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Uncontrolled acute inflammation progresses to persistent inflammation that leads to
various chronic inflamsmatory diseases, including asthma, Crohn’s disease, rheumatoid
arthritis, multiple sclerosis, and systemic lupus erythematosus. CD4* T cells are key
immune cells that determine the development of these chronic inflammatory diseases.
CD4™" T cells orchestrate adaptive immune responses by producing cytokines and effector
molecules. These functional roles of T cells vary depending on the surrounding
inflammatory or anatomical environment. Autophagy is an important process that can
regulate the function of CD4" T cells. By lysosomal degradation of cytoplasmic materials,
autophagy mediates CD4" T cell-mediated immune responses, including cytokine
production, proliferation, and differentiation. Furthermore, through canonical processes
involving autophagy machinery, autophagy also contributes to the development of chronic
inflammatory diseases. Therefore, a targeted intervention of autophagy processes could
be used to treat chronic inflammatory diseases. This review focuses on the role of
autophagy via CD4" T cells in the pathogenesis and treatment of such diseases. In
particular, we explore the underlying mechanisms of autophagy in the regulation of CD4*
T cell metabolism, survival, development, proliferation, differentiation, and aging.
Furthermore, we suggest that autophagy-mediated modulation of CD4* T cells is a
promising therapeutic target for treating chronic inflammatory diseases.

Keywords: autophagy, CD4+ T cell, asthma, Crohn’s disease, rheumatoid arthritis, multiple sclerosis, systemic lupus
erythematosus

1 INTRODUCTION

Autophagy is an evolutionarily conserved mechanism in which cytoplasmic materials, such as
soluble macromolecules or organelles, are degraded by the lysosome (Matsuzawa-Ishimoto et al.,
2018). The main role of autophagy is to maintain cellular homeostasis through starvation adaptation,
degradation of misfolded protein and damaged organelles, antiapoptotic function, and elimination of
intracellular pathogens (Matsuzawa-Ishimoto et al., 2018).

Three types of autophagy occur: macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) (Figure 1A). In macroautophagy, an isolation membrane, termed the phagophore,
sequesters a portion of the cytoplasm, resulting in the formation of a double-membrane structure called the
autophagosome (Merkley et al., 2018). The autophagosome fuses with the lysosome to become an
autolysosome and degrades its cargos with lysosomal enzymes (Merkley et al., 2018). In microautophagy,
several components of the cytoplasm are engulfed by inward invagination of the lysosomal membrane
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(Merkley et al., 2018). In CMA, some specific proteins are recognized
by chaperone proteins and translocated across the lysosomal
membrane by interacting with lysosome-associated membrane
protein type 2A (LAMP-2A) (Merkley et al., 2018).

Specifically, the formation of autophagosome depends on the
hierarchically ordered activity of autophagy-related (Atg)
proteins (Melia et al., 2020) (Figure 1B). A subset of core Atg
proteins is required for autophagosome formation through five
sequential steps: initiation, elongation, closure, fusion, and
degradation and recycling (Melia et al., 2020). In this pathway,
these Atg proteins consist of several functional units: Unc51-like
kinase (ULK) complex, class III phosphatidylinositol 3-kinase
(PI3KC3) complex, Atgl2 conjugation system, microtubule-
associated protein 1A/1B-light chain 3 (LC3) conjugation
system, and Atg2 complexes (Melia et al., 2020).

Autophagy has a broad relationship to inflammation because
their cargos, such as microbes, damaged organelles, and protein

aggregates, act as inflammatory signals (e.g., pathogen-associated
molecular patterns and danger-associated molecular patterns)
(Oh and Lee, 2012; Gomes and Dikic, 2014). In addition,
autophagy proteins directly regulate several immune signaling
complexes related to type I interferon (IFN) production,
inflammasome activation, and antigen presentation (Lee et al,
2007, 2010; Saitoh et al, 2008; Tal et al, 2009). Of the
representative targets of autophagy, mitochondria are also the
major participants in immunometabolism by regulating cellular
metabolism between oxidative phosphorylation and glycolysis,
which is important for activation states of macrophages, T cells,
and other immune cells (Ip et al, 2017; Mills et al., 2017).
Specifically, the multiple “life stages” of CD4" T cells, from
development to differentiation, are closely interconnected with
dynamic changes in cellular integrity and metabolism. Therefore,
autophagy, a critical regulator of cellular metabolism, affects
various functions of CD4" T cells, including proliferation,
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TABLE 1 | Phenotypes of T cell-specific autophagy-deficient mice

