect correlate of thymic invo-
lution, these findings do not exclude a contribu-
tion of thymic decline, but they indicate that 
age-associated thymic loss is not sufficient by 
itself to determine CAR-T outcome.

Thus, current evidence supports a cautious  
distinction between peripheral T-cell fitness 
and thymic function. The quality of the mature 
peripheral T cells used for CAR-T manufacturing 
is an established determinant of therapeutic 
performance, whereas the contribution of thy-
mic involution to this starting-cell phenotype 
remains biologically plausible but clinically un- 
proven. Direct studies integrating thymic imag-
ing, recent thymic emigrants or TREC-based 
measures with CAR-T manufacturing charac- 
teristics and clinical outcomes will be required 
to determine whether thymic status provides 
independent information beyond age, previ- 
ous treatment, and disease-related immune 
dysfunction.

All of the strategies described above depend  
on ex vivo manufacturing and therefore remain 
constrained by the initial quality of the patient’s 
T cells and their limited in vivo persistence. A 
more radical strategy involves directly inject- 

ing CAR-transduced hematopoietic stem cells 
(HSPCs) into the thymus, leveraging its micro-
environment to drive T-lineage differentiation 
and continuously generate naive CAR-T cells in 
vivo [126]. Single-cell sequencing shows that 
the thymus can induce T-lineage transcriptional 
programs in HSPCs [126]. CAR-T cells arise 
from cells that have not undergone extensive 
ex vivo expansion, retain strong proliferative 
potential, and can be produced continuously as 
donor-derived T cells. Compared with conven-
tional intravenous infusion of effector CAR-T 
cells, thymus-derived CAR-T cells show mark-
edly prolonged persistence in peripheral blood.

Thymic atrophy profoundly limits this strategy 
through both age-related and injury-induced 
changes. In the aging thymus, atypical age-
associated thymic epithelial cells (aaTEC1 and 
aaTEC2) form high-density clusters devoid of 
thymocytes, directly replacing functional corti-
cal and medullary spaces [127]. These aaTECs 
also act as sinks for regenerative signals such 
as Fibroblast Growth Factor (FGF) and bone 
morphogenetic (BMP), diverting trophic support 
away from conventional thymic epithelial cells, 
while FOXN1 downregulation drives differen- 
tiation away from functional TECs and toward 
aaTEC fate [127]. In acute injury from condi- 
tioning regimens, the Postn+ mesenchymal 
subset, which recruits early T cell progenitors 
via CCL19, is severely and persistently deplet-
ed [128]. This disrupts progenitor seeding into 
the thymus, and post-injury repair further ex- 
acerbates the problem by favoring aaTEC gen-
eration over functional epithelial regeneration 
[127, 128]. Collectively, these alterations im- 
pair engraftment, differentiation, and long-term 
CAR-T cell output from intrathymically injected 
HSPCs, necessitating concurrent thymic re- 
generative interventions to optimize therapeu-
tic efficacy [127, 128].

Artificial thymic organoids offer another ex vivo 
engineering approach that enables differentia-
tion of CAR-transduced human induced pluripo-
tent stem cells (iPSCs) into functional CAR-T 
cells without causing tonic signaling or NK/ILC 
lineage diversion due to forced CAR expression 
[129]. Bioengineered thymic tissues derived 
from human pluripotent stem cell-derived thy-
mic epithelial progenitor cells and custom 
extracellular matrices could potentially serve 
as a physiologically relevant niche for sustained 
CAR-T generation in the future [130].
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Beyond the αβ T-cell-centered CAR-T strategies 
described above, γδ T cells are emerging as  
an alternative or complementary platform be- 
cause they recognize tumors independently of 
MHC and possess broad antitumor activity. 
Their antitumor functions, including production 
of IFN-γ and TNF-α, are largely preprogrammed 
during thymic development. Thymic functional 
status may therefore directly influence the 
intrinsic functional quality of γδ T-cell products 
[131].

