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KEYWORDS Abstract T cell exhaustion is a state of T cell dysfunction resulting from persistent antigenic
Epigenetic stimulation, characterized primarily by the high expression of inhibitory receptors, metabolic
remodeling; reprogramming, and epigenetic remodeling. T cell exhaustion is closely associated with im-
Metabolic mune responses in chronic infections, tumor escape, and organ transplantation. In transplan-
reprogramming; tation immunology, T cell exhaustion plays a dual role: moderate exhaustion can promote
T cell exhaustion; immune tolerance and reduce graft rejection, while excessive exhaustion may weaken the
Transplantation; defensive capabilities of the immune system, increasing the risk of infection and tumorigen-
Immunotherapy esis. Therefore, effective regulation of T-cell exhaustion has become a crucial issue in the field

of immunotherapy. Epigenetic or metabolic interventions may offer novel insights for
achieving graft-specific tolerance. Further studies can focus on precise modulation of T-cell
exhaustion through metabolic reprogramming, epigenetic regulation, and immune checkpoint
inhibition, ultimately enhancing the efficacy of transplantation immunology and immuno-
therapy. This review focuses on the molecular phenotype, metabolic patterns, and mecha-
nisms of epigenetic changes in exhausted T cells. It also explores the research progress of T
cell exhaustion in organ transplantation. Furthermore, the review introduces strategies to
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induce T cell exhaustion, discussing how these strategies can effectively reduce the side ef-
fects of immunosuppressive therapy and promote graft tolerance.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Background

T cells, as crucial components of specific immune responses,
play a significant role in various immune reactions, such as
clearing pathogens, resisting tumors, and transplant rejec-
tion. T cells also exhibit high heterogeneity and can be
categorized into multiple subsets based on distinct classifi-
cation criteria. According to their activation status, T cells
are broadly divided into naive T cells, effector T cells, and
memory T cells. Naive T cells are mature T cells that have
not encountered antigen stimulation. They reside in the Gg
phase and are primarily responsible for antigen recognition.
Upon receiving peptide-major histocompatibility complex
(pPMHC) stimulation presented by dendritic cells in peripheral
lymphoid organs, they become activated and differentiate
into effector and/or memory T cells. Effector T cells are the
primary executors of immune responses. They emerge
following T cell activation, proliferation, and differentiation
in response to antigenic challenge. Based on cluster of dif-
ferentiation (CD) marker expression, they are classified into
CD4" T cells and CD8™ T cells (cytotoxic T cells).

CD4* T cells, which include T helper subsets such as Tht,
Th2, Th17, and regulatory T cells (Tregs), recognize
peptide—MHC complexes and modulate the function of diverse
immune cells, including CD8" T cells and dendritic cells,
playing a complex and critical role in the immune system. Ev-
idence suggests that during chronic viral infections and in
tumor contexts, CD4" T cells can undergo exhaustion similar to
CD8* T cells.” Exhausted CD4™ T cells exhibit molecular phe-
notypes resembling those of exhausted CD8* T cells, including
up-regulated expression of inhibitory receptors such as pro-
grammed death-1 (PD-1), cytotoxic T lymphocyte antigen-4
(CTLA-4), and lymphocyte activation gene 3 (LAG-3).% Addi-
tionally, CD39 is markedly increased on exhausted CD4" T cells
and serves as a distinctive surface marker for their exhaustion.>
Key transcription factors critical in CD8"% T cell exhaustion,
such as thymocyte selection-associated high mobility group
box factor (TOX) and Kriippel-like factor 4 (KLF4), are also up-
regulated in exhausted CD4" T cells.* Furthermore, unique
features like up-regulation of PR/SET domain 1 (PRDM1) and
down-regulation of Th-inducing POZ-Kruppel factor (ThPOK)
have been observed in exhausted CD4" T cells and may
contribute to the development of the exhausted state. How-
ever, due to the limited number of studies focusing on CD4* T
cell exhaustion, the precise mechanistic roles of transcription
factors such as TOX remain unclear.”

CD8™ T cells, upon activation, differentiate into cytotoxic T
lymphocytes, which mediate the specific killing of target cells.
Memory T cells are derived from either effector Tcells or naive T
cells. They participate in lymphocyte recirculation, exhibit
long-term persistence (often for years), and rapidly differen-
tiate into effector T cells upon re-exposure to the same antigen,
thereby mediating secondary immune responses.®

T cell exhaustion represents a state of dysfunctionality that
often occurs when the body is stimulated by certain persistent
antigens (e.g., viruses, bacteria, or tumor cells) for an extended
period or during chronic infections.® Under these conditions, T
cells may gradually lose their original effector functions.

After studying normal and CD4 knockout mice infected
with lymphocytic choriomeningitis virus (LCMV), re-
searchers first proposed the concept of T cell exhaustion.”’
Since then, researchers have repeatedly observed T cell
exhaustion in human and animal infection models, such as
in human chronic infections including acquired immuno-
deficiency syndrome (caused by human immunodeficiency
virus, HIV), hepatitis B (caused by hepatitis B virus, HBV),
and hepatitis C (caused by hepatitis C virus, HCV).>'°
Additionally, T cell exhaustion has also been linked to
tumorigenesis'' and transplant rejection.’”

During the investigation of exhausted T cells, it has been
observed that these cells exhibit up-regulated checkpoint
molecules compared with normal T cells,"” such as the
overexpression of inhibitory receptors (IRs).'*> Additionally,
exhausted T cells undergo physiological changes in both
epigenetics and metabolic patterns (Fig. 1)." In recent
years, T cell exhaustion has been widely discussed in trans-
plantation immunology, with researchers proposing it as a
novel therapeutic approach for organ transplantation.'?
Appropriate levels of T cell exhaustion can suppress exces-
sive immune responses, thereby enhancing graft tolerance.
In clinical settings, harnessing these regulatory mechanisms
to precisely induce T cell exhaustion and promote graft
tolerance without compromising immune surveillance rep-
resents a significant breakthrough for future transplantation
immunology research and treatment.

Molecular phenotypes of T cell exhaustion

Exhausted T cells represent a specific differentiation state
of T cells during the infection process, characterized by
distinct molecular phenotypes (Fig. 2). Researchers have
discovered that exhausted T cells abundantly express IRs,
such as CTLA-4, PD-1, T cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3), LAG-3, 2B4 (CD244), B
and T lymphocyte attenuator (BTLA), CD160, and killer-cell
lectin like receptor G1 (KLRG1). In the following sections,
we will provide detailed descriptions of four typical mo-
lecular phenotypes: CTLA-4, PD-1, TIM-3, and LAG-3.

