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Research progress of
T cell autophagy in
autoimmune diseases
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Third Hospital of Shanxi Medical University, Shanxi Bethune Hospital, Shanxi Academy of Medical
Sciences, Tongji Shanxi Hospital, Taiyuan, China

T cells, as a major lymphocyte population involved in the adaptive immune
response, play an important immunomodulatory role in the early stages of
autoimmune diseases. Autophagy is a cellular catabolism mediated by
lysosomes. Autophagy maintains cell homeostasis by recycling degraded
cytoplasmic components and damaged organelles. Autophagy has a protective
effect on cells and plays an important role in regulating T cell development,
activation, proliferation and differentiation. Autophagy mediates the participation
of T cells in the acquired immune response and plays a key role in antigen
processing as well as in the maintenance of T cell homeostasis. In autoimmune
diseases, dysregulated autophagy of T cells largely influences the pathological
changes. Therefore, it is of great significance to study how T cells play a role in
the immune mechanism of autoimmune diseases through autophagy pathway to
guide the clinical treatment of diseases.
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1 Introduction

Adaptive immune responses mediated by T cells and B cells are essential for protective
immunity against pathogens, and T cells not only activate and proliferate B cells through
surface co-stimulatory molecules and secreted cytokines, but also assist in the formation of
germinal centers (GCs), the differentiation of B cells into plasma cells and memory B cells,
and the production of a large number of autoantibodies (1). Moreover, T cells play a role in
the early stage of the immune response through a variety of mechanisms such as antigen
recognition, activation, differentiation, secretion of cytokines and regulation of the immune
response. Therefore, T cells play a more important role in the early stage of autoimmune
diseases, and an in-depth understanding of the mechanism of T cells in autoimmune
diseases can help provide ideas for the treatment of the disease.
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Autophagy was first reported to occur under conditions of
nutrient stress, resulting in the generation of small molecules and
energy to promote cell survival. Autophagy is a lysosomal-mediated
catabolic process that maintains cell homeostasis by degrading
damaged cytoplasmic components and organelles (2). In general,
autophagy has a protective role, enabling cells to adapt to internal
and external stresses such as nutrient deprivation, oxidative stress,
hypoxia, DNA damage, and the accumulation of damaged proteins
and organelles in cells (3). Autophagy can remove intracellular
pathogens, damaged organelles, and misfolded proteins, participate
in host protection, and play a key role in the development
and function of the immune system and immune cells.
Autophagosomes have been found in both human and mouse T
cells (4, 5). And autophagy has been observed to play a critical role
in the development, survival, proliferation, and differentiation of T
cells (6).

It has been demonstrated that dysregulation of autophagy is
associated with many diseases, including neurodegenerative
diseases, infections, inflammation, metabolic dysfunction, cancer
and aging (7). An increasing number of studies have indicated that
immune disorders in autoimmune diseases are associated with
abnormal regulation of autophagy, including host defense against
various pathogens, unconventional secretion of cytokines, and
antigen presentation. Therefore, it is necessary to further explore
the effects of autophagy on autoimmune diseases through the
regulation of T cells in this paper and to discover effective
strategies and therapeutic targets for suppressing autoimmune
responses through the autophagy pathway.

2 Autophagy
2.1 Classification of autophagy

Autophagy is traditionally regarded as a bulk, non-selective
process that indiscriminately sequesters and degrades cytoplasmic
components, including organelles and macromolecular complexes.
This occurs in response to nutrient starvation, commonly referred
to as bulk autophagy (8). However, it is gradually recognized that
autophagy operates in a highly selective manner, in which it
degrades specific targets, usually potentially harmful cargo.
Selective autophagy encompasses a range of processes that target
specific cargo, including damaged organelles (mitophagy,
lysophagy, ER-phagy, ribophagy, pexophagy), aggregated proteins
(aggrephagy) and invading bacteria (xenophagy). These autophagy
play an essential role in maintaining cellular quality control (8).

Autophagy is divided into three main categories:
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). These pathways differ in the manner by which
cellular material is transported to lysosomes. Macroautophagy (also
known as autophagy) involves the engulfment of a large number of
cytoplasmic substances, organelles, protein aggregates, and
microorganisms through the formation of autophagosomes,
which are then degraded after fusion with lysosomes (9). This is
the most common form of autophagy. Microautophagy refers to the
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direct encapsulation of proteins and small organelles into lysosomes
for degradation. CMA necessitates the recognition of substrate
molecules by a constitutively expressed cytoplasmic heat shock
protein, HSPAS8 (also known as HSC70), and the resulting
complex is transferred to lysosomes for degradation via
lysosomes-associated membrane protein 2A (LAMP2A) (10, 11).
Among these, macroautophagy and microautophagy can engulf
structures with large molecular weight through selective and non-
selective mechanisms, while CMA can only degrade part of soluble
proteins (12). Although the three methods are different, they are all
designed to enable cells to adapt to environmental pressure and
maintain the stability of the intracellular environment.

2.2 Process of autophagy

The process of autophagy is comprised of five distinct stages:
induction, elongation, maturation, fusion, and degradation. These
stages are regulated by the autophagy-related gene (Atg) family.
Currently, 31 yeast Atg genes and more than 18 mammalian Atg
gene homologs have been confirmed to be related to autophagy.
These include Atgl/ULKI1, Atg6/Beclinl, Atg8/LC3, and others
(13). In the induction stage of autophagy, the mammalian target
of rapamycin (mTOR) and adenosine 5-monophosphate-activated
protein kinase (AMPK) transmit stress signals through the
downstream effect of the unc-51-like kinase 1 (ULKI) complex.
In response to certain stress, the ULK1 complex initiates autophagy
and induces the formation of autophagy precursors (14). In the
initiation stage of autophagy, the Beclin1/hVps34 complex interacts
with autophagy proteins to mediate the formation of the autophagy
precursor bilayer structure. Its activity is regulated by type III
phosphatidylinositol 3-kinase (PI3K) (15). In the elongation stage
of autophagy, the Atg5-Atgl2 complex is formed by the action of
Atg7 and AtglO0, which then dimerises with autophagy-associated
protein 16-1 (Atgl6L1). This complex subsequently transfers to the
initiation site of autophagy, where it promotes the binding of LC3-1I
to the inner and outer membranes of phagosomes, thus facilitating
membrane recombination. In the presence of the cysteine protease
Atg4, microtubule-associated protein light chain 3 (LC3B) forms
cytoplasmic type LC3-1. With the help of Atg5-Atgl2/Atgl6L1
complex, LC3-I is liposomalised by Atg3 and Atg7 to membrane-
bound LC3-II (16). At the stage of autophagy maturation, fusion
and degradation, the majority of autophagic proteins are shed from
their outer membrane following autophagosome closure. The
mature autophagosome then fuses with lysosomes to form the
autophagolysosome. Subsequently, the acidic environment of
lysosomes and hydrolases degrade the inner membranes and
contents of autophagosomes, releasing the produced substances
back to the cytoplasm to re-participate in cellular life activities and
achieve self-renewal of the cells (17) (Figure 1).