Mammalian gene

Mutant mouse

ULK complex FIP200 FIP200"" CD4-Cre
FIP200" Tie2-Cre
PIBKC3 complex Pik3c3 Pik3c3”" CD4-Cre
Pik3c3" Lck-Cre
Beclin 1 Becn1” CD4-Cre
Atg12 conjugation system Atg7 Atg7” Lck-Cre
Atg7”" CD4-Cre
Atg7” Foxp3-Cre
Atg5 Atg5” Lck-Cre
Atg5”" CD4-Cre
Atg5”" Foxp3-Cre
LC3 conjugation system Atg3 Atg3”" Lck-Cre
Atg3” ER-Cre
LC3 Map1lc3b™~

Phenotype

T cell apoptosis T

Normal thymic cellularity
Peripheral T cell number |
Hematopoietic defect

T cell apoptosis T

Normal thymic cellularity
Peripheral T cell number |
Th1 differentiation |

Treg differentiation |

T cell apoptosis T

Thymic cellularity |
Peripheral T cell number |
Peripheral T cell number |
Effector to naive T cell ratio T
T cell apoptosis T

Th1 differentiation |

T cell apoptosis T

ER & mitochondria size 7
Peripheral T cell number |
ATP production |
Cytokine production |

T cell apoptosis T

T cell apoptosis T
Glycolysis T

Treg differentiation |

T cell apoptosis T

T cell proliferation |
Thymic cellularity |
Peripheral T cell number |
ER & mitochondria size T
Th9 differentiation T

T cell apoptosis T

Treg differentiation |

T cell apoptosis T

ER & mitochondria size T
T cell proliferation |

Th9 differentiation T

Th9 differentiation T
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survival, aging, and differentiation (Merkley et al, 2018). In
addition, modulation of autophagy in CD4" T cells can relieve
the development of chronic inflammatory disease because CD4"
T cells are known to be determinants of disease progression.

In this review, we discuss the effect of autophagy on the
following functional changes in CD4" T cells: metabolism,
survival, development, proliferation, differentiation, and aging.
We summarize the phenotypes of T cell-specific autophagy
depletion mice in detail (Table 1). Additionally, we investigate
whether functional changes in autophagy-induced CD4" T cells
can modulate chronic inflammatory diseases.

2 CD4" T CELL METABOLISM

In general, autophagy is known to regulate cellular metabolism
under various conditions such as starvation, oxidative stress, and
pathogen invasion (Dikic and Elazar, 2018). In these various

conditions, autophagy is essential for maintaining cellular
homeostasis and obtaining energy for cellular survival (Chun
and Kim, 2018). In CD4" T cells, autophagy regulates cellular
metabolism and plays a pivotal role in maintaining cellular
homeostasis and obtaining energy. In this section, we
investigate the effect of autophagy on CD4" T cell metabolism
(Figure 2A).

Autophagy is a regulator of reactive oxygen species (ROS),
chemically oxygenated reactive molecules such as superoxide,
hydrogen peroxide, and hydroxyl radicals (Hayyan et al., 2016).
ROS are increased during CD4" T cell activation, and the
increased ROS are utilized as a secondary messenger of T cell
receptor signaling (Yarosz and Chang, 2018). However, the
elevated ROS beyond the permissible range of the
intracellular antioxidant system causes T cell death (Rashida
Gnanaprakasam et al., 2018). Several studies have revealed that
the deficiency of autophagy causes T cell apoptosis by increasing
ROS. According to Pua et al, Atg7-deficient murine CD4"

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 860146


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Jeong et al. Autophagy, T Cells, and Inflammation
A Intrinsic pathway Extrinsic pathway
ROS 1 TNF-a
ROS 1T
Mitochondria Damaged DNA damage T ER stress T
mitochondria
4 l \ / Death receptor