CTLA-4

CTLA-4, also known as CD152, stands as a pivotal immune
checkpoint molecule recognized as a negative regulator of
T cell priming.’® CTLA-4 binds to B7 family molecules (B7-1/
CD80 and B7-2/CD86) with significantly higher affinity than
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Figure 1

Overview of the changes in T cell exhaustion, including epigenetic regulation, transcription factors, and metabolic

change. We reviewed the molecular phenotypic hallmarks of T cell exhaustion, focusing on the signaling pathways and downstream
effects of key inhibitory receptors, including CTLA-4, PD-1, and Tim-3. The epigenetic reprogramming that occurs during
exhaustion was delineated. We also highlighted the interplay among transcription factors such as TOX, NFAT, and MYB, and their
roles in regulating cytokine production and cellular activation. Additionally, we examined the contributions of regulatory T cells
(Tregs), macrophages, natural killer (NK) cells, and myeloid-derived suppressor cells (MDSCs) to the exhaustion process, and dis-
cussed the critical involvement of cytokines in this context. Finally, we reviewed the metabolic changes in T cell exhaustion, with
more significant changes in metabolic pathways in glucose metabolism, lipid metabolism, and amino acid metabolism, which ul-

timately led to altered functions in T cells.

the costimulatory molecule CD28, thereby competitively
inhibiting CD28-mediated costimulatory signals. Through its
intracellular domain, CTLA-4 recruits phosphatases such as
Src _homology-containing protein 2 (SHP-2) and protein
phosphatase 2A (PP2A), suppressing key molecules in the T
cell receptor (TCR) signaling pathway (e.g., phosphoinosi-
tide-3-kinase (PI3K)-protein kinase B (AKT) and mitogen-
activated protein kinase (MAPK) pathways), which conse-
quently inhibits T cell proliferation and cytokine produc-
tion. In chronic infections and tumor microenvironments,
the elevated expression of CTLA-4 is closely associated with
T cell exhaustion. Specifically, CTLA-4 promotes T cell
dysfunction and exhaustion by inhibiting T cell activation
and proliferation. Furthermore, CTLA-4 is highly expressed
in Tregs, indirectly exacerbating the progression of T cell
exhaustion by suppressing the activation of effector T cells
and promoting immune resistance.'®!”

PD-1

PD-1 is a profound immunosuppressive receptor that is
highly expressed on exhausted T cells. Upon binding to its
ligands, programmed death ligand 1 (PD-L1) and PD-L2, PD-
1 recruits the phosphatase SHP-2 through its intracellular
domain. This recruitment leads to the inhibition of key
molecules in the TCR signaling pathway, such as zeta chain
of T cell receptor-associated protein kinase 70 (ZAP70) and
PI3K, thereby suppressing the priming, proliferation, and
effector functions of T cells. In chronic infection and tumor
environments, the persistent expression of PD-1 results in T
cell exhaustion, manifesting as reduced cytokine produc-
tion and decreased proliferative capacity. PD-1 synergizes
with CTLA-4 to further exacerbate the functional suppres-
sion of T cells. Notably, PD-1 primarily acts during the
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Figure 2 Common molecular phenotypes of T cells.

effector phase of T cells, while CTLA-4 exerts its inhibitory
effects during the early stages of T cell priming.'®"’

Tim-3

Tim-3 serves as a crucial immunomodulatory molecule, often
regarded as a negative regulator of T-cell priming. Its ligand,
Galectin-9, binds to the sugar chains on Tim-3 through its
carbohydrate recognition domain (CRD), inducing calcium
influx in Th1 cells. This activation triggers the calpain and
caspase pathways, ultimately leading to the apoptosis of Th1
cells.?®~?2 In chronic inflammatory conditions and the tumor
microenvironment, Tim-3 is co-expressed with PD-1 on
exhausted CD8" T cells. The combined blockade of both PD-
1/PD-L1 and Tim-3/Galectin-9 pathways can restore the
functionality of CD8" T cells and ameliorate the disease
state.?’ The mechanism of action of Tim-3 is multifaceted.
On one hand, it may operate similarly to PD-1,?* inhibiting
immune synapse stability and Lck phosphorylation, thereby
blocking TCR signaling and suppressing T-cell priming.?* On
the other hand, Tim-3 might also exert a co-stimulatory ef-
fect, facilitating TCR signaling, maintaining T-cell function,
delaying exhaustion, or exerting a “rescue” role.?*?>

LAG-3

LAG-3 is an inhibitory receptor that is highly expressed on
exhausted T cells.?® LAG-3 works synergistically with PD-1 to
promote the expression of TOX, initiating the cellular
exhaustion program.?’?° In this process, LAG-3 plays a
“striking” leading role.?” The simultaneous binding of LAG-3/
TCR and its ligands inhibits TCR:CD3-dependent intracellular
calcium flux, thereby suppressing downstream signal trans-
duction. Indeed, following the binding of TCR to its ligands in
CD8 and CD4 T cells, LAG-3 can also physically associate with
TCR, down-regulating TCR-dependent signaling cascades and
thus inhibiting T cell effector functions.>°

Differences in molecular phenotypes across
organs

The variation in exhaustion markers across different trans-
planted organs may be attributed to organ-specific immune
microenvironments, post-transplant immunotherapy, and
associated complications. In kidney transplantation, in-
teractions between conventional immunosuppressive drugs
and cancer immune checkpoint inhibitors can modulate the
expression of markers such as PD-1, LAG-3, and CTLA-4.
Compared with organs such as the liver and lungs, kidney
transplants exhibit a higher propensity for rejection.®' In
hematopoietic stem cell transplantation, complications such
as Epstein—Barr virus (EBV) infection have been shown to
influence the expression profiles of T cell exhaustion
markers. Studies indicate that patients with EBV reactivation
exhibit elevated levels of TIM-3 on T cells (including both
CD8" and CD4" subsets) in the early post-transplant phase,
which is associated with delayed immune reconstitution and
impaired cytotoxic function.>

T cell exhaustion and epigenetic regulation

Epigenetic modifications associated with T cell
exhaustion

The mechanisms of epigenetics mainly include DNA
methylation and post-translational modifications of his-
tones, which influence gene expression without altering the
DNA nucleotide sequence.* DNA methylation involves the
addition of a methyl group to the 5 position of the cytosine
ring in cytosine-phosphate-guanine (CpG) dinucleotides.
These dinucleotides are often located in regions known as
CpG islands, which are associated with gene promoters or
enhancers. Histone modifications alter the structure of
nucleosomes through processes such as acetylation,
methylation, phosphorylation, and ubiquitination, thereby
affecting gene accessibility and expression. Typically,
increased gene accessibility is associated with acetylation
mediated by histone acetyltransferases, while decreased
gene activity is related to deacetylation mediated by his-
tone deacetylases.?* These molecular features are strictly
regulated by environmental stimuli and can be inherited
during meiosis and mitosis, playing a crucial role in the
development and function of the immune system.*

Early epigenetic analyses of naive CD8* T cells have shown
that DNA methylation, histone modifications, and chromatin
accessibility play key regulatory roles during activation,
effector responses, and memory formation of T cells in
response to viral infections.>**” T cell exhaustion is associated
with widespread transcriptomic and epigenetic remodeling,
resulting in distinct chromatin profiles and differentiation
programs compared with effector and memory T cells.'®-3%3°
Multiple studies have identified open chromatin sites linked to
T cell exhaustion in LCMV-specific and tumor-specific CD8% T
cells.“>*! Comparative analyses indicate that exhausted T cells
undergo genome-wide epigenetic reprogramming, generating
thousands of differentially accessible regions. Many of these
regions are adjacent to genes that mediate the differentiation
of exhausted T cells, such as interferon-gamma (Ifng, encoding
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IFN-v) and programmed cell death protein 1 (Pdcd1, encoding
PD-1). These findings suggest that exhausted T cells possess a
unique chromatin state, characterized by distinct epigenetic
features, which may be targeted for therapeutic intervention.