The enriched PI3P structure in the endoplasmic reticulum (ER)
is considered to be the site of autophagogenesis and the main source
of autophagosomes, releasing LC3, which is required for
autophagosome formation (18). LC3-II is considered to be an
important marker of autophagy, and the conversion of LC3-I to
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FIGURE 1

Autophagy process and signal regulation. Autophagy is mainly induced by mTOR complex, ULK1 complex, Beclin-1 complex and protein kinase
(AMPK). Under the stimulation of cytokines or growth factors, mTORC mechanical targets are activated to reverse the inhibition of ULK1 complex
and the initiation of autophagy. AMPK is activated under hypoglycemic or hypoxic conditions to further stimulate the ULK1 complex and Beclin-1
complex, thereby inducing autophagy. The process of autophagy includes induction, elongation, maturation, fusion and degradation. mTOR and
AMPK transmit stress signals through the ULK1 complex to promote autophagy initiation. Beclin-1 interacts with autophagy proteins and mediates
the formation of the double-layer membrane structure of the autophagosome. Atg7 and Atgl0 induce the binding of the Atg5-Atgl2 complex to
Atgl6L1 and promote the binding of LC3-Il to the endosomal and outer membranes of the phagosome. LC3B forms cytoplasmic LC3-1 in the
presence of Atg4. With the help of Atg5-Atgl2/Atgl6L1 complex, LC3-I is lipified by Atg3 and Atg7 to membrane-bound LC3-I1I, which mediates
autophagosome elongation and autophagosome formation. Mature autophagosomes fuse with lysosomes to form autolysosomes. The acidic
environment of lysosomes and hydrolases degrade the inner membrane and contents of autophagosomes, and the resulting substances are released
back to the cytoplasm to participate in cell life activities and self-renewal of cells.

LC3-II is an essential process during autophagosome maturation.
Another important marker of the autophagic process is nucleus-
derived p62/SQSTMI. p62 is a selective autophagy receptor, and
one of its key roles is to bind to LC3-II and polyubiquitinated
proteins, delivering the bound ubiquitinated proteins to
autophagosomes, ultimately leading to their degradation by
lysosomes (19). The transcription of p62 is modulated by the
conserved autophagy and lysosomal regulatory transcription
factor EB (TFEB) (20). The term autophagic flux is used to
describe the complete catabolic process that ensures the
decomposition of materials to be degraded and the release of
macromolecules in the cytoplasm (21). This process is an
indicator of autophagic activity.

2.3 Regulation of autophagy

The initiation and maturation of autophagosomes is regulated
by multiple factors in a bidirectional manner. These include the
serine/threonine protein kinase ULK1 complex, the Beclinl
complex, and AMPK, which act to stimulate autophagy.
Conversely, mTOR and its associated complexes, the mechanistic
target of rapamycin complex 1 (mTORC1) and mTORC2, exert a
negative regulatory effect on autophagy (22). Furthermore, insulin
and other growth factor signals activate type I PI3K-Akt, which
inhibits autophagy by activating mTORCI and inhibiting Beclinl,
type III PI3K complex, and Atgl4L (23).
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2.3.1 mTOR signaling pathway

The highly conserved serine/threonine kinase mTOR belongs to
the phosphatidylinositol 3-kinase-related kinase (PIKK) family,
which regulates signaling pathways related to cell growth through
phosphorylation (24). mTOR signaling pathway is one of the main
mechanisms of autophagy regulation and also the main inhibitory
pathway of autophagy (24). Under environmental signals such as
starvation, autophagy can be inhibited by inhibiting mTOR (2). The
growth factor/PI3K/Akt signaling pathway is involved in the
upstream regulation of mTOR. Protein kinase B (Akt) is
phosphorylated by PI3K, and PI3K/Akt further phosphorylates
mTOR (25, 26). Activated mTOR can not only accelerate the cell
cycle but also inhibit the occurrence of autophagy (27). Therefore,
the activation of the PI3K-Akt-mTOR signaling pathway negatively
regulates autophagy, which is essential in preventing autophagy
induction (Figure 1).

mTORCI is primarily involved in the regulation of cell
development, apoptosis, energy metabolism, and autophagy (28).
AMPK and mTORCI are sensors of cellular energy production and
energy metabolism in vivo and are the two major regulatory units that
control autophagy (29). With sufficient nutrient availability,
mTORCI kinase integrates signals from nutrients and growth
factors and acts as a junction for cellular signals to control growth
and protein synthesis (30). In the absence of physiological stressors,
mTORCI activation inhibits autophagy by phosphorylating ULK1
and Atgl3 (31). Conversely, in the context of nutrient deficiency,
mTORCI activity is inhibited, resulting in ULK1 and Atgl3
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dephosphorylation. This dephosphorylation enables the ULK kinase
complex to become activated, thereby inducing autophagy (32).
Energy deficiency can also activate AMPK, which is involved in
ULK1 activation and phosphorylation of tuberous sclerosis protein 2
(TSC2). Both of these processes inhibit mTORCI activity and
promote autophagy activation (33) (Figure 1).