—~ [
O ﬁ ~
V/ O mitochondria l

4 4 im ax

e respirationd  (BLEIRARAH - -~ ! 3
, O " anbapopne
( ’Q protein Pro-apoptotir.\ /
o
/«.\ VG R Apoptosis T protein /
Misfolded proteln — Enlarged ER l Common
. i hw
Normal Autophagy-deficient pathway
CD4* T cell CD4* T cell
C D
HSC

Bone marrow
Normal mice

Autophagy-deficient mice .. yymus

Damaged HSC cellularity.L

BM cellularity 4 BM failure

DN populatlon T DP poulatlon {

CB ‘

o > (SR
° CD4*

Damaged CLP

A

Abnormal
DN-DP transition

Bone marrow Thymus

CD44
Spleen

! Peripheral
cellulantyl

\_/
Lymph node

FIGURE 2 | The effect of autophagy on T cell function. (A) The difference in metabolic function between normal CD4* T cells and autophagy-deficient CD4™* T cells.
Autophagy deficiency in CD4* T cells is marked by enlarged endoplasmic reticulum (ER) due to the accumulation of misfolded protein. The increment of reactive oxygen
species (ROS) by autophagy deficiency causes damaged mitochondria, resulting in increased apoptosis. (B) The increased apoptotic pathway in autophagy-deficient
CD4* T cells. (C) The difference in CD4* T cell development between normal CD4* T cells and autophagy-deficient CD4* T cells. Autophagy deficiency of
hematopoietic stem cells (HSCs) in bone marrow (BM) causes reduced cellularity of BM, resulting in BM failure. Autophagy deficiency in the thymus causes abnormal
double-negative (DN)/double-positive (DP) transition, resulting in reduced overall cellularity in the thymus. Autophagy deficiency in peripheral organs such as the spleen
and lymph nodes is marked by reduced peripheral cellularity. (D) The abnormal cell cycle and reduced intracellular calcium signaling in autophagy-deficient CD4* T cells.
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T cells exhibit a higher production of ROS than normal CD4"
T cells, resulting in increased number of 7-aminoactinomycin D
(7-AAD)"/Annexin V" apoptotic cells (Pua et al, 2009). The
regulation of ROS could reduce autophagy deficient-induced
apoptosis. Watanabe reported that the overexpression of
peroxiredoxin 1, which is an intracellular H,O, scavenger, in
ULK-knockdown human CD4" T cells reduced the number of
7-AAD"/Annexin V' apoptotic cells (Watanabe et al, 2014)
compared with untreated ULK-knockdown human CD4"
T cells. These results suggest that autophagy regulates ROS
accumulation, resulting in inhibition of apoptosis.

Autophagy is related to the regulation of ATP production in
CDA4" T cells, which consists of two main steps: (1) glycolysis and
(2) oxidative phosphorylation (Palmer et al., 2015). Naive CD4"
T cells acquire ATP from oxidative phosphorylation, and effector
CD4" T cells acquire ATP from both aerobic glycolysis and
oxidative phosphorylation (Palmer et al., 2015). Deficiency of
autophagy results in decreased ATP production. Hubbard et al.
reported that autophagy deficiency induced by chemical agents,
including ammonium chloride and leupeptin, which are
lysosomal proteolysis inhibitors, in murine T cells leads to
reduced ATP production (Hubbard et al., 2010). Due to this
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reduction, decreased production of cytokines, including IFN-y
and IL-2, was observed in autophagy-deficient murine T cells
induced by ammonium chloride and leupeptin and in Atg7-
deficient CD4" T cells compared with normal CD4" T cells
(Hubbard et al., 2010). The regulation of ATP production by
autophagy is associated with mitochondrial respiration.
According to Mocholi et al, chemically induced autophagy-
deficient murine CD4" T cells show reduced mitochondrial
respiration, resulting in decreased T cell activation and ATP
production (Mocholi et al., 2018). As a result, Atg7f/f CD4-Cre
mice have a higher survival rate than normal control mice in a
myelin  oligodendrocyte  glycoprotein ~ (MOG)-induced
experimental autoimmune encephalomyelitis (EAE) model
(Mocholi et al., 2018). These results indicate that autophagy is
involved in ATP production through the regulation of
mitochondria respiration.