A study performed single-cell transposase-accessible
chromatin sequencing (scATAC-seq) and single-cell multi-
omics sequencing (scRNA-seq + scATAC-seq) on CD8* T cells
from various tissues and organs, revealing distinct epigenetic
landscapes across different organs.** For example, the chro-
matin accessibility of genes associated with memory T cell
formation, such as the motifs of FOSB, FOS, FOSL1, and BACH
transcriptional regulator 2 (BACH2), was significantly lower in
the liver compared with organs like the skin. In contrast,
chromatin accessibility was higher for genes involved in
interferon signaling pathways. These findings suggest that the
liver may be less permissive to the development of immuno-
logical memory relative to other organs, a phenomenon
potentially linked to the persistent stimulatory environment
created by the liver’s portal venous blood supply.

Currently, epigenetic interventions in transplantation
are primarily aimed at controlling disease recurrence and
post-transplant complications. Several related clinical tri-
als are either ongoing or have been completed. For
example, in patients with high-risk acute myeloid leukemia
following allogeneic hematopoietic stem cell trans-
plantation, the use of two epigenetic modulators, pan-
obinostat and decitabine, has been shown to improve
survival and suppress relapse.** However, no clinical trials
have yet been conducted to explore the application of
epigenetic interventions in modulating T cell exhaustion or
establishing immune tolerance.

Epigenetic reprogramming and its stability

DNMT3A, an enzyme known as a de novo DNA methyl-
transferase, plays a pivotal role in regulating the epigenetic
reprogramming of T cells as they transition from an effector
to an exhausted state during chronic infections such as
LCMV. It has been established that T cells lacking or with
knocked-out DNMT3A exhibit significantly reduced epige-
netic silencing at multiple key gene loci, including Ifny,
Tcf7, Ccr7, and Tbx21.“** These cells maintain their
effector functions and exhibit reduced exhaustion upon
repeated antigenic stimulation, highlighting the critical
involvement of DNMT3A in the process of T cell exhaustion.
On the other hand, suppressor of variegation 3—9 homolog 1
(SUV39H1), a histone methyltransferase responsible for the
trimethylation of histone H3 at lysine 9, is typically asso-
ciated with transcription and silencing of heterochromatin.
Studies in the context of chimeric antigen receptor-T cell
therapy have revealed that chimeric antigen receptor-T
cells lacking SUV39H1 demonstrate significant advantages
in terms of expansion, persistence, and anti-tumor effi-
cacy.® These findings suggest that SUV39H1 may regulate T
cell exhaustion by altering histone methylation patterns,
thereby influencing the accessibility of genes related to T
cell effector functions and memory formation.

In T cell exhaustion, there exists a significant interplay
between cellular metabolism and epigenetic regulation.
Exhausted T cells undergo metabolic reprogramming, char-
acterized by suppressed glycolysis and impaired metabolism

of certain amino acids such as leucine. These aspects will be
elaborated in Section 5. Metabolic changes in T cell
exhaustion. Acetyl-CoA occupies a central position in
cellular metabolism and serves as the key donor for histone
acetylation—a critical epigenetic modification. Metabolic
reprogramming can modulate intracellular levels of acetyl-
CoA, thereby influencing histone acetylation status and
subsequently regulating gene expression.* Similarly, histone
methylation can be modulated by metabolic processes
through its methyl donor, S-adenosylmethionine (SAM).*
Additionally, emerging evidence suggests that epigenetic
modifications may exert feedback regulation on metabolic
pathways.*

Adenosine monophosphate-activated protein kinase
(AMPK) serves as a central metabolic sensor and a master
regulator of cellular energy homeostasis and mitochondrial
integrity.® It contributes to chromatin remodeling through
histone phosphorylation, acetylation, and demethylation,
thereby enhancing the expression of genes that promote
cell survival. Furthermore, AMPK modulates other epige-
netic regulators, for instance, by activating serine hydrox-
ymethyltransferase-2 (SHMT2), which ultimately enhances
the activity of DNMT3a and DNMT3b, thereby exerting
broad epigenetic influence.®’ Studies have demonstrated
that AMPK deficiency leads to a reduction in effector T cells
(both CD4" and CD8%) and an increase in the proportion of
Tregs.”” In the context of transplantation, there is signifi-
cant clinical interest in strategically modulating AMPK ac-
tivity to attenuate T cell-mediated immune rejection,
while minimizing detrimental effects on cellular meta-
bolism and mitochondrial homeostasis.

It is noteworthy that T cell exhaustion exhibits epigenetic
stability.'®*%3 Continuous antigenic stimulation induces
epigenetic reprogramming, ultimately leading to the estab-
lishment of irreversible epigenetic scarring. Once T cell
exhaustion occurs, even in the absence of antigen exposure,
T cells remain in an "exhausted” state characterized by
reduced effector function, cytotoxicity, and proliferative
capacity.>® Therefore, exploiting the plasticity and stability
of epigenetics to induce or circumvent T cell exhaustion
holds considerable potential in immunotherapy.*

T cell exhaustion and transcription factors

Transcription factors associated with T-cell
exhaustion

TOX has been identified as a crucial transcription factor in
the process of T-cell exhaustion, selectively up-regulated
during the development of exhausted T cells and playing a
significant role in this phenomenon.**>* In the early stages
of chronic infection, TCR signaling induces calcium flux,
which triggers the expression of TOX. TOX is capable of
inducing the expression of numerous key individual exhaus-
tion genes, such as inhibitory receptors (Pdcd1, Lag3, Ctla4)
and transcription factors (Nr4a2, Ikzf3, Tox2, Bhlhe41).
Furthermore, TOX can alter the epigenetic landscape of
cells, modifying transcription and chromosomal accessibility,
and suppressing the generation of effector and memory
cells, ultimately leading to irreversible T-cell exhaus-
tion.'® 38454 The role of TOX is closely linked to nuclear
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receptor 4A (NR4A), another transcription factor involved in
T-cell exhaustion, and there is clear evidence indicating that
these two factors form a positive feedback loop.>’

Nuclear factor of activated T cells (NFAT) is a transcrip-
tion factor with dual roles, functioning in both T cell acti-
vation and exhaustion.”® On one hand, NFAT proteins
interact with activator protein-1 (AP-1), forming a cooper-
ative NFAT:AP-1 complex that induces the expression of
cytokine genes and other activation-related genes.>” On the
other hand, “unpartnered” NFAT, which does not bind to AP-
1, controls CD8" T cell exhaustion by directly binding to
regulatory regions of many exhaustion-related genes,
including the promoters and cis-regulatory regions of Pdcd1
(PD-1) and hepatitis A virus cellular receptor 2 (Havcr2 or
TIM3). Moreover, it has been demonstrated that there is a
distinct positive feedback loop between NFAT, TOX, and
NR4A family transcription factors during T cell exhaustion.”®
NFAT, interferon regulatory factor 4 (IRF4), and basic leucine
zipper transcription factor ATF-like (BATF) constitute a
critical axis associated with T cell exhaustion. The positive
feedback loop of NFAT drives the expression and interaction
of transcription factors IRF4 and BATF, promoting the dif-
ferentiation process of exhausted T cells.**>"->8

MYB is crucial for the formation of progenitor exhausted
T cells (CD62L* TPEX).**>? Progenitor exhausted T cells are
a group of stem-like cells capable of self-renewal and dif-
ferentiation into exhausted T cells. MYB maintains the
exhausted state of T cells and their long-term self-renewal
ability by regulating the expression of a range of genes.
These include molecules related to lymph node homing
(such as CDé62L, CCR7, S1PR1), cell cycle inhibitors (e.g.,
CDKN1B, CDKN2D), and quiescence factors (e.g., KLF2,
KLF3). This dual role ensures that during chronic infections,
T cells can persist and maintain a certain immune response
while avoiding excessive immune damage.’” Additionally,
MYB promotes the transcription of transcription factor-1
(TCF-1), a key transcription factor in exhausted T cell
progenitors (TexProg) encoded by the Tcf-7 gene, which
helps maintain T cell quiescence.®® When activated under
the influence of MYB, NFAT, and BATF, TCF-1 can collabo-
rate with BACH2 to promote progenitor cell differentiation.
In the early stages of chronic infection, it suppresses the
differentiation of effector T cells and promotes the gen-
eration of exhausted T cell populations.**°"¢?