Although mTORC?2 is primarily associated with the formation
of cytoskeletal proteins and the regulation of cell survival, some
studies have identified its involvement in the process of autophagy
(34). mTORC2 is a bidirectional regulator of autophagy. On the
one hand, mTORC2 inhibits autophagy indirectly through the
Akt/Forkhead box protein O3 (FOXO3) axis. FOXO3 is a
transcription factor that is both necessary and sufficient for the
induction of autophagy. In the context of nutrient-rich conditions,
mTORC2 activates Akt by phosphorylating Akt, leading to
phosphorylation and inactivation of FOXO3. This results in the
retention of FOXO3 in the cytoplasm and the loss of its
transcriptional activity, which in turn reduces the transcription
of autophagy-related genes LC3 and Bnip3. Ultimately, this
inhibits the induction of autophagy (35). During periods of
nutrient starvation, FOXO3 undergoes dephosphorylation and
translocalization to the nucleus, where it activates autophagy-
related genes to induce autophagy (36). This effect is not
prevented by rapamycin. The mTORC2/Akt/FOXO3 signaling
pathway has a crucial role in the suppression of autophagy.
Conversely, it has been proposed that mTORC?2 is implicated in
the regulation of microfilament cytoskeleton and endocytotic
pathways, and that mTORC2 plays a pivotal role in the
maturation and transportation of autophagy vesicles (37).

2.3.2 Beclinl signaling pathway

Beclinl is composed of a Bcl-2 binding site (BH3), an
evolutionarily conserved domain (ECD), and a helic-helical
domain (CCD) (38). Studies have confirmed that autophagy
regulatory proteins can directly or indirectly bind to different
domains of Beclinl to form new protein complexes, paving the
way for the regulation of autophagy (39). In addition. The BH3
receptor of Bcl-2/Bcl-XL can also inhibit autophagy by
competitively binding with Beclinl protein and blocking the
formation of the complex. In contrast, phosphorylation of BH3
by the death-related protein kinase gene (DAPK) can reduce the
binding force of Beclinl and Bcl-XL, thus enhancing autophagy
(40). The Beclinl gene can combine with type III P13K through its
CCD and ECD domains, thereby promoting the formation and
maturation of the autophagosome membrane and participating in
the initiation of autophagy (41).

3 The regulation of autophagy on
T cells

Autophagy represents an essential catabolic process in T cell
biology, regulating T cell development, activation, proliferation, and
differentiation by regulating cell metabolism (6).
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3.1 Effects of autophagy on T
cell development

During central tolerance, thymic epithelial cells (TECs) present
self-antigen-derived epitopes on MHC class II molecules, thereby
ensuring the generation of self-tolerant CD4" T cells. Autophagy is
able to process certain self-ligands presented by MHC-class II and
participate in positive and negative T cell selection in the thymus,
thereby promoting the generation of a self-tolerant T cell
repertoire (42).

Bone marrow hematopoietic stem cells (HSC) are highly
capable of self-renewal and differentiation. Autophagy plays a
pivotal role in the development and differentiation of mature T
lymphocytes in HSCs. HSCs with autophagy gene deletion exhibit a
decreased self-renewal ability and a greater tendency to differentiate
into myeloid stem cells, resulting in abnormal proliferation of
myeloid cells in the bone marrow, a decreased proportion of
lymphoid cells, a large number of mitochondria in cells, and a
significant increase in reactive oxygen species (ROS) levels.
Autophagy can remove abnormally accumulated mitochondria in
a timely manner to maintain the normal function of HSCs.
Consequently, the normal functioning of autophagy is a
prerequisite for the generation of lymphoid progenitor cells (43).

3.2 Effect of autophagy on T cell activation

In TECs, autophagy plays an important role in the activation of
T cells. The autophagy activity of T cells remains at a low level in the
resting state but is significantly upregulated after activation. The
activation of T cells is regulated by antigen presentation by antigen-
presenting cells (APC) expressing MHC-II class and significantly
affects peripheral T cell proliferation (44-46). T cell activation is
dependent on the stable calcium flow within the ER. Autophagy
plays a role in T cell activation by maintaining the homeostasis of
calcium flow within the ER (47, 48). At the same time, autophagy
degrades proteins, lipids, and glycogen, providing energy substrates
for T cell activation. Inhibition of this catabolism prevents effective
T cell activation.

3.3 Effect of autophagy on T
cell proliferation

In activated T cells, numerous autophagy genes (including Atg5,
Atg7, Atg8, and Beclinl) were found to be upregulated, promoting
autophagosome formation (49). However, in a conditional
knockout (CKO) mouse model, effector T cells specifically
knocked out of autophagy genes (e.g., Atg3, Atg5, Atg7, Atgl6Ll,
Beclinl) showed reduced cytokine secretion and cell proliferation
upon activation (49). For example, decreased thymocytes and
peripheral lymphocytes and increased CD8" T cell death are
observed in Atg5”" bone marrow chimeric mice. These Atg5”" T
cells demonstrated a lack of proliferation in response to T cell
receptor (TCR) stimulation (50). Atg7’/ " T cells from CKO mice
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show increased cell death, increased content of the endoplasmic
reticulum, and increased number of mitochondria (48). Similar
results have been observed in Atg3”~ CKO mice, which exhibited
impaired autophagy (51). Furthermore, Foxp3" T cell-specific
knockout of Atg5 or Atg7 decreases the stability and survival of
regulatory T cells (Treg cells) (52). Consequently, autophagy is
essential for the survival and development of T cells in an activated
environment and for their functional integrity.

3.4 Effect of autophagy on T
cell differentiation

Cytokines and their receptors play an important role in
regulating T cell differentiation and function. In fact, the
differentiation of each CD4" T subset is driven by a specific
cytokine. For instance, IL-2, a common 7Y-chain cytokine, is
secreted early after TCR action on CD4'T cells, induces
autophagy in CD4'T cells, and plays a role in the ongoing
proliferation and effector differentiation of the cells as well as in
the formation of memory cells (53). As CD4" T cell subsets utilize
different cytokine signaling pathways and their respective metabolic
pathways, autophagy also differentiates and functions to different
degrees (54, 55). For example, autophagy inhibits the expansion and
differentiation of Th2, Th9, and Thl7 to attenuate inflammatory
responses, whereas Thl and Treg are dependent on autophagy for
differentiation and function (56, 57). IL-21 produced by Tth cells
induces mTOR activation, promotes differentiation of naive T cells
into helper T (Th cells) cells (Thl, Th2, Th9, and Th17), and
inhibits autophagy and differentiation of Treg cells (58-
64).Conversely, when the level of mTOR activation is low and the
level of AMPK is high, naive T cells exhibit a preference for
differentiation into Treg cells. Although all Th cells rely on
mTOR activity, Thl and Thl7 cells require Rheb-dependent
mTORCI activation, whereas Th2 differentiation is activated by
mTORC2 (59). It has been demonstrated that the induction of
autophagy in bone marrow-derived dendritic cells (DCs) results in a
significant proliferation of T follicular helper (Tth) cells and the
induction of an inflammatory response (65). However, the precise
mechanisms by which autophagy regulates the proliferation,
differentiation, and function of Tth cells under different
physiological and environmental conditions remain to be
elucidated. Autophagy has also been shown to promote the
proliferation of CD8" T cells and the generation of CD8"
memory T cells (66). However, there are fewer studies related to
autophagy on CD8" T cells, and the role of autophagy in memory T
cells and cytotoxic T cells is not yet fully determined.