Classic pharmacologic reconstruction of thy-
mic function

Despite multiple forms of injury, the thym- 
us retains endogenous regenerative potential, 
particularly in younger organisms [64]. How- 
ever, regenerative capacity declines substan-
tially with age. In the aged thymus, nonfunc- 
tional scar-like clusters of abnormal TECs limit 
recovery after injury [64]. Endogenous repair of 
the thymus depends on a network of molecular 
signals, among which RANKL and IL-22 are key 
drivers of TEC regeneration [132, 133]. Thymic 
peptides and their synthetic analogs may also 
act as immunomodulatory adjuvants in oncolo-
gy [112, 134]. Endocrine interventions, includ-
ing sex-steroid blockade and supplementation 
of the GH/IGF-1 axis, provide additional strate-
gies for reversing age- or treatment-associated 
thymic atrophy [16, 135]. Although restoration 
of thymic structure and T-cell output repre-
sents an attractive approach to counteract 
age- or treatment-associated thymic atrophy, 
thymotropic interventions require particular 
caution in patients with cancer. Most regene- 
rative pathways are not restricted to the thy-
mus, and the same proliferative, survival, or dif-
ferentiation signals may also act on malignant 
cells or alter tumor-associated immune res- 
ponses. For example, RANKL and IL-22 have 
experimentally demonstrated tumor-promoting 
potential in selected RANK- or IL-22R-respon- 
sive malignancies, the risks associated with 
KGF and sex-steroid blockade depend strongly 
on receptor expression, tumor type, and ana-
tomical context. The mechanisms, develop-
mental status, potential therapeutic benefits, 
and tumor-associated safety concerns of the 
principal thymic restoration strategies discu- 
ssed in Sections 7 and 8 are therefore sum-
marized in Table 1 [132, 136-154].

RANKL pathway modulation

The RANK-RANKL axis is both a cornerstone of 
central tolerance and a potent driver of thymic 
regeneration [134] (Figure 3A). RANKL expres-
sion increases after radiation or chemotherapy. 
RANKL directly stimulates TEC proliferation, 
and this effect can be blocked by osteoprote-
gerin [155]. RANKL increases anti-apoptotic 
Bcl-2 and Bcl-xL expression while reducing pro-
apoptotic Bax, creating a survival-favorable 
microenvironment. It also enhances thymocyte-
TEC adhesion and upregulates adhesion mole-
cules such as ICAM-1 and VCAM-1, as well as 
thymopoietic factors such as IL-7 and GM-CSF 
[155].

In bone marrow transplantation models, RANKL 
is produced mainly by radiation-resistant CD4+ 
thymocytes and lymphoid tissue inducer (LTi) 
cells. Neutralization of RANKL impairs TEC re- 
generation, whereas exogenous RANKL pro-
motes recovery of cTECs, mTECs, and TEC-low 
populations enriched for epithelial progenitors 
[132]. In addition, RANKL drives lymphotoxin α 
expression by LTi cells that promote progenitor 
homing and de novo thymopoiesis via LTβR sig-
naling. These effects are even present in aged 
mice indicating a translational potential for 
older recipients [132].

In cancer immunotherapy, transient blocka- 
de with denosumab, a humanized anti-RANKL 
antibody, can provide additional benefits by 
weakening mTEC-mediated negative selection, 
thereby releasing self-reactive T-cell clones 
capable of recognizing tumor-associated self-
antigens. This enhances antitumor immunity 
and synergizes with ICIs, but requires careful 
safety management [134].

IL-22

IL-22, a member of the IL-10 cytokine  
family, is produced in the thymus mainly by 
RORγt+CCR6+NKp46- LTi cells (Figure 3B), and 
plays a central role in endogenous thymic re- 
pair [118, 121, 133, 138]. IL-22 is dispens-
able for steady-state thymopoiesis but is es- 
sential for recovery after irradiation or bone 
marrow transplantation. IL-22-deficient mice 
exhibit marked and persistent impairment of 
thymic regeneration after irradiation, lasting for 
as long as 98 days [118]. Exogenous IL-22 sig-
nificantly improves thymic recovery after irradi-
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Table 1. Thymic restoration strategies for cancer immunotherapy

Strategy Primary thymic mechanism Developmental 
stage Potential therapeutic benefits Tumor-associated safety concerns Ref

RANKL Promotes TEC recovery/proliferation 
and LTα-dependent lymphoid progeni-
tor homing after thymic injury

Preclinical Restores TEC compartments, 
progenitor recruitment, and de 
novo thymopoiesis

Promotes progesterone-driven mammary epithelial proliferation and mam-
mary tumorigenesis.
Increase the skeletal metastatic potential of breast cancer cells.
Accelerate bone metastasis of RANK-expressing melanoma and breast 
cancer cells.

[132, 136, 137]

IL-22 Promotes TEC survival and prolifera-
tion following thymic injury

Preclinical
Irradiation/BMT 
models

Accelerates recovery of thymic 
cellularity and epithelial archi-
tecture

Acts on malignant epithelial cells expressing IL-22R.
Activates STAT3 and induces BCL-2, BCL-XL, Cyclin D1 and VEGF, promoting 
HCC survival, proliferation and metastasis.

[138, 139]

Tα1 Promotes T-cell differentiation/
function and enhances DC/T-cell 
responses

Clinical immunomodu-
lator
Oncology trials

Improve immune competence 
and augment antitumor therapy

Studies found no stimulation of malignant-cell growth or oncogenic trans-
formation.
In a randomized trial of 488 patients with metastatic melanoma, some 
efficacy signals favored Tα1-containing arms.