By applying ATAC-seq and RNA-seq technologies, it was
observed that significant alterations in chromatin accessi-
bility occurred at the binding sites of specific transcription
factors, including E2A, BATF, IRF4, T-bet, and TCF1, within
exhausted T cells. These transcription factors are implicated
in regulating the development and function of exhausted T
cell subsets.*' BATF and IRF4 represent a pair of emerging
regulatory factors that modulate immune cell development
and function through their interaction. IRF4, particularly,
plays a key role in regulating the differentiation of Th cells
and effector T cells.®> RNA sequencing analysis of Irf4=/~
CD4" T cells revealed a reduction in the expression of genes
associated with effector T helper cells and an increase in the
expression of genes related to Tregs. These findings suggest
that IRF4 deficiency alters T cell differentiation trajectories,
promoting Treg formation—a shift that may contribute to
the development of T cell exhaustion. Furthermore, in a
mouse model of hematopoietic stem cell transplantation,

recipients of Irf4~/~ CD4™ T cells exhibited attenuated graft-
versus-host disease (GVHD)-related symptoms and reduced
colitis. This indicates that the BATF—IRF4 axis may play a
pivotal role in post-transplant immune reconstitution and
complication pathogenesis by modulating T cell differentia-
tion and function.®

The temporal characteristics of transcription factor
regulation in T cell exhaustion

Through ATAC-seq analysis of T cell subsets in LCMV infec-
tion, researchers have identified stage-specific transcrip-
tion factor activity patterns in exhausted T cells. As
summarized by Belk et al,® progenitor exhausted T cells
show increased TCF-1 and BACH2 activity; transitory
exhausted T cells exhibit enriched binding sites for T-bet
and RUNX factors; and terminal exhausted T cells demon-
strate enrichment of NR4A and EOMES binding sites.
Furthermore, Martinez et al confirmed NFAT’s role in T cell
exhaustion by engineering CA-RIT-NFAT1, an AP-1 interac-
tion-deficient mutant, revealing its AP-1-independent
contribution to exhaustion.>®

Based on the findings,® we have delineated the temporal
dynamics of transcription factor regulation during T cell
exhaustion: Initially, NFAT proteins modulate the balance
between productive T cell activation and T cell dysfunction
downstream of TCR signaling.’® The NFAT:AP-1 heterodimer
promotes T cell activation, while the “unpartnered” NFAT
directly binds and induces the expression of exhaustion-
related genes and TOX.*® Exhausted T cell progenitors
maintain the expression of Tcf7 (encoding TCF-1), which may
be initially driven by BACH2, enabling their self-renewal and
proliferation.® Following persistent antigenic stimulation, T
cells enter a transient “exhausted” state, yet retain partial
effector activity driven by T-bet. Finally, T cells differen-
tiate into terminally exhausted T cells, where the sustained
expression of TOX induces the up-regulation of transcription
factors such as EOMES and NR4A. These factors, in turn,
contribute to T cell exhaustion, manifesting as alterations in
the epigenetic landscape, increased expression of inhibitory
receptors, and diminished proliferative and effector
functions.19’38’44’54’55

Metabolic changes in T cell exhaustion

Metabolic reprogramming associated with T cell
exhaustion

Lymphocytes are highly adaptable to environmental
changes.®® Upon TCR stimulation, Naive T cells increase
their metabolic rate by enhancing substrate absorption
(glycolysis, amino acid metabolism, lipid metabolism, etc.),
catabolism, and nutrient synthesis.®” Comparatively,
exhausted T cells show unique metabolic characteristics.
Researchers have found that exhausted T cells can be
classified according to phenotypic and functional differ-
ences®®: Progenitor exhausted T cells are metabolically
characterized by mitochondrial fatty acid oxidation and
oxidative phosphorylation, while terminally exhausted T
cells rely mainly on impaired glycolytic metabolism.®*~7"
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Within the transplant microenvironment, progenitor and
terminally exhausted T cells exhibit significant differences in
energy sources and metabolic substrate utilization. Progen-
itor exhausted T cells retain relatively higher mitochondrial
function and can up-regulate fatty acid oxidation (FAO)-
related genes (e.g., Cptla) under conditions of limited
glucose availability or impaired glycolysis, thereby sustaining
basal energy production via mitochondrial oxidative phos-
phorylation. Although their spare respiratory capacity is
lower than that of acute effector T cells, it remains higher
than that of terminally exhausted subsets, indicating pre-
served metabolic plasticity. In contrast, terminally exhaus-
ted T cells demonstrate severely compromised glycolytic
capacity, characterized by down-regulation of key glycolytic
enzymes and transporters such as glucose transporter pro-
tein type 1 (GLUT1), hexokinase 2 (HK2), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), resulting in
reduced glucose uptake, diminished lactate production, and
inefficient ATP generation.”' Furthermore, these cells
frequently exhibit mitochondrial dysfunction, manifested as
reduced mitochondrial membrane potential, enlarged
mitochondrial volume, and aberrant morphology. They also
display heightened dependence on glucose supply and an
inability to transition to oxidative phosphorylation under
low-glucose conditions. Functional T cells (e.g., CMV-specific
T cells) can maintain effector functions via oxidative phos-
phorylation in the absence of glucose, whereas exhausted
HBV-specific T cells lack this adaptive metabolic flexibility.”?
The T cells mentioned below generally refer to terminally
exhausted T cells.

Aerobic glycolysis can generate key metabolic in-
termediates, which supply energy and promote the prolif-
eration of activated T cells.”® Normally, upon activation,
effector T cells rapidly increase glucose uptake and meta-
bolism through glycolysis.®” Glucose metabolism in
exhausted T cells shows significant abnormalities when
compared with normal effector T cells. For example,
expression of glucose transporters (GLUT1) and glycolysis-
related enzymes (GAPDH) decreases in exhausted T
cells,”"”* resulting in lower glucose uptake and suppressed
glycolysis, which leads to insufficient energy supply for T
cells and limitation of immediate immune response.”’ Due
to this metabolic change, exhausted T cells no longer rely
on their original metabolic mode for energy synthesis. It
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results in an inability to effectively maintain high levels of
ATP synthesis and suppresses cell proliferation and function
(Fig. 3).