3.5 Regulation of autophagy in the
metabolism of T cells

In the context of nutrient limitation or other forms of stress,
autophagy plays a crucial role in enabling T cells to adapt to
environmental challenges and maintain their functionality. This
process involves the provision of substrates essential for the
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synthesis of new cellular components and the acquisition of
energy, as well as the regulation of metabolic pathways within T
cells. In activated T cells, autophagy has been demonstrated to
regulate metabolic pathways to modulate cellular function and
differentiation (67). Atg7-deficient CD4" T cells exhibit reduced
ATP production in response to TCR engagement, and both
anaerobic glycolysis and mitochondrial respiration are reduced
when lysosomal activity is blocked, suggesting that inhibition of
autophagy’s catabolic processes may prevent effective T cell
activation (68). A novel mechanism has recently been proposed
to support the ability of autophagy to regulate T cell metabolism
through activation of mTORCI. In activated T cells, the bridging
protein TAXIBP1 promotes autophagy-mediated degradation of
cytoplasmic proteins to generate L-cysteine, which activates
mTORCI to sustain the activation-induced response and drive
the metabolic changes necessary for cell proliferation (69).
Consequently, CD4" T cells lacking TAX1BP1 are unable to
initiate glycolytic anabolic changes to meet the energy demands
of activation and exhibit reduced expression of hexokinase 2 and
Glutl. Interestingly, starvation-induced autophagy did not appear
to be affected, which seems to support the characterization of
increased autophagic activity upon T cell activation (69).

3.6 Autophagy and T cell homeostasis

The absence of autophagy-related proteins impairs the
degradation of damaged organelles in T cells, resulting in the
accumulation of damaged mitochondria, an increase in reactive
oxygen species, and ultimately disrupting T-cell homeostasis (70).
FOXP3 is an important transcription factor for the control of
autoimmune responses in Treg cells. Studies have demonstrated
that the autophagy-associated protein AMBRAI enhances the
stability of the transcriptional activator FOXO3 by interacting
with the phosphatase PP2A, which in turn triggers FOXP3
transcription, resulting in an increase in the number of Treg cells.
This evidence suggests that autophagy plays an essential role in
regulating the dynamic homeostasis of Treg cells (71). Furthermore,
it was demonstrated that mice with a deletion of the T cell-specific
activated protein C-kinase receptor 1 (RACK1) exhibited a notable
reduction in the number of peripheral CD8+ T cells or CD4+ T
cells, accompanied by a blockage in mitochondrial degradation.
This suggests that the deletion of RACKI resulted in autophagy
inhibition, which ultimately led to mitochondrial accumulation and
the disruption of CD4+ T cell and CD8+ T cell homeostasis (72).
Consequently, RACK1 may be a pivotal regulator in the control of T
cell homeostasis.

3.7 Epigenetics of T-cell autophagy

Although the mechanisms of autophagy in response to
starvation, hypoxia, or receptor stimulation have been extensively
studied, the critical epigenetics that initiate and maintain the
autophagic process remain unknown. Epigenetics refers to the
study of reversible and hereditable phenotype changes in gene
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expression without altering genetic or DNA sequence, such as
chromatin remodeling and protein modification (73). Histone
methyltransferase G9a is responsible for coordinating the
transcription and activation of key regulators of autophagosome
formation by remodeling the chromatin. In normal conditions, G9a
binds to LC3B, WIPI1, and DOR gene promoters and inhibits gene
expression in a methyltransferase-dependent manner (74).
However, during the activation of starved or receptor-stimulated
naive T cells, G9a and its repressive histone mark are removed from
these promoter loci, allowing the expression of these genes to
maintain autophagy (74). Pharmacological inhibition or RNA
interference (RNAi)-mediated suppression of G9a resulted in
increased LC3B lipidation and expression, increased p62
aggregation, and the formation of autophagosomes (75). These
findings collectively demonstrate that G9a exerts a direct
inhibitory effect on autophagy gene expression. Moreover, the
inhibition of G9a-mediated epigenetic repression emerges as a
pivotal regulatory mechanism during autophagy.

Protein modification refers to the chemical modification of
proteins after their biosynthesis, which is also called post-
translational modification (PTM). PTM includes phosphorylation,
acetylation, citrullination, and methylation, and so forth (35). PTMs
are widely involved in the regulation of autophagy. For example,
phosphorylation in autophagy regulates the activity of autophagy-
associated proteins and the initiation and progression of autophagy
by regulating signaling pathways. Acetylation and deacetylation are
both involved in the regulation of autophagy initiation and selective
autophagy by controlling the acetylation level of important proteins
in the autophagy process.

Peptidylarginine deiminase type 2 (PADI2) catalyzes the
conversion of arginine residues on proteins to citrulline residues,
which results in protein unfolding and loss of function. In activated
Jurkat T cells, PADI2 regulates T cell activation and Th17 cytokine
production. Overexpression of PADI2 significantly increases the
level of citrullinated proteins and induces unfolded protein
response (UPR) signaling and ROS production, which ultimately
promotes autophagy and leads to the early degradation of p62 and
accumulation of LC3B-II (76). Autophagy, the designated
mechanism for unfolded protein degradation, is involved in the
generation of citrullinated peptides by APCs (77). Consequently,
citrullination represents the “tag” of protein end-of-life and
degradation, which is related to cell survival mechanisms
and autophagy.

Future research will aim to identify the epigenetic changes that
drive gene expression, further characterize transcription factors and
other epigenetic modifiers, provide insight into how these genes are
specifically regulated during autophagy induction, and reveal potential
therapeutic targets to enhance or inhibit autophagy induction.