[140, 141]

TP5 Immunomodulatory effects with 
reported enhancement of thymic 
architecture and T-cell function

Preclinical/early clini-
cal immunomodulation

Restore T-cell responsiveness 
and counter tumor-associated 
immune suppression

No well-established direct tumor-promoting pathway has been demon-
strated

[142, 143]

KGF FGFR2IIIb/KGFR signaling promotes 
TECs and supports thymic epithelial 
recovery after injury

Preclinical thymic 
evidence
Clinical use primarily 
for epithelial protection

Protects TECs from cytotoxic in-
jury and accelerates thymopoietic 
recovery

Risk is tumor-type and receptor dependent.
Stimulates clonal growth in 5 solid-tumor lines, including lung, gastric, 
colorectal and breast cancer, specifically in KGFR-expressing cells.
Stimulates proliferation of biliary tract cancer cells.
KGFR-positive biliary tumors were associated with poorer prognosis.

[144-147]

Sex-steroid 
blockade

Relieves sex-steroid-mediated 
inhibition of TECs and thymopoiesis, 
promoting thymic rebound

Preclinical
Early human/HSCT 
studies

Increases thymic output, naïve 
T-cell recovery, TRECs and TCR 
repertoire regeneration

Causes tumor flare, including worsening pain, obstruction and occasional 
spinal cord compression in metastatic prostate cancer.
Accelerate intracranial glioma growth through HPA-axis activation, gluco-
corticoid elevation and myeloid-mediated immunosuppression.

[148-150]

DFImRNA Transiently restores age-depleted 
DLL1/Notch, FLT3L and IL-7 signaling, 
increasing lymphoid progenitors, thy-
mopoiesis and immune reconstitution

Preclinical
Aged mice, including 
tumor/ICI models

Restores thymic output and TCR 
diversity and improves peripheral 
immune/DC function; enhances 
anti-PD-L1 efficacy in preclinical 
models

IL-7 is a direct growth factor for subsets of T-ALL and B-precursor ALL, 
inducing leukemic blast proliferation.
FLT3L can increase proliferation and exert anti-apoptotic effects in subsets 
of primary AML blasts, including FLT3-wild-type and FLT3-mutant samples.
Studies did not demonstrate a direct tumor-promoting DLL1 effect.

[151-154]
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Figure 3. Pharmacologic reconstruction of thymic function. A. RANKL. RANKL increases the expression of the an-
tiapoptotic genes Bcl-2 and Bcl-xL in TECs while reducing the proapoptotic gene Bax, thereby creating a survival-
promoting microenvironment. It also enhances adhesion between thymocytes and TECs. In LTi cells, RANKL specifi-
cally induces LTα, which promotes thymic progenitor homing and de novo thymopoiesis through LTβR signaling. B. 
IL-22. IL-22 acts through IL-22R on cTECs and immature medullary TECs (mTEClo), promoting their proliferation and 
survival. However, IL-22 is upregulated in several tumor tissues and is associated with rapid tumor progression and 
poor prognosis. C. Thymic peptide analogs. Tα1 activates TLRs on pDCs and mDCs, initiating downstream signaling 
and promoting production of multiple immune-related cytokines. TP5 promotes thymus growth and regeneration, 
supporting de novo T cell development and maintaining a diverse T cell repertoire. Simultaneously, TP5 enhances T 
cell effector functions by augmenting the production of key pro-inflammatory cytokines, including TNF-α and IFN-γ, 
which are critical mediators of anti-tumor immunity. D. KGF. KGF activates MAPK/ERK in TECs, suppressing Wnt 
ligands → downregulates FOXN1 and DLL4 → attenuates Notch signaling, causing transient β-selection arrest. On 
day 2, thymus mass and cellularity decrease by 32% and 50%, respectively. By day 21, both rebound to +50% and 
+100% above controls, driven by sustained TEC expansion and long-term stromal remodeling. E. Sex-hormones. 
LHRH agonists can block sex-steroid-driven thymic atrophy. Sex-steroid withdrawal directly increases TEC expres-
sion of the chemokine CCL25, which promotes progenitor homing to the thymus, and the Notch ligand DLL4, which 
supports T-cell differentiation. F. mRNA-mediated functional replacement of thymic support. An mRNA combina-
tion encoding DLL1, FLT3L, and IL-7 (the DFI combination) is packaged in LNPs. After intravenous administration, 
mRNA-encoded FLT3L and IL-7 generate lower but more sustained concentrations, compared with target-protein ex-
pression peaking at approximately 48 hours and then rapidly declining. DFI expands age-depleted CLPs, enhances 
thymic T-cell generation, partially restores thymic weight and cellularity in aged mice, and restores TCR diversity.
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ation and bone marrow transplantation in ani-
mal models [118, 121, 133, 138].