3 CD4" T CELL SURVIVAL

Autophagy contributes to the maintenance of T cell survival by
inhibiting apoptosis. When the pathogen disappears and the
inflammatory response is reduced due to adequately activated
adaptive immunity, the remaining CD4" T cells undergo
apoptosis, except for memory CD4" T cells (Zhan et al., 2017).
The pathways involved in apoptosis include the intrinsic pathway
and the extrinsic pathway (Galluzzi et al, 2018). Intrinsic
apoptosis, caused by DNA damage, ROS, and endoplasmic
reticulum (ER) stress, is characterized by upregulation of
proapoptotic proteins such as Bim, Bax, and Bak (Galluzzi
et al.,, 2018). The antiapoptotic protein Bcl-2 prevents intrinsic
apoptosis by inhibiting oligomerization of Bax and Bak (Brown
et al., 2017). Extrinsic apoptosis, characterized by expression of
caspase-8, is activated by the binding of TNF-a to a death
receptor (Zhan et al, 2017). Both intrinsic and extrinsic
apoptosis commonly induce programmed cell death through
activation of caspase-3 and caspase-7 (Zhan et al, 2017)
(Figure 2B).

As mentioned briefly in the T cell metabolism of the Section 2,
autophagy modulates the harmful effects of ROS. Therefore, a
deficiency of autophagy leads to programmed cell death by
increased ROS. According to Xia et al., ROS accumulation was
observed in in vitro-activated, FIP200-deficient murine T cells
with anti-CD3 and anti-CD28 compared with in vitro-activated
normal murine T cells, resulting in increased 7-AAD"/Annexin
V™" apoptotic cells (Xia et al., 2017). Abnormalities in FIP200, as
well as in other autophagy-related proteins, including Pik3c3,
Atg7, and Atg3, in murine CD4" T cells showed increased 7-
AAD"/Annexin V" apoptotic cells due to ROS accumulation (Pua
et al., 2009; Jia and He, 2011; McLeod et al., 2011; Willinger and
Flavell, 2012). Similar to what was observed in the murine CD4"*
T cell-related studies, administration of the autophagy blockers
chloroquine and spautin-1 in in vitro-activated human CD4"
T cells caused increased 7-AAD"/Annexin V' apoptotic cells
(Watanabe et al., 2014). Therefore, autophagy-deficient mice are
vulnerable to infection by external pathogens due to low T cell
survival. Lin et al. reported that Atg7f/f CD4-Cre mice show

Autophagy, T Cells, and Inflammation

higher mortality in a cecal ligation and puncture model due to
increased apoptosis in CD4" T cells and CD8" T cells in Atg7-
deficient T cells (Lin et al., 2014).

Autophagy regulates the activity of apoptosis-related proteins.
The intrinsic apoptotic-related gene is upregulated in autophagy-
deficient CD4" T cells. ULK knockdown of human CD4" T cells
using a retroviral vector showed the upregulation of Bim, which is
associated with the intrinsic apoptotic pathway, resulting in
increased activation of pan-caspase (Watanabe et al, 2014).
Oravecz-Wilson et al. reported that Atg5-deficient murine
T cells exhibit lower levels of the antiapoptotic protein Bcl-2
than normal CD4" T cells (Oravecz-Wilson et al., 2021). These
results suggest that Bcl-2 expression was decreased due to
autophagy deficiency, resulting in increased Bim involved in
intrinsic apoptosis. Autophagy deficiency affects not only
intrinsic apoptosis but also extrinsic apoptosis. Sequestosome 1
(p62) induces extrinsic apoptosis via caspase-8 activation (Huang
etal,, 2013). According to Kovacs et al., Beclin 1-deficient murine
CD4" T cells show increased caspase-8 activation by protein-
protein interaction with p62 (Kovacs et al., 2012). Conversely,
inhibition of caspase protein in CD4" T cells reduces the
apoptosis of autophagy-deficient CD4" T cells. For example,
administration of Q-VD-Oph, a pan-caspase inhibitor, in
ULK-knockdown human CD4" T cells resulted in a reduced
number of apoptotic human CD4" T cells, similar to normal
human CD4" T cells (Watanabe et al, 2014). These results
suggest that autophagy inhibits apoptosis by regulating
apoptosis-related protein, including caspase proteins.