4 The pathogenesis of T-cell
autophagy in autoimmune diseases

Autophagy is involved in both innate and acquired immune
responses and plays a key role in anti-microbial interactions, major
histocompatibility complex (MHC)-presented antigen processing,
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and lymphocyte development, survival, and proliferation (78).
Under normal circumstances, autophagy in cells is tightly
controlled. However, in autoimmune and degenerative joint
diseases, autophagy dysfunction is largely responsible for
pathological changes.

4.1 Systemic lupus erythematosus

SLE is an autoimmune disease that is characterized by the
excessive production of autoantibodies, the deposition of immune
complexes, the persistent production of type I interferons (IFN), the
dysregulation of T cell responses, and the persistent inflammation
(79). Autophagy is considered to be the core pathogenic factor of
SLE abnormal immunity, affecting innate and acquired immunity.
The factors contributing to the increased risk of SLE are not limited
to single nucleotide polymorphisms (SNPs) but include several
autophagy-related genes such as Atg5 (80), Atg7 (80), LRRK2
(81), IRGM (80), DRAM1 (82), CDKNIB (82), MTMR3 (83),
and APOLI (84). Several SNPS in the Atg5 gene have been found
to confer genetic susceptibility to SLE from genome-wide
association studies (GWAS) (80). And one SNP, rs573775, was
associated with IL-10 production and a higher risk of SLE (85).

The alteration of T lymphocyte homeostasis is considered to
play a key role in the pathogenesis of SLE (86). In SLE,
hyperactivation of T cells due to enhanced cytokine-induced and
autoantigen-induced signaling manifests as increased phagocytic
vacuoles (87, 88), which may be associated with dysfunction of
mitophagy. The degradation disorder of hypoxia-inducible factor
(HIF)2o in SLE prevents the activation of the ubiquitin-proteasome
system (UPS) upstream of mitophagy, resulting in the reduction of
mitophagy and excessive accumulation (89). However, the specific
mechanisms by which abnormal mitochondrial autophagy affects
T-cell immunity need to be further investigated.

Studies showed that autophagy-related genes, including mTOR,
Beclinl, LC3, and p62, were differentially expressed in the
peripheral blood mononuclear cells (PBMC) of SLE patients (90).
It was further observed that the LC3-II levels of CD4 and CD8
memory T cells isolated from peripheral blood of healthy
individuals were significantly higher than those of naive T cells.
In SLE patients, this difference was observed in the CD8 subset but
not in the CD4 subset. This suggests that autophagy may play an
active cytoprotective and homeostatic role in rapidly proliferating
activated T cells (49). Notably, naive CD4" T cells in the peripheral
blood of SLE patients exhibited elevated levels of LC3-II and
exhibited significantly higher levels of autophagy than those of
healthy individuals. In contrast, there was no significant difference
in autophagy levels of naive and memory T cells in the CD4
memory T cell and CD8 subpopulations (91) (Table 1). In a
separate analysis of T lymphocyte gene expression, it was
observed that T lymphocytes cultured in the presence of serum
from SLE patients exhibited negative regulatory proteins for
autophagy. The expression of o-synuclein (SNCA), v-akt murine
thymoma viral oncogene homolog 1 (Aktl), nuclear factor of « light
polypeptide gene enhancer in B-cells 1 (NFkB1) and B-cell
lymphoma 2 (Bcl2) is specifically elevated in the presence of
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TABLE 1 Regulation of autophagy on T cells and autoimmune diseases.

Diseases Methods Cell types Autophagylevel
SLE \ CD4" T cells Increased
[91] (human PB)
SLE shAtg5- lymphocytes (PB) Decreased
[48, 92] lentivirus
mice
Atg7" Lek-

Cre mice
SLE Treatment Th17 and Treg cells Decreased
[93, 94] with (mice PB)

CQ/HCQ
RA \ Naive CD4" T cells Decreased
[95] (human PB)
RA \ Activated CD4" T Increased
[96, 97] cells (human PB)
RA Atgs"" CD4" T cells (PB) Decreased
[98] CD4“" mice
SS \ SGand T Increased
[6] cells (human)
SS \ Epithelial cells of the Increased
[99, 100] tear membrane and

conjunctiva (human)

JIA Treatment CD4" T cells Decreased
[101] with HCQ (human PB)
IBD Atglell T cells Decreased
[56] CD4“" mice
MS \ CD4" and CD8* T Increased
[102] cells (human)
MS PIK3C3"" T cells (splenocytes) Decreased
[103] CD4“" mice
MS IRGM ™ CD4" T cells Decreased
[104] mice (spinal cord)

10.3389/fimmu.2024.1425443

Effects

LC3-II increased; There were no autophagic differences in CD8 subsets.

The number of plasma cells, CD4"CD8~, CD4" and CD8" T cells were reduced.
Albuminuria, serum anti-dsDNA antibodies, BAFF, and glomerular immune complex
deposits were reduced, and lupus symptoms were improved.CD4" and CD8" T cells
increased cell death, mitochondria and endoplasmic reticulum content, calcium

flux change.

The levels of Th17 cells, IL-17, serum INF-y, anti-dsDNA IgG, and anti-nuclear IgG
were decreased; Treg cells and TGF-B were increased.

The production of PFKFB3, ATP and ROS decreased; T cells sensitive to apoptosis,
and easy ageing.

Increased energy demand and enhanced catabolism; resistance to apoptosis. LC3-II
was increased and p62 was decreased.

The activation and proliferation of CD4" T cells were reduced. Reduced arthritis
incidence and disease severity.

The level of autophagy was positively correlated with the degree of CD4" T
lymphocyte infiltration and the levels of proinflammatory cytokines IL-21 and IL-23.

The levels of Atg5 and LC3-II/I were increased.

CD4" T cell proliferation, cytokine production, and expression of activation markers
were reduced.

The number of CD4", CD8" T cells and Treg cells decreased. Abnormal type I
responses to diet and microbiota antigens; Increased Th2 cells.

Increased Atg5 levels were positively correlated with TNF levels.

Impaired metabolism and reduced levels of active mitochondria; Failure to initiate
autoreactive T cell responses. T cells were unable to differentiate into Th1 cells.

The activation and proliferation of CD4" T cells were decreased, and apoptosis
was increased.