The regenerative circuit is initiated by deple- 
tion of CD4+CD8+ DP thymocyte, the reduction 
in DP cells induces CD103+ dendritic cells to 
stimulate radiation-resistant LTi cells to pro-
duce IL-22 [133, 138]. IL-22 acts through 
IL-22R, which is expressed predominantly on 
TECs, and promotes the proliferation and sur-
vival of cTECs and immature medullary TECs 
(mTEClo). Binding of IL-22 to its receptor on 
TECs activates the canonical JAK/STAT path-
way, expands cTEC and mTEC compartments, 
and accelerates reconstruction of corticome-
dullary architecture.

Despite this potent regenerative activity, the 
tumor-promoting potential of IL-22 must not be 
overlooked. IL-22 is upregulated in tumor tis-
sues from patients with NSCLC, pancreatic can-
cer, gastric cancer, and HCC and is associated 
with rapid progression and poor prognosis. Its 
use as a thymic regenerative adjuvant there-
fore requires careful control of potential onco-
genic risk [134].

Thymic peptide analogs

Tα1 participates in cell proliferation, chromatin 
remodeling, and nuclear transport [20]. By ac- 
tivating Toll-like receptors on pDCs and myeloid 
dendritic cells (mDCs), it initiates downstream 
signaling, promotes production of multiple im- 
mune-related cytokines, and regulates several 
immune-cell subsets [112] (Figure 3C). In pre-
clinical tumor models, Tα1 combined with cy- 
clophosphamide significantly prolonged surviv-
al and cured approximately 23% of tumor-bear-
ing animals, this effect depended on T cells  
and IL-2 signaling. Furthermore, Tα1 promotes 
IDO-1 dependent tolerogenic immune pathways 
that prevent severe intestinal immunopatholo-
gy caused by ICIs like anti-CTLA-4 antibodies 
[134].

Several clinical studies on various solid tumors 
suggest that Tα1 may provide benefit when 
combined with conventional therapy. A meta-
analysis of 27 randomized controlled trials in- 
cluding 1,925 NSCLC patients showed that 
combination treatment using Tα1 and chemo-
therapy especially gemcitabine or vinorelbine 
plus cisplatin was associated with clinical ben-
efit and good safety [134]. A retrospective anal-

ysis of 5,746 patients with R0-resected NSCLC 
demonstrated improvement of five-year disea- 
se-free survival (77.3% vs 57.9%), and overall 
survival (83.3% vs 65.6%) for those treated by 
Tα1, adjuvant Tα1 in small HCC after surgery 
led to an increase of five-year overall survival 
(82.9% vs 62.9%) and recurrence-free survival 
(53.3% vs 32.1%), Tα1 plus dacarbazine in met-
astatic melanoma resulted in increasing stable 
disease rate up to 26-37%, it also improved 
objective response versus controls and extend-
ed response duration [134].

TP5 exhibits strong thymopoietic effect through 
significant increases in thymic mass and cellu-
larity in tumor-bearing mice, notably enhancing 
CD4+, CD8+, and CD4+CD8+ double-positive thy-
mocyte population [142]. Administration of  
TP5 during cyclophosphamide-induced immu-
nosuppression not only prevents severe thymic 
involution but also actively drives thymic recov-
ery leading to increased thymic weight and T 
cell output relative to vehicle treatment [142]. 
Thus, TP5 has been shown to counteract can-
cer- and chemotherapy-induced thymic atro-
phy. One significant challenge associated with 
this thymus-directed therapy is its very brief 
plasma half-life (approximately 30 seconds) li- 
miting prolonged exposure to the thymus [142]. 
As an alternative to improving the pharmacoki-
netics of TP5, another study developed palmi- 
tic acid-modified TP5 that self-assembles into 
nanoparticles providing greater stability and 
enhanced immunostimulatory activity though it 
was not tested on the thymus [156]. Such a for-
mulation could be a feasible way to improve the 
bioavailability of TP5 for future thymic rejuve- 
nation therapies [142, 156].