4 CD4* T CELL DEVELOPMENT

T cell development consists of three main steps: (1)
hematopoiesis in bone marrow, (2) thymic selection in the
thymus, and (3) peripheral maintenance in peripheral organ,
such as spleen and lymph nodes. Specifically, common lymphoid
progenitors (CLPs) are derived from hematopoietic stem cells
(HSCs) of bone marrow (Lee et al.,, 2019). CLPs derived from
HSCs migrate to the thymus and mature into CD4" T cells or
CD8" T cells through thymic selection (Takaba and Takayanagi,
2017). Mature CD4" T cells or CD8" T cells migrate to peripheral
organs and are involved in adaptive immunity (Krummel et al.,
2016). Several studies have provided information about the
involvement of autophagy in T cell development. In this
section, we discuss the effect of autophagy on the three main
steps of T cell development (Figure 2C).

4.1 Hematopoiesis in Bone Marrow

Autophagy acts as a regulator of hematopoiesis in the bone marrow.
For example, FIP200, a component of the ULK-Atgl3-FIP200
complex that is related to the initiation of autophagosome,
participates in the maintenance and function of HSCs (Liu et al,
2010). Liu et al. reported that FIP200-deficient HSCs exhibit
abnormal function due to increased ROS and mitochondrial
dysfunction, resulting in hematopoietic defects such as severe
erythroblastic anemia and myeloid dysfunction (Liu et al., 2010).
Consistent with this finding, Atg7” Vav-iCre mice showed ROS
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accumulation and mitochondrial dysfunction in HSCs, resulting in
significant multi-lineage cytopenia, including T cells, B cells, NK
cells, and myeloid cells (Mortensen et al., 2011). These data indicate
that autophagy deficiency in HSCs causes impaired hematopoiesis
that results in bone marrow failure.

4.2 Thymic Selection

CLPs in the cortex of the thymus are double-negative cells,
expressing neither CD4 nor CD8 (Yates, 2014). By T cell
receptor rearrangement, double-negative cells are converted to
double-positive cells with both CD4 and CD8 (Yates, 2014).
Through thymic selection, mature single-positive CD4" T cells
or single-positive CD8" T cells are present in the medulla of the
thymus (Yates, 2014).

Autophagy is an important factor in determining cellularity in the
thymus. Arsov et al. reported that thymic cellularity was reduced in a
Beclin 1-deficient, Ragl-knockout (KO) chimera mouse model
(Arsov et al, 2011). Subpopulation analysis of thymocytes
showed that CD4 CD8" double-negative cells were increased, but
CD4"CD8" double-positive cells were decreased (Arsov et al., 2011).
Consistent with this finding, Pik3¢3”' Lck-Cre mice and Atg7?” Lek-
Cre mice exhibited significant reductions of single-positive CD4"
T cells and single-positive CD8" T cells in the thymus (Pua et al,
2009; McLeod et al, 2011). However, FIP200” CD4-Cre and
Pik3c3” CD4-Cre mice showed normal thymic cellularity
(Willinger and Flavell, 2012; Parekh et al., 2013; Xia et al., 2017).
The difference between Lck-Cre and CD4-Cre suggests that
autophagy affects thymocyte survival and proliferation during the
double-negative/double-positive transition.

4.3 Peripheral Maintenance
Autophagy is related to maintenance of the peripheral T cell
response. According to Pua et al., reduced numbers of CD4"
T cells and CD8" T cells were observed in the spleen of Atg5~~
chimeric mice (Pua et al., 2007). Pik3c3” Lck-Cre mice and
Atg7" Lek-Cre mice showed less CD4™ T cells and CD8™ T cells in
the spleen and lymph node than normal control mice (McLeod
etal, 2011; Amersfoort et al., 2018). Interestingly, despite normal
thymic cellularity, impaired peripheral T cell maintenance was
also observed in FIP200” CD4-Cre and Pik3c3"”/ CD4-Cre mice
(Willinger and Flavell, 2012; Parekh et al., 2013; Xia et al., 2017).
These results suggest that regardless of Lck-Cre and CD4-Cre,
peripheral T cells with autophagic dysfunction cannot maintain
homeostasis, resulting in reduced peripheral cellularity of T cells.
In the analysis of functional properties of peripheral T cells,
autophagy-deficient T cells exhibited a memory-like phenotype.
Beclin1”' CD4-Cre mice and Atg7” Lck-Cre mice showed a high
population of CD44™8" CD62L'°™ peripheral T cells (Pua et al., 2009
Xia et al, 2020). This increase of the memory-like phenotype in
autophagy-deficient peripheral T cells might be associated with the
host compensating for peripheral lymphopenia.