SLE, Systemic lupus erythematosus; PB, peripheral blood; CKO, conditional knockout; BAFF, B cell activator; CQ, chloroquine; HCQ, hydroxychloroquine; RA, Rheumatoid arthritis; ATP,
adenosine triphosphate; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; ROS, reactive oxygen species; SS, Sjégren's syndrome; SG, salivary gland; JIA, Juvenile idiopathic
arthritis; IBD, Inflammatory bowel disease; MS, Multiple sclerosis; TNF, tumor necrosis factor; PIK3C3, phosphoinositide-3-Kinase Class 3; IRGM, immune-related GTPase M.

serum from SLE patients (105-108). Among these genes, SNCA
appears to be the most prominent, as overexpression of this gene
has been shown to inhibit autophagy by reducing autophagosome
formation at an early stage. Aktl and NF«B1 inhibit autophagy by
activating the upstream inhibitor of autophagy, mTOR, whereas
Bcl-2 inhibits autophagy through the inhibition of Beclinl. It is
hypothesized that autophagy may be important in the early stages of
T cell activation when extracellular nutrients are limited but
metabolic reprogramming for proliferation has already begun. It
is postulated that activated autophagy can meet the energy and
material requirements for activation. It is postulated that CD4" T
cells may be activated at an earlier stage than autophagy in CD8" T
cells (109, 110). Additionally, elevated levels of autophagy in T cells
were observed in the peripheral blood of lupus mice, with a positive
correlation between disease severity and autophagy levels (92).
Injection of shAtg5 lentivirus into lupus-susceptible mice resulted
in decreased autophagy levels in peripheral blood lymphocytes,
decreased numbers of lymphadenopathy, plasma cells, CD4 CD8"
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and CD4" T-cells, proteinuria, serum anti-dsDNA antibodies, B-
cell activating factor (BAFF) and glomerular immune complex
deposition levels were reduced, and lupus symptoms improved
(92). Other similar studies have demonstrated that CD4" and
CD8" T cells from Atg5'/Atg7”/Atg3”" CKO mice stimulated
with TCR exhibited deficient proliferation, increased cell death,
increased mitochondrial and endoplasmic reticulum content, and
altered calcium flux after TCR stimulation (48). Although the
precise mechanism underlying the enhanced autophagic activity
observed in SLE is yet to be elucidated, evidence suggests that
dysregulation of this pathway may contribute to the survival and
proliferation of autoreactive T cells and the production of
autoantibodies, which in turn exacerbate lupus. Furthermore,
inhibition of autophagy has been demonstrated to be an effective
approach in ameliorating lupus symptoms. Further understanding
the specific mechanisms of autophagy dysregulation in T cell
regulation in SLE will help us to develop effective targets and
therapeutic approaches for inhibiting T cell autophagy.
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The anti-malarial drugs chloroquine (CQ) and
hydroxychloroquine (HCQ), as T-cell non-dependent therapeutic
agents, have significant immunomodulatory effects. They act on
various molecular and cellular activation pathways of the innate
and adaptive immune system and have shown an important role in
the clinical management of autoimmune diseases, such as SLE and
rheumatoid arthritis (RA). The primary mode of action of CQ and
HCQ is to disrupt the endolysosomal system by aggregating in
lysosomes. Consequently, the stability of the lysosomal membrane
is compromised, resulting in the release of intracellular lysosomal
enzymes and the fusion disorder of autophagosome and lysosome,
thus blocking autophagy (111, 112). CQ and HCQ, as autophagy
inhibitors, have been demonstrated to be effective in the clinical
monotherapy of SLE patients (113). It has been reported that SLE
mice treated with HCQ exhibited a reduction in the autophagy levels
of Th17 and Treg cells, accompanied by a significant reduction in the
expression of Th17 cells and IL-17, and a significant increase in the
levels of Treg cells and TGF-3. The administration of CQ to SLE mice
has been observed to result in a reduction in serum INF-y, anti-
dsDNA IgG, and anti-nuclear IgG levels (93). In SLE patients, the
administration of CQ in standard therapeutic doses has been
demonstrated to result in a significant reduction in the levels of
Th17 cells and serum IL-6, IL-1f, IL-23, and STAT3 (94). In addition
to their effects of disrupting the lysosomal system and inhibiting
autophagy, CQ and HCQ are capable of producing a number of
effects that alter the immune response, such as blocking antigen
presentation by DCs, macrophages, B and T cells, and inhibiting the
production of pro-inflammatory cytokines such as IL-1, IL-6, IL-17,
IFN-o, TNF-0, nitric oxide (NO), and ROS (113). CQ and HCQ can
also regulate cellular functions and immune responses by inhibiting
protein expression, inducing apoptosis, and inhibiting ion channel
activation, which may lead to the treatment of diseases through
various immune pathways.

Overall, autophagy levels of T cells were significantly elevated in
SLE patients and SLE-susceptible mice, and treatment with
autophagy inhibitors improved inflammation levels and clinical
symptoms, suggesting that targeting autophagy to modulate
overactivated autophagy in T cells appears to be a novel strategy
for SLE treatment.

4.2 Rheumatoid arthritis

RA, the most common autoimmune arthritis, is primarily
characterized by severe inflammation and morphological changes
of bone tissue. Persistently active RA leads to joint damage, disability,
and a decreased quality of life (96). Cartilage degeneration, synovial
hyperplasia, infiltration of synovial fibroblasts (FLS) into cartilage
and bone surface, and subchondral bone erosion are all pathological
features of RA (114). The pathogenesis of RA is unclear. However, it
has been demonstrated that dysregulated immune cells, including
Th17 cells, Tth cells, macrophages, B cells, and FLS are associated
with RA (115). Studies have indicated that the APC (such as DC,
macrophages, and activated B cells) delivers exogenous antigens or
autoantigens to T cells, thereby initiating chronic inflammatory or
autoimmune events (116). Furthermore, proinflammatory cytokines
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and autoantibodies stimulate synovial hyperplasia and bone
destruction, which in turn leads to progressive joint destruction (117).