Keratinocyte growth factor (KGF)

KGF shows biphasic effects on thymopoiesis 
starting from temporary developmental arrest 
and then long-term expansion (Figure 3D). It 
was shown that KGF induces activation of the 
MAPK/ERK pathway in TECs which leads to 
suppression of expression of Wnt ligands like 
Wnt4, Wnt7a, and Wnt10a in a subset specific 
way [157], thereby marking dramatic downre- 
gulation of Foxn1, a master transcriptional reg-
ulator of TEC differentiation, at mRNA and pro-
tein level [157]. Reduction of Foxn1 further 
leads to diminished expression of its direct tar-
gets DLL4 encoding the essential Notch ligand 



Thymus atrophy in cancer immunotherapy

3730	 Am J Cancer Res 2026;16(8):3710-3742

needed for early thymocyte progression, dis-
rupting Notch signaling in DN2a to DN3a thy-
mocytes thus suppressing the expression of 
key downstream genes like Bcl11b, Ptcra, 
Rag2. Disruption of pre TCR assembly leads to 
an arrest of thymocyte development at the 
beta selection checkpoint, resulting in signi- 
ficant reduction in post selection subsets. 
Ironically, this initial inhibition is counterbal-
anced by strong TEC proliferation via the same 
MAPK/ERK pathway eventually resulting in 
marked increase in thymic mass and thymo-
cyte numbers by day 21 [157].

KGF’s poor performance in clinics is partly 
attributed to its intrinsic pharmacokinetic limi-
tations such as short half-life, fast diffusion out 
of the injection site, and lack of target speci- 
ficity that lead to reduced bioavailability and 
limit sustained interaction with TECs [158]. 
Protein engineering strategies have been used 
to improve KGF retention in the extracellular 
matrix. One new strategy was designed throu- 
gh creating a fusion protein between KGF and 
the collagen binding domain (CBD), derived 
from Vibrio mimicus metalloprotease. The vibri-
oCBD KGF fusion showed significantly increas- 
ed collagen binding affinity but retained full  
biological activity similar to native KGF. When 
applied to adipose derived stem cells cultured 
on collagen coated plates, the fusion protein 
induced keratinocyte differentiation markers at 
substantially lower concentrations than were 
required for unmodified KGF, demonstrating 
that CBD mediated tethering to collagen effec-
tively increases local bioavailability and en- 
hances KGF potency [158].

Sex-hormone modulation

Sex hormones are major drivers of age-related 
thymic involution (Figure 3E). Chemical sex-
steroid blockade, such as treatment with lu- 
teinizing hormone-releasing hormone (LHRH) 
agonists, can reverse age- or chemotherapy-
associated thymic atrophy. Sex-steroid with-
drawal directly promotes TEC expression of 
CCL25 and DLL4, which supports progenitor 
homing to the thymus and T-cell differentiation, 
respectively [16]. In clinical studies, LHRH ago-
nists accelerate T-cell reconstitution after bone 
marrow transplantation and increase peripher-
al TCR diversity [16].

Novel functional replacement strategies

Novel mRNA-mediated thymic supports

mRNA technology offers a cell-free strategy  
for thymic regeneration. Lipid nanoparticles 
(LNPs) can deliver mRNA encoding selected 
thymotropic factors, producing systemic, tran-
sient, and controllable protein expression with-
out genomic integration (Figure 3F). Repeated 
dosing can maintain effect while avoiding risks 
associated with viral vectors [151]. Mapping 
signaling pathways in young and aged mice  
has shown that Notch signaling, especially 
DLL1-mediated cTEC-thymocyte interactions, 
and IL-7 signaling decline with age. FLT3L sig-
naling in peripheral T cells is also markedly 
reduced [151]. These observations identify 
DLL1, FLT3L, and IL-7 as rational intervention 
targets.

Although recombinant proteins can promote 
thymic repair, single-factor protein therapy is 
limited by short half-life, frequent high-dose 
administration, and risk of systemic inflamma-
tion [16, 132, 138, 151]. Friedrich and col-
leagues therefore designed a three-factor 
mRNA combination encoding DLL1, FLT3L, and 
IL-7, referred to as the DFI combination [151]. 
These mRNAs were packaged into SM-102 ion-
izable LNPs. Following an intravenous injection, 
LNPs accumulate in the liver. In contrast to 
recombinant proteins that have a sharp peak  
of serum concentration, mRNA-encoded FLT3L 
and IL-7 show lower yet sustained levels. The 
protein expression peaks around 48 hours 
before it drops off quickly for transient and  
controlled supplementation [151].