Reprogramming in amino acid metabolism, such as
changes in glutamine, tryptophan, and leucine metabolism,
also plays an important role in T cell activation and function
maintenance.®” Glutamine promotes acetylation or lipid
synthesis in T cells and enhances the transport of other
amino acids, while in exhausted T cells, they show lower
ability to transport and utilize amino acids, leading to
insufficient energy and limited function.®’-”® The products of
tryptophan metabolism (such as kynurenine) through the
indoleamine-2,3-dioxygenase (IDO) pathway inhibit T cell
function, especially exacerbating T cell exhaustion in the
tumor microenvironment.®”>’® In addition, changes in leucine
metabolism are crucial. High levels of leucine and arginine
promote T cell proliferation and function by activating the
mechanistic target of rapamycin complex 1 (mTORC1)
signaling pathway.'® Generally, leucine maintains mTORC1
activity. However, if exhausted, its metabolism would be
inhibited, resulting in lower mTORC1 activity, thereby
leading to a similar inhibitory effect. For instance, mTOR
inhibitors such as everolimus and sirolimus are shown to
inhibit tumor growth and cell proliferation in hepatocellular
carcinoma animal models.”” Therefore, sirolimus (SRL) is a
commonly used immunosuppressant in clinical use, and is
often used in patients who are ready to undergo liver
transplantation for hepatocellular carcinoma.’®

Alteration in lipid metabolism is another important
feature. FAO is an essential pathway for maintaining
mitochondrial function and ATP synthesis to support T cell
proliferation and effector function.”” When glycolysis is
inhibited, effector T cells will switch from catabolism to
anabolism, which means they will increase fatty acid syn-
thesis (FAS) to provide long-term energy support.®” On the
contrary, exhausted T cells in the early stage turn energy
pathways upside down. They switch energy metabolism
from FAS to FAO.°® In addition, TCR-mediated AKT/PI3K/
mTORC1 signaling up-regulates lipogenic enzyme tran-
scription through sterol regulatory element binding protein
(SREBP) to promote the synthesis of cholesterol and fatty
acid.® The accumulation of cholesterol exacerbates
endoplasmic reticulum stress, thereby promoting the
expression of co-inhibitory receptors such as PD-1, and
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Alterations in glucose metabolism across different T cell subsets. Exhausted T cells exhibit reduced glucose uptake and

decreased glycolysis levels, while effector T cells rely on glycolysis for rapid energy supply to support their proliferation, differ-

entiation, and effector functions.



8

Y. Wang et al.

ultimately inducing exhaustion of CD8" T cells (Fig. 4).
Studies have demonstrated that cholesterol metabolism
plays a critical role in driving or regulating T cell exhaus-
tion. Specifically, abnormal intracellular cholesterol accu-
mulation in CD8" T cells induces endoplasmic reticulum
stress, activates the X-box binding protein 1 (XBP1)
signaling pathway, and up-regulates inhibitory receptors
such as PD-1 and TIM-3, thereby reinforcing the exhausted
phenotype.?’ Complementarily, inhibiting cholesterol
esterification (via ACAT1 suppression) increases membrane
cholesterol availability, promotes immune synapse forma-
tion, and restores effector function in CD8" T cells.®? These
findings indicate that cholesterol metabolism is not merely
a passive metabolic feature but an active regulator of the
exhaustion pathway.

Furthermore, regarding whether metabolic reprogram-
ming is universally present across various types of trans-
plantation, current evidence indicates that although
exhausted T cells consistently demonstrate reduced glyco-
lytic capacity and enhanced dependence on FAO in multiple
transplant settings,”’ these findings are largely derived
from chronic infection models or in vitro systems.
Comparative studies across different solid organ trans-
plants, such as liver, kidney, and heart, remain limited. In
liver transplantation tolerance models, infiltrating CD8* T
cells have been observed to exhibit classical exhaustion
markers (e.g., high expression of PD-1, LAG3, TIM-3, TIGIT)
and impaired effector function, yet their glycolytic or FAO
activity has not been quantitatively assessed.®* Similarly,
while exhausted T cells have been reported in kidney and
heart transplant models, direct measurements of metabolic
pathways, particularly comparative analyses of glycolysis
and fatty acid oxidation, are still lacking.®* Thus, available
data support the occurrence of a metabolic shift from
glycolysis to FAO in T cell exhaustion cells, but do not yet
confirm that this transition is universal or consistent in
magnitude across all transplant types. In other words,
organ-specific variations in metabolic behavior are likely,
but direct comparative experimental evidence is urgently
needed. Future studies should employ integrated tran-
scriptomic, metabolomic, and metabolic flux analyses in
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liver, kidney, and heart transplant models to systematically
validate these patterns.

T cell exhaustion in organ transplantation

Organ transplantation is a remarkable achievement in mod-
ern medicine, serving as a critical intervention for numerous
end-stage diseases. T cell exhaustion plays an important role
in organ transplantation, while presenting opposite charac-
teristics. It can either promote graft tolerance or,
conversely, weaken the body’s immune defense due to
excessive exhaustion.'>®>% T cell exhaustion and its sub-
sequent impact on transplantation outcomes vary depending
on the specific organ involved (the liver, kidney, heart, etc.),
influenced by factors like antigenic load.®>®” Conclusively,
organs with a higher antigenic load (e.g., the liver) are
generally more prone to inducing T cell exhaustion and im-
mune tolerance compared with smaller organs.®®%
Furthermore, the age of both the recipient and the donor
influences the T cell rejection process following trans-
plantation. For instance, organs from elderly donors may
exhibit increased immunogenicity, thereby elevating the risk
of rejection. Conversely, elderly recipients often experience
a decline in T cell function due to immunosenescence and
the accumulation of exhausted T cells, resulting in lower
acute rejection reactions.’® Studies have demonstrated that
in elderly donors/recipients, markers of T-cell exhaustion,
such as PD-1 and LAG-3, are significantly up-regulated, while
there is a concurrent marked decline in naive T-cell subsets,
hallmarks of immunosenescence.’’ The following sections
delve into the specific manifestations of T cell exhaustion in
the context of different organ transplantations.

Kidney transplantation

In kidney transplantation, T-cell exhaustion exhibits a
complex role.®> Moderate T-cell exhaustion can contribute
to graft tolerance by regulating the response of alloreactive
T cells. It has been shown that the proportion of exhausted
T cells positively correlates with renal function six months
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Figure 4 Variations in lipid metabolism among distinct T cell subpopulations. Exhausted T cells switch their energy pathway to
fatty acid oxidation, whereas effector T cells enhance their fatty acid synthesis capabilities when glucose metabolism is limited.
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after transplantation, measured via estimated glomerular
filtration rate,® suggesting that moderate T-cell exhaustion
may be associated with better graft function. However,
excessive T-cell exhaustion can potentially weaken the
body’s ability to control viral infections and tumors,
thereby increasing the risk of transplantation failure.®

Furthermore, tissue-resident memory T cells may play a
fundamental role in the process of chronic rejection at the
transplantation site.®> Memory T cells serve as a crucial
immune barrier in transplantation, which has a rapid anti-
gen response. Although a subset of tissue-resident memory
T cells undergoes exhaustion and promotes graft tolerance,
the remaining active T cells may counteract this promotion,
offsetting the beneficial effects of T-cell exhaustion on
graft tolerance.