CD4" T cells are considered to be a key driver of the chronic
inflammatory response in RA (118). Studies have shown that 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3)
also functions as a positive regulator of autophagy via interaction
with Beclinl. However, the expression of glycolytic PFKFB3 is
deficient, and intracellular adenosine triphosphate (ATP)
production is reduced in naive CD4" T cells from RA patients.
Consequently, T cells lack sufficient energy, the generation of
reactive oxygen species and the activation of autophagy are
insufficient, and T cells are more sensitive to apoptosis and prone
to senescence (95). Activated CD4" T cells impose energy
requirements, enhance catabolism, and mediate autophagy to
maintain homeostasis (96). Consequently, highly activated CD4"
T cells isolated from RA patients exhibit increased autophagy
activity and relative resistance to apoptotic stimuli (97). The
increased LC3-1II levels and decreased p62 levels of CD4" T and
CD8" T cells in the peripheral blood of RA patients lead to excessive
activation of T cells and increased anti-apoptotic ability. However,
the anti-apoptotic enhancement of CD4" T cells significantly
reverses after autophagy inhibition (97). In a mouse model
of collagen-induced arthritis (CIA), autophagy inhibition reduced
the incidence and disease severity of arthritis in CIA mice.
Furthermore, defective autophagy reduced CD4" T cell activation
and proliferation as observed in Ath'/ " CKO mice (98). These
studies suggest that autophagy regulates the activation of CD4" T
cells, and increased autophagy of activated CD4" T cells can
promote the development of RA. At the same time, autophagy
can also promote the inflammatory response of RA by regulating
inflammatory cytokines and bone destruction.

The results of recent studies have indicated that the administration
of HCQ in vivo can result in a reduction in the incidence and severity of
arthritis in animal models of CIA (98). Furthermore, the clinical
application of HCQ has demonstrated efficacy in inhibiting
lysosomes, suppressing T cell activity and apoptosis resistance, and
reducing the levels of proinflammatory cytokines in RA (98).
Consequently, the inhibition of autophagy may represent a
promising therapeutic strategy for the treatment of RA.

4.3 Sjégren’s syndrome

SS is a chronic systemic autoimmune disease that is
characterized by the infiltration of T and B lymphocytes into
exocrine glands. The most common symptoms are lesions of
salivary glands and lacrimal glands, which present as dry
mouth, dry eye, and keratoconjunctivitis (119). The cellular
characteristics of SS show that the cell infiltration of the salivary
gland (SG) and lacrimal gland (LG) is dominated by CD4" T cells
and B cells. In the early stages of the disease, CD4" T cells are
primarily infiltrated, suggesting a potential role for these cells in
the early immunopathological damage of SS (120). In diseased SG
tissues and peripheral blood, CD4" T cells showed an
overactivated phenotype (121). This abnormal activation may be
caused by T cells interacting with ductal epithelium and
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infiltrating B cells through costimulatory molecules (CD40/
CD40L) and the BAFF axis (6). The current literature indicates
that autophagy is a characteristic of T and B cells infiltrating small
salivary glands (MSG) in SS patients (122). Evaluation of
autophagy markers in SS patients demonstrated that Atg5 and
LC3-II/I expression levels in the tear film and conjunctival
epithelium are significantly increased (99). The autophagy-
related markers (mRNA and protein levels) of T lymphocytes in
SG and peripheral blood of SS patients are upregulated, and the
level of autophagy is positively correlated with the degree of CD4"
T lymphocyte infiltration and the levels of proinflammatory
cytokines IL-21 and IL-23. Furthermore, the level of autophagy
of T lymphocytes in peripheral blood is positively correlated with
the SS disease activity index (6). Another study also demonstrated
that both the protein and mRNA levels of Beclinl and LC3II were
increased in peripheral blood CD4" T cells of patients with SS
(100). As with the therapeutic effect of HCQ, human umbilical
cord mesenchymal stem cell-derived exosomes (UCMSC-Exos)
have been shown to reduce the levels of autophagy markers. It
restored the balance between Th1/Th2 and Th17/Treg cells and
reduced the expression levels of inflammatory factors, including
INFy, TNF-q, IL-6, IL-17A, and IL-17F (100). UCMSC-Exos have
been demonstrated to inhibit the excessive proliferation of CD4"
T cells by inhibiting autophagy, a process which may lead to the
development of a new therapeutic drug for SS.

4.4 Juvenile idiopathic arthritis

JIA is a chronic arthritis of unknown etiology with onset before
the age of 16. Inflammation in joint synovial fluid (SF) is
characterized by an increase in autoreactive, highly activated
effector T cells, but the exact pathogenesis remains unclear (123).
RNA sequencing reveals that autophagy-related genes in
CD4"CD45RO™ T cells are significantly upregulated in SF of JIA
patients compared with HC, suggesting that autophagy is disturbed
in T cells of JTIA-SF (124). It was found that the level of autophagy
protein LC3-II/I was increased in T cells in JIA SF. Inhibition of
autophagy by HCQ reduced CD4" T cell proliferation, cytokine
production, and activation marker expression in JIA SF (101). Thus,
it is speculated that the increased autophagy of T cells in JIA SF is
not caused by the inflammatory environment, but is likely the result
of high activation of T cells to increase intracellular nutrient supply
and meet the metabolic requirements of T cell activation. Therefore,
inhibition of autophagy may be a promising therapeutic approach
to restore T cell homeostasis in JIA SF.

4.5 Inflammatory bowel disease

IBD is a chronic inflammation that primarily affects the
gastrointestinal tract, including Crohn’s disease (CD) and
ulcerative colitis (UC). In recent years, a large number of studies
have identified genetic factors for IBD susceptibility. GWAS and
meta-analyses have identified more than 150 different loci that
influence IBD susceptibility, revealing new pathways in the

Frontiers in Immunology

10.3389/fimmu.2024.1425443

pathogenesis of the disease (125). IBD is a disease mediated by
IL-17a and IL-1B. GWAS identified Atgl6L1 and immune-
associated GTPase M (IRGM) deletions in CD, and Atgl6L1 gene
deletionin bone marrow chimeric mice resulted in excessive IL-13
production by macrophages (126), and altered expression of IRGM
resulted in defective autophagy in CD (127), which is related to the
pathogenesis of CD and may be one of the etiological factors of IBD.
It has been reported that autophagy protects intestinal epithelial
cells (IECs) from TNF-induced apoptosis, which maintains the
integrity of the intestinal barrier and inhibits the development and
progression of IBD (128).