The DFI therapy reverses aging-related im- 
mune decline via a multi-step process, DLL1 
delivers essential Notch signaling for early 
T-lineage commitment, IL-7 ensures thymocyte 
survival and facilitates β-selection, whereas 
FLT3-L improves the thymic stromal microenvi-
ronment and drives dendritic cells’ develop-
ment. This regimen expands CLPs, which in- 
clude CCR9+ CLP that have thymic homing 
potential, and also increases thymic T-cell gen-
eration [151]. The treatment partially restores 
thymic weight and cellularity of aged mice, 
where after 28 days mature CD4+ and CD8+  
SP thymocytes approach those observed in 
young mice. Increased peripheral TRECs pro-
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vide molecular evidence for enhanced thymic 
output [151]. DFI also improves peripheral 
immune function by expanding conventional 
type 1 dendritic cells (cDC1s) in the spleen and 
upregulating H2-K1 and costimulatory mole-
cules such as CD40, CD83, and CD86 [151]. 
In B16-OVA melanoma and MC38-OVA colon 
cancer models, DFI pretreatment increases the 
abundance and clonal diversity of tumor-infil-
trating CD8+ T-cells. Tumor-specific CD8+ T cells 
show reduced expression of exhaustion mark-
ers including Havcr2, Lag3, and Pdcd1, and 
their TCR Shannon diversity increases [151].  
In parallel with these thymic and peripheral 
immune changes, DFI synergizes with anti-PD-
L1 therapy and induces complete tumor re- 
gression in 40% of aged mice bearing aggres-
sive B16-OVA tumors [151].

Importantly, DFI induces two parallel forms of 
immune restoration: enhanced thymopoiesis 
and remodeling of peripheral immune compart-
ments. The treatment increases thymic cellu-
larity, thymocyte maturation, and peripheral 
TREC levels, consistent with improved thymic 
output, while simultaneously expanding den-
dritic-cell populations and altering peripheral 
T-cell states through the systemic actions of 
FLT3L and IL-7. Both processes could plausibly 
contribute to the increased tumor-infiltrating 
CD8+ T-cell abundance, broader tumor-reactive 
TCR repertoire, and improved response to 
PD-L1 blockade observed after DFI treatment. 
Although the washout period used before tumor 
challenge reduces the likelihood that these 
effects reflect only acute exposure to the en- 
coded factors, it cannot exclude persistent 
peripheral immune remodeling. Therefore, the 
current experiments do not fully distinguish the 
relative contributions of newly generated thy-
mic T cells from thymus-independent peripher-
al immune effects to the enhanced antitumor 
response.

Resolving this distinction will require experi-
mental approaches that selectively separate 
thymus-dependent from peripheral mecha-
nisms. Adult thymectomy would test whether 
an intact thymus is required for the antitumor 
benefit of DFI, whereas inducible TEC-specific 
disruption of thymopoietic support could im- 
pair thymic T-cell generation while preserving 
the systemic actions of IL-7 and FLT3L. Linea- 
ge-tracing approaches could further determine 

whether newly generated thymic emigrants 
enter tumors, acquire tumor-reactive specifici-
ties, and contribute directly to tumor control. 
Tracking shared TCR clonotypes across the  
thymus, recent thymic emigrants, peripheral 
blood, and tumor-infiltrating lymphocytes would 
provide particularly strong evidence for a ca- 
usal contribution of regenerated thymic output 
to antitumor immunity.

Cryopreserved cultured thymus tissue implan-
tation (cCTTI)

Cultured allogeneic thymus tissue implanta- 
tion (CTTI) is currently a standard treatment for 
congenital athymia, but its use is constrained 
by a narrow donor-recipient time window, re- 
quiring transplantation within 12-21 days after 
thymus procurement (Figure 4A). Preclinical 
studies in rats and pigs have shown that cul-
tured thymic tissue can be cryopreserved and, 
after thawing, retain both viability and recon-
structive potential [159].

When cryopreserved cultured rat thymus tissue 
is implanted under the kidney capsule of con-
genitally athymic rats, or when porcine cCTTI is 
implanted into the quadriceps of thymecto-
mized and T-cell-depleted pigs, grafts can 
engraft, reconstruct normal corticomedullary 
architecture, and generate peripheral naive T 
cells with diverse TCR repertoires [159]. Cry- 
opreserved human thymic tissue also retains 
key quality-control markers after thawing, inclu- 
ding CCL21 expression for progenitor recruit-
ment, CK14+ TECs with regenerative potential, 
and proliferating Ki-67+ stromal cells [159].

Although cCTTI has not yet been directly app- 
lied to cancer patients, its core technology 
could eventually provide a route to thymic 
reconstruction in individuals with cancer-treat-
ment-induced thymic failure. Clinical studies 
will be needed to test safety, feasibility, and 
immune benefit in this population.

Cell replacement and thymus organ functional 
reconstruction

Stem-cell- and tissue-engineering-based re- 
construction of thymic function offers a highly 
promising strategy for overcoming T-cell im- 
munodeficiency caused by thymic atrophy. The 
main idea is to create a functional thymic 
microenvironment in vitro/in vivo that supports 
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directed HSPC differentiation, along with posi-
tive and negative selection, for T-cell regenera-
tion and immune-repertoire rebuilding [160, 
161].