Heart transplantation

Research on T-cell exhaustion in the context of heart
transplantation has primarily focused on hearts that carry
viruses. When the donor heart harbors LCMV, T-cell
exhaustion occurs in the recipient mice, a process facili-
tated by the cytokine interleukin-10 (IL-10).°? In trans-
plantation cases involving EB virus infection, individuals
with high viral loads in their hearts exhibit distinct CD8" T-
cell characteristics, including the accumulation of termi-
nally exhausted T cells.”® While T-cell exhaustion may favor
graft survival, it complicates the clearance of viruses and
increases the susceptibility to virus-related complica-
tions.”>?® Therefore, balancing T-cell exhaustion and the
function of memory T cells is crucial for the success of heart
transplantation.

Liver transplantation®*

The liver is an organ with a high antigen load in the human
body. On one hand, the liver itself has a large volume; on
the other hand, it receives blood from the gastrointestinal
tract via the portal vein. This blood is rich in dietary anti-
gens and various gut commensal microorganisms, repre-
senting a significant antigenic burden and creating a
persistently stimulatory environment. Under chronic high
antigen exposure, T cells undergo epigenetic reprogram-
ming, up-regulation of certain transcription factors (e.g.,
Blimp-1, TOX),%> mitochondrial dysfunction, and metabolic
rewiring,’® all of which collectively promote exhaustion.
Furthermore, the liver possesses a unique immune micro-
environment. Kupffer cells in the liver highly express
inhibitory ligands such as PD-L1, which engage with inhib-
itory receptors on T cells to suppress their function.’® Other
immunosuppressive cells in the liver, including Tregs and
myeloid-derived suppressor cells (MDSCs), can further
exacerbate T cell exhaustion through direct contact or
secretion of immunosuppressive factors like IL-10 and
transforming growth factor-beta (TGF-B). Therefore, liver
transplantation is more likely to induce T-cell exhaustion.®’
Compared with transplants of other organs such as the
heart or kidney, T cells after liver transplantation often
exhibit massive activation and rapid proliferation, differ-
entiating into effector or memory cells, followed by a
transition into an exhausted (or unresponsive) state.®”-88

Specifically, the proportion of PD-1" CD8" T cells in the
peripheral blood of patients after liver transplantation in-
creases dramatically, while the expression of cytokines
(such as IFN-y and IL-2) decreases considerably.?” Addi-
tionally, the acceptance of the graft in the presence of
significant T-cell infiltration in the liver suggests that the T
cells should be in an exhausted state. MDSCs play a crucial
role in T-cell exhaustion after liver transplantation.®® The
up-regulation of CD84 molecules on the surface of MDSCs
activates downstream pathways, up-regulating the
expression of PD-L1 and generating reactive oxygen spe-
cies. This induces CD8" T cells to express high levels of
exhaustion markers (such as PD-1 and TIM-3), ultimately
leading to T-cell exhaustion.

T-cell exhaustion can play a significant role in liver
transplantation through various pathways, promoting
graft survival and the success of transplantation. A
study has shown that the high expression of inhibitory
receptors on T-cell surfaces helps suppress excessive T-
cell activation, thereby reducing ischemia-reperfusion
injury after liver transplantation. Additionally, it
maintains the homeostasis of the liver by reducing
neutrophil and macrophage infiltration and promoting
T-cell apoptosis.

T cell exhaustion in hematopoietic stem cell
transplantation

Hematopoietic stem cell transplantation is a common
treatment for various hematological diseases, particularly
significant in the treatment of malignant blood disorders
such as leukemia and lymphoma. Enhancing graft-versus-
leukemia (GVL) effects while minimizing GVHD remains a
primary challenge in hematopoietic stem cell trans-
plantation.®>“® The following discussion focuses on the role
of T-cell exhaustion in the context of hematopoietic stem
cell transplantation.

T-cell exhaustion significantly impacts the GVL effect.
Donor T cells are the primary mediators of the GVL
response, eliminating leukemia cells in the recipient and
aiding in the prevention of leukemia relapse. However,
certain highly heterogeneous diseases like acute myeloid
leukemia may lead to T-cell exhaustion characterized by
the up-regulation of inhibitory receptors (e.g., PD-1, TIGIT,
and TIM-3) and increased expression of exhaustion-associ-
ated transcription factors. For instance, PD-1 ligation
down-regulates GVHD by modulating interferon-gamma
(IFN-y) production, ultimately elevating the risk of post-
transplant leukemia relapse.”®~'%? Consequently, it is noted
that the alleviation of T-cell exhaustion is associated with
effective anti-leukemia responses following reinduction
therapy.'”!

Nevertheless, the GVL effect is intricately linked to the
development of GVHD, and GVHD treatment can limit the
GVL response.'?® Senjo observed that donor T cells rapidly
differentiate into exhausted T cells expressing PD-1 and T
cell immunoreceptor with Ig and ITIM domains (TIGIT) after
transplantation, with these T cells exhibiting severely
impaired effector functions.'® In acute GVHD, the emer-
gence of exhausted T cells is associated with persistent host
antigen stimulation, and molecules like PD-1 and TOX play
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crucial roles in T-cell differentiation. The continuous
expression of PD-1 attenuates donor T-cell aggressiveness
towards the host by inhibiting T-cell proliferation and
effector functions, potentially providing partial relief from
GVHD. Conversely, T-cell exhaustion can also weaken anti-
tumor immune surveillance, leading to a decreased GVL
effect and an increased risk of relapse. Therefore, further
research is needed to determine the appropriate thera-
peutic strategies for managing T-cell exhaustion in the
context of hematopoietic stem cell transplantation.

Induction of T cell exhaustion

T cell exhaustion, a specific state of T cell "dysfunction”,
holds significant potential in immunotherapy, particularly
in areas such as transplantation. Therefore, it is crucial to
investigate methods that induce T cell exhaustion.

Tregs

Tregs, specifically FOXP3" CD4*" Tregs, play a complex and
pivotal role in the process of T cell exhaustion.'** These
cells are capable of inducing T cell exhaustion through
multiple mechanisms.

Tregs can secrete various inhibitory cytokines, such as
TGF-B and IL-10, which promote T cell exhaustion.'® In the
tumor microenvironment, Tregs exert their immunosup-
pressive function by expressing high levels of the IL-2 re-
ceptor o-chain (CD25). By competitively consuming IL-2,
they inhibit the activation of CD8" T cells, thereby pro-
moting the expression of TOX and the exhaustion of CD8% T
cells. This process suppresses both autoimmune responses
and anti-tumor immunity.'*'% |n certain cancer types, such
as pancreatic ductal adenocarcinoma, the binding of TNF-a.
to tumor necrosis factor receptor-2 (TNFR2) on the surface
of Tregs further enhances their inhibitory effects, promoting
T cell exhaustion.'® Additionally, in cases of liver cancer,
high expression of the a2 subunit of AMPK, known as PRKAA2,
has been found to contribute to T cell exhaustion. This may
represent a potential mechanism for immune evasion by
cancer cells. The synergistic interaction between T cells and
malignant cells with high PRKAA2 expression activates Tregs,
further promoting T cell exhaustion.'®”

It is worth noting that in chronic immune activation
environments, Tregs themselves may also undergo exhaus-
tion.®>"% Similar to conventional T cells, exhausted Tregs
significantly up-regulate the expression of inhibitory re-
ceptors (such as PD-1 and TIM3) and transcription factors
(including TOX and BLIMP1). Comparable changes also occur
in their metabolic pathways and epigenetic landscapes.
When Tregs become exhausted, their immunosuppressive
function may be weakened or lost, leading to the impair-
ment of immune tolerance mechanisms. This, in turn, may
exacerbate transplant rejection reactions.