Atgl6L is involved in the prolongation of autophagosome
membrane (126), and mutation of IBD susceptibility gene T300A
in the coding region of Atgl6L1 can lead to increased degradation
of Atgl6L1 protein and reduced autophagy, suggesting that reduced
autophagy may contribute to the development of IBD. Changes in
the autophagy pathway can alter intestinal homeostasis and lead to
chronic intestinal inflammation (129). CD4" T cells constitute the
largest population of intestinal lymphocytes and are the central
mediators of host protective and tolerance responses in the
intestinal tract (130). Deletion of T cell Atgl6Ll in CKO mice
resulted in a dramatic reduction in the number of CD4" T cells and
Treg cells in the intestinal lamina propria (LP), a significant
reduction in the frequency of CD4" and CD8" T cells in the
peripheral lymphoid organs, and an abnormal type II response to
dietary and microbiota antigens, leading to the spontaneous
development of progressive chronic intestinal inflammation in the
mice (56). Furthermore, increased survival of Atgl6L1-deficient
Th2 cells was observed in vitro, suggesting that autophagy may
directly inhibit Th2 cell expansion (56). Although Th17 cells play an
important role in IBD disease activity and mucosal injury (131), the
specific effect of intestinal inflammation on Th17 cell autophagy
remains to be investigated. These findings provide new insights into
the interplay of autophagy on different T-cell responses in the gut
and have important implications for understanding and treating
chronic inflammatory diseases.

4.6 Multiple sclerosis

MS is a common inflammatory disease of axonal demyelination
and progressive neurodegeneration, caused by oligodendrocyte (OLs)
dysfunction and apoptosis in the central nervous system (CNS) (132). It
is generally believed that MS is caused by self-reactive T cells targeting
CNS myelin (133). T cells penetrate the CNS through the blood-brain
barrier, attack the myelin sheath, and initiate chronic inflammatory
responses, resulting in the loss of axons and neurons (134).

Some studies have shown that autophagy is directly involved in
the disease progression of MS or experimental autoimmune
encephalomyelitis (EAE). For example, clonal proliferation of T cells
in damaged cerebrospinal fluid (CSF) has been detected in the brains
of EAE and active relapse-remitting MS patients (135). And Atg5 and
IRGM-1 increased and Atgl6L2 decreased in T cells (136). In MS
patients, Atg5 mRNA and protein levels are upregulated in CD4" and
CD8" T cells at sites of inflammatory infiltration, and Atg5 mRNA
levels are positively correlated with TNF levels. This upregulation of
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autophagy may lead to improved survival rates and active metabolic
status of T cells. It may also suggest that Atg5 may be involved in the
proinflammatory effect of T cells in MS patients and not affected by
autophagy (102). Similar to MS patients, increased expression of the
autophagy gene Atg5 is associated with immune-mediated myelin
injury in EAE models (137). In contrast, CD4+ and CD8+ T cells from
bone marrow chimeric knockout mice with Atg5 failed to proliferate
efficiently upon TCR activation (50). These results suggested that
prolonged T cell survival and increased T cell proliferation contribute
to the recurrence and progression of the disease, suggesting that the
overexpression of Atg5 interferes with the abnormal adaptive immune
response that leads to the disease (137). However, whether and how
the upregulation of Atg5 affects T cell function in MS patients remains
to be further studied. Another study found elevated levels of Parkin (a
ligase necessary for mitophagy) in serum and CSF in MS patients
(102). However, there is still a lack of strong evidence that
dysfunctional mitophagy is a disease mechanism of MS.

One successful therapeutic strategy for EAE is silencing over-
activated T cells by either inducing T cell apoptosis or blocking T
cell activation. Inhibition of CD4" T cell autophagy by T cell-
conditioned knockdown of Beclin-1 has been shown to be
protective in EAE (138); as a T cell-dependent therapeutic agent,
rapamycin can inhibit the initiation of autophagy by inhibiting
mTORCI, which in turn inhibits T cell proliferation and activation,
reduces the intensity of the immune response, and alleviates
relapsing-remitting EAE (134). In a mouse model of EAE with T-
cell conditional knockout of the autophagy-associated protein
phosphatidylinositol 3-kinase (3PIK3C3/hVPS34), the mice were
resistant to EAE, as evidenced by impaired metabolism and reduced
levels of active mitochondria, as well as the inability of the mice to
mount an autoreactive T-cell response and the inability of the T
cells to differentiate into Thl cells (103). Knockdown of IRGM
attenuated the onset and progression of EAE by inhibiting the
expansion of activated CD4" T cells and promoting apoptosis (104).
DCs specifically conditioned to knock down Atg7 ameliorated the
clinical disease severity of actively induced EAE, and DCs
conditioned to knock down Atg5 (including CNS DCs) were less
capable of stimulating brain-derived CD4" T cells upon uptake of
antigenic substances of damaged oligodendrocyte origin,
significantly reduced CD4" T cell accumulation in the CNS, and
adequately transferred EAE in overtly protected mice from
morbidity (139, 140). These results suggest that inhibition of
autophagy and T-cell proliferation is beneficial for MS and EAE.

5 Conclusion

In conclusion, autophagy plays an important regulatory role in
T lymphocyte-mediated autoimmune diseases. Therefore, it is
necessary to understand the specific role of autophagy in the
development, activation, proliferation, and differentiation of
immune cells, and to regulate the function of immune cells by
regulating autophagy, to provide an important theoretical basis for
the treatment of autophagy-related immune diseases. Of note,
autophagy is regulated by multiple protein kinases, especially
during autophagy initiation and autolysosome formation.
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Therefore, many small-molecule compounds regulate autophagy
to treat human diseases. The first drugs approved by the FDA to
inhibit autophagy, CQ and HCQ, have been applied to clinical
practice and produced promising results. Since protein kinases such
as AMPK, ULKI, and PI3K/Akt/mTOR play an essential role in
autophagy, increasing small molecules that regulate autophagy-
related protein kinases are being designed and produced,
including PI3K inhibitors, Akt inhibitors, ULKI activators, and
ERK inhibitors, broadening the range of targeted drugs. Therefore,
it will be important to selectively target therapeutic agents to
specific cell types (e.g., T cells) to target the autophagy pathway.

If targeted modulation of autophagy becomes a viable treatment
for autoimmune diseases, there will be additional challenges in
developing selective autophagy modulators with little crosstalk with
other targets and in addressing drug resistance. Although people in
autophagy have made significant progress, it is still unknown to the
molecular mechanism of autophagy, involved in the signal process
and the participation of autophagy in various disease states.
Therefore, future research will aim to elucidate the molecular
regulatory mechanism and signaling pathways of autophagy of
autophagy in each autoimmune disease and develop highly
specific and safe targeted drugs, which will be of great
significance for clinical application to identify reliable treatment
strategies and monitoring tools.
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