Artificial thymic organoids (ATOs) are a key  
platform (Figure 4B). By aggregating HSPCs 
with MS5 stromal cells engineered to express 
DLL4 under serum-free, defined conditions, 
ATOs simulate three-dimensional thymic struc-
ture and support T-lineage commitment, differ-
entiation, positive selection, and generation of 
naive CD4+ and CD8+ SP T cells [162]. ATOs 

can differentiate HSPCs from cord blood, bone 
marrow, or peripheral blood and can enforce 
TCR allelic exclusion in vitro, providing a route 
to tumor-specific TCR-T or CAR-T generation 
[160]. They also allow functional testing of 
HSPCs from patients with T-cell lymphopenia 
[129].

For in vivo reconstruction, induced pluripotent 
stem cell-derived thymic epithelial cells (iTECs) 
may eventually replace allogeneic cultured thy-
mus tissue by enabling scalable and poten- 
tially HLA-matched thymic repair (Figure 4C). 

Figure 4. Cell replacement and thymus organ functional reconstruction. A. cCTTI. After thawing, cryopreserved hu-
man thymic tissue retains key quality-control features, including CCL21, CK14+ TECs, and actively proliferating 
Ki-67+ stromal cells. Implantation of rat cCTTI under the kidney capsule of congenitally athymic rats, or porcine 
cCTTI into the quadriceps of thymectomized and T-cell-depleted pigs, reconstructs corticomedullary architecture 
and generates naive T cells with diverse TCR repertoires. B. In vitro thymic organoid. ATOs are standardized three-di-
mensional culture systems in which HSPCs are aggregated with MS5 stromal cells engineered to express the Notch 
ligand DLL4 under serum-free, chemically defined conditions. ATOs reproduce key features of three-dimensional 
thymic architecture, support T-cell differentiation and positive selection, generate naive-phenotype CD4+ and CD8+ 
SP T cells, and produce functional responses to TCR stimulation, including secretion of cytokines such as IFN-γ. C. 
In vivo thymic reconstruction. iPSCs are directed toward thymic epithelial progenitor cells (TEPCs), combined with 
three-dimensional scaffolds constructed from decellularized native thymic matrix or synthetic biomaterials, and 
further differentiated into functional TECs. After transplantation into immunodeficient mice, iPSC-derived TEPC-
scaffold constructs support host HSPC homing and engraftment, complete T-cell development, Treg generation, 
and reconstruction of antitumor immune function. In addition to iTECs, organoids generated by combining postnatal 
primary thymic epithelial stem/progenitor cells (pTEPCs) with three-dimensional scaffolds can also reconstruct a 
functional thymic microenvironment and support T-cell development.
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iTECs can support positive and negative selec-
tion, generate diverse and centrally tolerant 
TCR repertoires, and produce Tregs in vivo 
[163]. Differentiation protocols use timed mo- 
dulation of Activin A, BMP4, retinoic acid, FGF, 
and other pathways to guide iPSCs or embry-
onic stem cells (ESCs) into definitive endo- 
derm, ventral pharyngeal endoderm, thymic 
epithelial progenitor cells (TEPCs), and ulti-
mately functional TECs [130, 164]. Decellu- 
larized thymic matrix or synthetic biomaterials 
such as porous tantalum-coated carbon matri-
ces, CellFoam, and collagen-polycaprolactone 
composite scaffolds can provide spatial and 
biochemical cues for TEPC engraftment, pro- 
liferation, and maturation [161, 165]. When 
iPSC-derived TEPCs are combined with three-
dimensional scaffolds and transplanted into 
immunodeficient mice, host HSPCs can home 
to the graft and progress from DN to DP and SP 
stages, reconstructing a diverse and functional 
T-cell compartment [166, 167]. Generated T 
cells can mediate central tolerance, suppress 
allogeneic tumor growth, and mount TCR-de- 
pendent cytokine and proliferative responses, 
demonstrating functional adaptive immunity 
[167]. Postnatal primary thymic epithelial stem/
progenitor cells (pTEPCs) also have self-renewal 
and multilineage potential and can generate 
both cTEC and mTEC lineages when incorporat-
ed into organoid scaffolds [163].

There exist several bottlenecks. The efficiency 
and stability of iPSC-to-TEPC differentiation, 
especially for mature/functional cTEC/mTEC 
subsets, are not optimal, Expression levels  
of important transcription factors like FOXN1 
remain lower than in native thymic tissue [130, 
161]. Long-term graft survival depends upon 
vascularization, whereas the use of xenoge- 
neic materials such as mouse stromal cells or 
Matrigel poses a risk of immune rejection and 
pathogen contamination. Therefore, fully hu- 
manized, GMP-compatible systems are need-
ed [161, 162, 165]. Patient-specific genetic 
backgrounds, including DiGeorge syndrome, 
CHD7 defects, or AIRE deficiency, may influ-
ence TEPC differentiation and require individu-
alized optimization [164]. Finally, much func-
tional validation still relies on mouse models, 
whose thymic microenvironment and T-cell 
developmental kinetics differ from those of 
humans. A fully humanized thymic organoid 
system remains the long-term objective [161, 
167].