5 CD4* T CELL PROLIFERATION

When CD4" T cells in peripheral organs recognize major
histocompatibility complex class II (MHC II)-bound antigen

Autophagy, T Cells, and Inflammation

peptide, CD4™ T cell proliferation proceeds via T cell receptor
(TCR) signaling (Hwang et al., 2020). At this time, autophagy is a
determinant of CD4" T cell proliferation. Therefore, the lack of
autophagy in CD4" T cells leads to their decreased proliferation.
For example, Atg5-deficient murine T cells showed less CD4"
T cell proliferation than normal CD4" T cells (Stephenson et al.,
2009; Oravecz-Wilson et al.,, 2021). Additionally, Atg3-deficient
murine T cells exhibited less CD4" T cell proliferation than
normal CD4" T cells (Jia et al., 2015). Autophagy determines
CD4" T cell proliferation because it regulates the cell cycle and
intracellular calcium signaling (Figure 2D).

Autophagy plays a central role in maintaining the cell cycle.
When naive CD4" T cells remaining in GO (quiescent state)
become activated, the cell cycle consisting of four phases
proceeds: (1) the first gap phase (G1), (2) DNA synthesis
phase (S), (3) the second gap phase (G2), and (4) mitosis (M)
(Lewis and Ly, 2021). To progress G0/G1 to S, upregulation of
cyclin-dependent kinase (CDK)-related genes, including CDK4
and CDKG®, is required (Lewis and Ly, 2021). CDK inhibitors
prevent excessive T cell proliferation through downregulation of
CDK4 and CDK6 (Lewis and Ly, 2021). Jia et al. reported that
Atg7-deficient murine CD4" T cells stop entering the S phase of
the cell cycle, resulting in decreased proliferation (Jia et al., 2015).
The accumulation of CDK inhibitor 1B was observed in Atg7-
deficient murine CD4" T cells compared with normal murine
CD4" T cells (Jia et al.,, 2015). These results implicate autophagy
in the progression from G0/GI to S by regulating the degradation
of CKD inhibitor 1B.

Autophagy maintains the proliferation of CD4" T cells by
regulating intracellular calcium signaling. Taking a closer look at
intracellular ~ calcium signaling in activated T cells,
phosphorylation of phospholipase C gamma achieved in
activated T cells promotes calcium release from the ER to the
cytoplasm via inositol 1,4,5-trisphosphate receptor in the ER
membrane (Trebak and Kinet, 2019). Reduced concentration
of calcium in the ER induces calcium influx from the
extracellular space, which greatly increases the intracellular
calcium concentration (Trebak and Kinet, 2019). When
calcium concentration in the cytoplasm of CD4" T cells is
increased  through calcium influix, CD4" T  cel
proliferation-related genes such as nuclear factor of activated
T cells (NFAT) 1 and NFAT2 are upregulated (Trebak and Kinet,
2019). The enlarged ER caused by autophagy deficiency increases
calcium storage in the ER. Non-degraded proteins due to
autophagy deficiency accumulate in the ER and mitochondria.
Several studies have reported enlarged ER and mitochondria in
autophagy-deficient murine CD4" T cells, including Atg7, Atg5,
and Atg3 (Pua et al., 2009; Stephenson et al., 2009; Jia and He,
2011). According to Jia et al., Atg7-deficient murine CD4" T cells
exhibited increased calcium concentration in the ER due to
enlarged ER (Jia et al., 2011). As calcium influx was relatively
reduced due to increased calcium storage in the ER, T cell
proliferation was reduced in Atg7-deficient murine CD4"
T cells (Jia et al, 2011). Because the amount of exogenous
calcium influx (1-2 mM Ca®") is greater than that of calcium
release from the ER (300 uM-1 mM Ca®"), autophagy-deficient
murine CD4" T cells showed reduced CD4" T cell proliferation,
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production. (D) The difference in Th9 differentiation between normal CD4* T cells and autophagy-deficient CD4* T cells. Autophagy deficiency in Th9 promotes IL-9