Other regulatory cells

Besides Tregs, other types of regulatory cells may also
directly or indirectly contribute to T cell exhaustion.’
Natural killer (NK) cells possess immunomodulatory func-
tions. Studies have indicated that NK cells can attack CD8*

T cells through their surface NKp46 receptors. During the
early phase of a high-dose LCMV infection, increased NK
cell activity, accompanied by up-regulated NKp46 expres-
sion, ultimately leads to NK cell-dependent CD8" T cell
exhaustion.'” Additionally, NK cells can produce the
immunosuppressive cytokine IL-10, which is involved in the
process of CD8" T cell exhaustion.

MDSCs possess potent immunosuppressive functions,
significantly inhibiting the anti-tumor immune response
mediated by CD8" T cells.""® MDSCs can be divided into at
least two major subpopulations: monocytic MDSCs and
polymorphonuclear MDSCs, with monocytic MDSCs exhibit-
ing stronger immunosuppressive capabilities.'’® Recent
studies have indicated that MDSCs can induce CD8" T cell
exhaustion. In cases of myelodysplastic syndromes, MDSCs
highly express Galectin-9 (Gal9), which binds to the inhib-
itory receptor TIM-3 on the surface of CD8" T cells, inducing
their exhaustion. The mechanism behind this process may
involve the AKT/mTOR signaling pathway."'" In solid organ
transplantation, MDSCs primarily contribute to graft toler-
ance by suppressing effector T cells."? In contrast, their
role in hematopoietic stem cell transplantation is more
complex: beyond inhibiting T cell activation and prolifera-
tion to prevent GVHD, the expansion of MDSCs post-trans-
plantation may also be associated with tumor relapse.'"?

Macrophages can be mainly divided into two distinct
subpopulations, namely M1 and M2. Among them, M2
macrophages primarily produce anti-inflammatory cyto-
kines, such as IL-10 and TGF-B.""* Studies have indicated
that M2-type tumor-associated macrophages express li-
gands for various CD8" T cell inhibitory receptors, including
PD-L1, CTLA-4 ligands, TIGIT ligands, and TIM-3 ligands,
which are associated with terminally exhausted CD8" T
cells. Additionally, these exhausted CD8" T cells are
capable of secreting factors (such as CSF1 and MIF), which
promote the polarization of macrophages towards the M2
phenotype.'"®

Cytokines

TGF-B stands as a pivotal cytokine in inducing T cell
exhaustion, exerting its effects through multiple pathways.
On one hand, exhausted T cells display up-regulated
expression of transcription factors, nuclear receptor sub-
family 4 group A member 2 (NR4A2) and Maf, a process in
which TGF-B plays an inductive role. For instance, the syn-
ergistic action of TGF-$ and IL-6 can significantly elevate Maf
expression levels.""® On the other hand, TGF-B also sup-
presses the mTOR signaling pathway within the CD8*
exhausted T cell subpopulation, serving as a critical deter-
minant of the precursor metabolism and function of
exhausted T cells. These precursors play a vital role in
maintaining the homeostasis and self-renewal of exhausted
T cells, thereby driving the progression of T cell exhaus-
tion."” It is important to note that TGF-B can also inhibit T
cell function through other means, rather than solely
inducing exhaustion. For example, in the tumor environ-
ment, TGF-B inhibits the activation of anti-tumor T cells by
up-regulating the expression of the Foxp1 transcription
factor, thereby promoting immune evasion of the tumor."'®
In the context of chronic viral infections, TGF-B mediates
the apoptosis of virus-specific CD8" T cells through
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intracellular signaling pathways, leading to persistent viral
infection.™

IL-10 plays an immunomodulatory role in various physi-
ological processes. In chronic viral infections, IL-10 can
promote the process of CD8" T cell exhaustion, thereby
impeding virus clearance."” IL-10 suppresses the function
of antigen-presenting cells, leading to reduced T cell acti-
vation and proliferation or contributing to the onset of
exhaustion. Furthermore, IL-10 can directly inhibit the
effector functions of CD8 and CD4 T cells, including the
production of inflammatory cytokines such as IFN-y and
TNF-a, as well as cytotoxicity. This acceleration of T cell
functional decline ultimately results in T cell exhaustion.
Additionally, studies have shown that blocking the IL-10R
signaling pathway reduces the expression level of PD-1 in
virus-specific T cells, suggesting that IL-10 may synergize
with other negative regulatory pathways, such as PD-1/PD-
L1, during the exhaustion process.'”® In certain tumor
models, such as breast cancer and melanoma, IL-10 has
been found to promote T cell exhaustion.'?''?? Conversely,
in human colon cancer models, blocking IL-10 enhances
anti-tumor immune function.'”®> However, in some other
tumor models, IL-10 maintains the body’s immune surveil-
lance function.'** Moreover, research has revealed that IL-
10 can directly act on terminally exhausted CD8" T cells,
restoring their proliferative capacity and cytotoxicity
through metabolic reprogramming. Therefore, the “para-
doxical” functions exhibited by IL-10 in immune regulation
warrant further investigation.

Several additional cytokines can also contribute to T cell
exhaustion. For instance, in chronic infections and tumor
microenvironments, IL-6 can promote T cell exhaustion
through the IL-6/signal transducer and activator of tran-
scription 3 (STAT3)/PD-1 transcriptional regulatory axis, and
may also indirectly influence exhaustion by modulating TGF-
B-induced differentiation of Tregs.'?® Excessive production
of IFN-y may activate the JAK/STAT signaling pathway,
induce downstream nitric oxide production, and trigger
apoptosis, thereby further driving T cell exhaustion. '

Certain signaling pathways, such as those mediated by
forkhead box P3 (FOXP3) and IL-2Ra, play critical roles in
the function of Tregs and the activity of cytokines like TGF-
B. IL-2Ra. (CD25) serves as the alpha chain of the IL-2 re-
ceptor. Binding of IL-2 to IL-2Ra activates downstream
signaling pathways that promote the expression of FOXP3
and enhance Treg stability.'?” FOXP3, a master transcrip-
tion factor defining Treg identity, is regulated by both TGF-
B and IL-2 signaling. It not only drives the expression of
immunosuppressive genes characteristic of Treg (e.q.,
Tnfrs9) but also represses pro-inflammatory genes like
Ptpn22, thereby contributing to immune suppression and
the maintenance of immune homeostasis and tolerance.'?

Clinical challenges and future directions

Although no clinical trials have yet clearly defined the
“optimal” level of T cell exhaustion post-transplantation,
several methods are available to monitor its extent to
balance immune tolerance against infection risk. Flow
cytometry can be used to detect surface exhaustion
markers, such as PD-1, Tim-3, and CTLA-4, on T cells in
peripheral blood. For example, elevated PD-1 expression on

CD4" effector T cells in liver transplant recipients may
indicate T cell exhaustion.'?® Flow cytometry also enables
quantification of CD4"CD25"Foxp3™* Tregs, and the ratio of
Tregs to CD8" T cells may reflect the state of immune
tolerance.’*° Functional assessment of T cells can be per-
formed by measuring cytokine secretion (e.g., IFN-vy, IL-2).
Furthermore, quantitative reverse transcription PCR allows
monitoring of exhaustion-associated gene expression
levels, such as that of TCAIM (T cell activation inhibitor,
mitochondrial),’®! providing additional insight into the de-
gree of T cell exhaustion.