Challenges and perspectives

Thymic atrophy is increasingly recognized as a 
key, and potentially reversible, determinant of 
antitumor immunity. Yet, translating this con-
cept into clinical practice is no simple task. 
Currently, most evidence is derived from animal 
models, retrospective studies, or indirect mark-
ers. Because factors like age, obesity, cachex-
ia, chronic inflammation, and prior cancer ther-
apies affect both the thymus and patient out- 
comes, disentangling cause and effect remains 
challenging. Prospective trials are needed to 
determine whether thymic dysfunction drives 
immunotherapy resistance or merely reflects 
broader biological aging.

A major measurement hurdle also remains: we 
lack a standardized approach to assessing the 
thymus. CT scans can show physical size, and 
AI tools can score tissue structure, but these 
metrics do not necessarily indicate whether the 
organ is actually generating functional T cells  
or maintaining central tolerance. Conversely, 
blood-based markers such as TRECs or naive 
T-cell counts are easily skewed by peripheral 
cell division or chemotherapy-induced lympho-
penia. To obtain a comprehensive picture, fu- 
ture evaluations must integrate imaging with 
molecular and cellular profiling, using standard-
ized benchmarks adjusted for age and sex.

Furthermore, thymic restoration is not merely a 
numbers game; increasing organ size alone is 
insufficient. The thymus functions as a training 
ground; true regeneration requires restoring 
the entire developmental pipeline. This means 
ensuring proper progenitor homing, positive 
selection in the cortex, and negative selection 
in the medulla, alongside AIRE-dependent anti-
gen expression and regulatory T-cell develop-
ment. If this reconstruction is incomplete, T-cell 
numbers may increase without restoration of 
tolerance. For example, weakening negative 
selection may release tumor-reactive T cells, 
but it also carries the risks of unleashing au- 
toimmunity and severe side effects. The goal 
should be controlled, balanced regeneration 
rather than indiscriminate expansion.

Safety represents another major challenge. 
Many agents used to stimulate regeneration - 
such as RANKL, IL-22, IL-7, FLT3L, growth fac-
tors, or sex-steroid blockers - can have system-
ic side effects or even promote tumor growth. 
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Avoiding these risks will require targeted deliv-
ery, short-term exposure, precise dosing, and 
long-term monitoring. Finally, timing poses a 
significant challenge. Generating new T cells is 
a slow process, lagging far behind the rapid 
reinvigoration of existing T cells achieved with 
checkpoint inhibitors. Identifying the optimal 
therapeutic window will be essential. There- 
fore, thymic restoration may be most relevant 
to long-term immune reconstitution, repertoire 
renewal, and durability of response, rather than 
to the immediate reinvigoration of pre-existing 
tumor-reactive T cells.

Future trials should incorporate functional 
immune endpoints, including recent thymic 
emigrants, TCR diversity, tumor-reactive clono-
types, infection susceptibility, immunotherapy 
response, CAR-T-cell persistence, and immune-
related toxicity. Patient stratification according 
to thymic reserve, stromal injury, progenitor 
availability, metabolic status, and autoimmune 
risk will likely be necessary. Ultimately, com- 
bining thymic biomarkers with tumor-centered 
indicators may enable a more comprehensive 
precision-immunotherapy framework and es- 
tablish thymic restoration as a strategy to im- 
prove treatment efficacy, durability, and safety.

Conclusion

This review has systematically examined the 
mechanisms, immunological consequences, 
assessment methods, and therapeutic strate-
gies associated with thymic atrophy in the set-
ting of cancer immunotherapy. Thymic atrophy 
represents far more than an anatomical alte- 
ration. By constraining naive T-cell generation 
and TCR diversity, driving peripheral T-cell se- 
nescence, impairing central tolerance, and 
diminishing thymic endocrine support, it can 
influence the efficacy and durability of ICIs and 
CAR-T cell therapy.

Future investigations should prioritize stan-
dardized multimodal evaluation of thymic re- 
serve, prospective clinical validation of thymus-
associated biomarkers, and precisely targeted 
pharmacological, cellular, and tissue-engineer-
ing approaches to restore thymus function. 
Combining thymus-targeted interventions with 
tumor-centric immunotherapies may facilitate 
sustained immune reconstitution and improv- 
ed therapeutic outcomes, positioning thymic 

regeneration as a valuable component of pre- 
cision cancer immunotherapy.
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