production.
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despite the enlarged ER (Trebak and Kinet, 2019). Taken
together, autophagy deficiency characterized by increased
calcium storage in the enlarged ER reduces the calcium influx
of high concentration from the extracellular space, resulting in
decreased CD4" T cell proliferation due to reduced overall
intracellular calcium concentration.

Interestingly, the expression of CD25 and CD69, the early
activation markers of T cells, in Atg5-deficient murine T cells is
similar to that of normal murine T cells (Stephenson et al., 2009).
Although the degree of intracellular calcium signaling is
autophagy-dependent, autophagy deficiency does not
significantly affect the expression of early activation markers.
This result indicates that even if cells are autophagy-deficient,
T cell activation proceeds, and autophagy is essential for T cell
homeostasis, rather than an antigen-induced expansion signal.

6 CD4" T DIFFERENTIATION

Peripheral CD4" T cells affected by the surrounding
microenvironment can be differentiated into various CD4"

T cell subsets, including T helper (Th)1, Th2, Th9, and Th17
and regulatory T (Treg) cells (Lee et al., 2021). The effect of
autophagy on each CD4" T cell subset is different. For example,
autophagy has an inhibitory effect on the differentiation of Th2
and Th9 cells, whereas it promotes the differentiation of Th1 and
Treg cells (Merkley et al., 2018). Autophagy affects CD4" T cell
subtype differentiation differently possibly due to the changes in
metabolic status, the regulation of transcription factor, and the
viability of each T cell subset. Below, we examine the effect and
mechanism of autophagy on various CD4" T cell subsets in detail.

6.1 Regulatory T Cells

Treg cells, which express forkhead box P3 (Foxp3) as a
transcription factor, suppress the surrounding
inflammatory response by secreting IL-10 (Romano et al.,
2019). As the only T cell subset that inhibits the inflammatory
response, Treg cells have been used to try to treat
inflammatory diseases, including asthma and autoimmune
disease, as have IL-10 (Coomes et al., 2017; Eggenhuizen
et al., 2020). The modulation of autophagy can be used to
regulate Treg cell differentiation (Figure 3A).
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Autophagy is necessary for maintaining cellularity of Treg cells.
Autophagy-deficient mice exhibited a smaller population of Treg
cells than normal mice. Parekh et al. reported less Foxp3™ Treg cells
in the spleen and lymph nodes of Pik3c3” CD4-Cre mice than in
those of normal control mice (Parekh et al., 2013). Consistent with
this finding, Atg5”’ Foxp3-Cre mice and Atg7” Foxp3-Cre mice
showed less Treg cells in the spleen and lymph nodes than in those
of normal control mice (Wei et al., 2016). Autophagy maintains
Treg cellularity by affecting the viability of Treg cells, regulation of
Foxp3 expression, and changed metabolic status.

As previously described, the function of autophagy in T cells is
associated with anti-apoptosis effect. Therefore, autophagy-
deficient CD4" T cells show increased apoptosis due to an
upregulation of caspase proteins. According to Wei et al,
Atg7-or Atg5-deficient murine Treg cells exhibit more active
caspase-3 than normal murine Treg cells (Wei et al., 2016). Due
to upregulation of active caspase-3, autophagy-deficient Treg cells
are susceptible to apoptosis.

Autophagy is involved in Foxp3 induction. The 181-532
amino acids and 946-1269 amino acids of autophagy and
Beclin 1 regulator 1 (AMBRALI), a component of C3 complex,
form a protein-protein interaction with protein phosphatase 2A
(PP2A), which is a Foxp3 inducer by dephosphorylation of
Foxo3a (Cianfanelli et al., 2015). According to Becher et al,
AMBRAL1 knockdown of human CD4" T cells using a lentiviral
vector exhibit reduced Foxo3a dephosphorylation, resulting in
decreased Foxp3 expression (Becher et al., 2018). As a result,
lipopolysaccharide (LPS)-treated AMBRA17" Lck-Cre mice
exhibited less thymus-derived Treg cells and induced Treg
cells than LPS-treated normal control mice (Becher et al., 2018).