Strategies for inducing T cell exhaustion have been dis-
cussed in preceding sections. However, given that trans-
plantation serves as a therapeutic intervention for certain
cancers (e.g., liver transplantation for hepatocellular car-
cinoma), a major clinical challenge lies in achieving
balanced immunosuppression to reduce rejection risk while
preserving anti-tumor immunity. Several pharmacological
agents have recently shown promise in addressing this
complex therapeutic dilemma.

Immune checkpoint inhibitors function by blocking the
interaction between immune checkpoint proteins and their
ligands, thereby reversing T cell suppression and restoring T
cell-mediated anti-tumor activity. While immune check-
point inhibitors have demonstrated efficacy in treating
recurrent hepatocellular carcinoma after liver trans-
plantation, their use is associated with a significant risk of
graft rejection. For instance, early administration of im-
mune checkpoint inhibitors, such as anti-CTLA-4 anti-
bodies, in liver transplant recipients has been linked to
severe acute rejection episodes.’?

Before the administration of immune checkpoint in-
hibitors, combination therapy with multiple immunosup-
pressive agents may provide broader suppression of
immune responses and reduce the risk of rejection. For
example, concurrent use of a calcineurin inhibitor (e.g.,
tacrolimus) and an mTOR inhibitor (e.g., sirolimus) can
more effectively inhibit T cell activation and prolifera-
tion."** mTOR inhibitors such as sirolimus and everolimus
have been utilized in the context of hepatocellular carci-
noma in liver transplant recipients. A meta-analysis of four
randomized trials indicated that mTOR inhibitor therapy
may reduce the risk of de novo or recurrent malignancy
(relative risk 0.60, P = 0.06), while also significantly
lowering the incidence of post-transplant rejection
compared with standard regimens (P < 0.05)."3*

Calcineurin inhibitors, such as cyclosporine and tacroli-
mus, are widely used to prevent acute GVHD following
transplantation. A study in a murine model of allogeneic
hematopoietic stem cell transplantation demonstrated that
calcineurin inhibitors inhibit the terminal exhaustion of
donor T cells, maintaining most of them in a “transitional”
state co-expressing inhibitory receptors and effector mole-
cules. These transitional exhausted T cells can regain anti-
leukemic activity upon anti-PD-1 blockade, thereby
potentially suppressing post-transplant leukemia relapse.'®

Metformin, a first-line medication for type 2 diabetes, is
effective in controlling hyperglycemia induced by immu-
nosuppressive agents, such as tacrolimus and sirolimus, in
renal transplant recipients.”*® In experimental lung trans-
plant models, metformin has demonstrated anti-fibrotic
and immunomodulatory properties, reducing T cell



12

Y. Wang et al.

infiltration into allografts and suppressing the proliferation
and function of pro-inflammatory CD4" T cells.'*®

In recent years, organ-specific delivery systems have
demonstrated considerable potential in post-transplant
immunotherapy. Advances in materials science have enabled
the development of nanoparticles whose surfaces can be con-
jugated with various small-molecule ligands, antibodies, or
peptides to achieve targeted delivery, while their cores can be
loaded with “cargo” such as immunosuppressive drugs.'*®
Through rational design, such nanoparticles can simultaneously
modulate multiple pathological processes post-trans-
plantation. For example, a novel nano-inhibitor was engineered
by surface-functionalizing nanoparticles with an IL-21R mono-
clonal antibody and encapsulating tacrolimus within the core.
This system enabled precise targeting of T follicular helper cells
and effectively suppressed the activation of both Tand B cells in
co-culture assays. In vivo experiments further demonstrated
that, compared with conventional tacrolimus, this targeted
nano-inhibitor reduced lymphocytic infiltration, lowered in-
flammatory markers, and diminished nephrotoxicity.'*’

Conclusion and discussion

T cell exhaustion represents a dysfunctional state of T cells
under persistent antigenic stimulation, characterized by
the overexpression of checkpoint molecules such as PD-1,
CTLA-4, TIM-3, and LAG-3, leading to the attenuation of T
cell effector functions. Additionally, T cell exhaustion is
accompanied by epigenetic remodeling and metabolic al-
terations. Epigenetic modifications, including DNA methyl-
ation and histone modifications, stably maintain the
exhaustion phenotype. Metabolically, progenitor exhausted
T cells rely on fatty acid oxidation, while terminally
exhausted T cells exhibit reduced glycolytic capacity,
concomitant with the accumulation of reactive oxygen
species and decreased mTORC1 activity.

In the field of transplantation, T cell exhaustion con-
tributes to graft tolerance but may also weaken immune
defense due to excessive exhaustion, thereby increasing the
risk of infections and tumorigenesis. Furthermore, the role
of T cell exhaustion varies among different organs; for
instance, an increase in T cell exhaustion is associated with
graft survival in liver transplantation, whereas excessive
exhaustion may elevate the risk of infections. The induction
mechanisms of T cell exhaustion are diverse, involving the
synergistic action of cells such as Tregs, MDSCs, and M2
macrophages. Cytokines like IL-10 and TGF- also accelerate
the exhaustion process by inhibiting effector functions and
metabolic reprogramming. Current therapeutic strategies,
including metabolic modulation (e.g., metformin) and im-
mune checkpoint blockade, aim to regulate T cell exhaustion
and optimize transplant immunology.

Substantial mechanistic insights into T cell exhaustion
initially emerged from murine models of chronic LCMV
infection and allogeneic transplantation, which established
the foundational understanding of T cell exhaustion mo-
lecular characteristics and regulatory pathways.>*'*® On
the clinical front, these findings have been progressively
validated: in liver transplantation, studies suggest that the
presence of exhausted/immunoregulatory signatures, such
as immune checkpoint molecule expression, in the periph-
eral blood of partially tolerant recipients may correlate

with graft acceptance'*®; in kidney transplantation, an
increased proportion of PD-17CD57" exhausted T cells after
the induction phase has been reported to associate with
improved graft function®*; and in allogeneic hematopoietic
stem cell transplantation, donor T cell exhaustion has been
linked to a reduced risk of GVHD, though often at the
expense of attenuated GVL effects.'® These observations
indicate that core T cell exhaustion mechanisms are
conserved across species, and insights from mouse models
have been successfully translated to human trans-
plantation. Nevertheless, current evidence also highlights
the organ-specific dual roles of T cell exhaustion across
different transplant settings, underscoring the need for
further research to enable precise clinical modulation.

In summary, T cell exhaustion not only represents an
immune adaptive response under chronic immune stimula-
tion but also plays a significant role in transplantation,
cancer immune evasion, and other diseases. Further
investigation into its molecular mechanisms and regulatory
pathways will provide novel approaches for transplantation
immunology, immunotherapy, and the treatment of related
diseases. Balancing the benefits of T cell exhaustion with
the impairment of immune defense will be key to
enhancing the success of transplant immunology and the
effectiveness of immunotherapy.
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