Autophagy maintains Treg cell lineages by inhibiting
mammalian  target of rapamycin (mTOR)-dependent
glycolysis. The differentiation of Treg cells relies on fatty acid
oxidation rather than glycolysis (Salmond, 2018). In vitro-
differentiated Treg cells treated with 2-deoxyglucose (2-DG),
an inhibitor of glycolysis, showed upregulated Foxp3
expression compared with in vitro-differentiated Treg cells
treated with the wvehicle (Shi et al, 2011). Autophagy
deficiency results in reduced Foxp3 expression due to the
increased glycolysis. Wei et al. reported that Atg7-deficient
murine Treg cells show increased glycolysis compared with
normal murine Treg cells (Wei et al, 2016). The increased
glycolysis due to autophagy deficiency is related to upregulated
c-Myec, an inducer of glycolysis (Wei et al., 2016).

Impaired autophagy in Treg cells causes inflammatory
diseases. Inflammatory wasting syndrome, which is
characterized by weight loss, intestinal inflammation, and
anemia, was observed in aged Pik3c3”/ CD4-Cre mice (Parekh
et al, 2013). Aged Atg7” Foxp3-Cre mice had aggravated
inflammation in the skin, intestines, and liver compared with
same-age normal control mice (Le Texier et al, 2016).
Upregulation of autophagy in Treg cells is thought to be
useful for the treatment of inflammatory diseases.

6.2 Thi Cells

Th1 cells, which express the T-box protein expressed in T cells
(T-bet) as a transcription factor, participate in protecting the host
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against intracellular bacteria and viruses by secreting IFN-y
(Knochelmann et al, 2018). Autophagy participate in
maintaining Thl differentiation. Autophagy-deficient CD4"*
T cells shows reduced Thl differentiation. According to Yang
et al., PIK3c3-deficient murine CD4" T cells show less IFN-y-
producing Thl cells than normal murine CD4" T cells (Yang
etal, 2021). In a human CD4" T cell study, the administration of
chloroquine, an autophagy blocker, led to reduced production of
IFN-y (Cui et al,, 2020). The reasons for autophagy to intervene in
Th1 differentiation are the changed survival of Th1 and metabolic
status depending on the presence of autophagy.

Autophagy-deficient Thl cells are vulnerable to cell death
(Figure 3B). Kovacs et al. reported that Beclin 1-deficient murine
CD4" T cells show reduced Thl differentiation by increasing
apoptosis-related protein such as caspase-3, caspase-8, and Bim
(Kovacs et al., 2012). Autophagy is essential for maintaining Th1
survival.

Unfortunately, other studies regarding the effects of autophagy
on Thl differentiation are lacking. Future studies should analyze
the mechanism of autophagy in Thl differentiation in Thl-
specific, autophagy-deficient mice generated by mating Tbx21-
cre mice.

6.3 Th17 Cells

Th17 cells, which express RAR-related orphan receptor gamma as
a transcription factor, protect the host against extracellular
pathogens and fungi by secreting IL-17 and IL-22
(Knochelmann et al., 2018). Th17 cells are key cells for the
development of autoimmune disease including systemic lupus
erythematosus (SLE) (Shan et al., 2020). Compared with a healthy
control group, the SLE patient group had peripheral blood
mononuclear cells (PBMCs) with increased IL-17-producing
Th17 cells, resulting in a positive correlation with disease
severity (Liu and Wang, 2014).

Autophagy contributes to the induction of Thl7
differentiation (Figure 3B). Autophagy deficiency caused
reduced Th17 response. Wang et al. reported that the use of
bazedoxifene, a regulator of autophagy, reduced IL-17-producing
Th17 cells in an experimental autoimmune myocarditis murine
model (Wang et al., 2021). In a PBMC-derived human CD4"
T cell study, chloroquine-treated PBMCs of SLE patients
exhibited a lower Thl7 response than SLE patients with
untreated PBMCs (An et al, 2017). Similar to Thl cells,
autophagy-deficient Th17 cells are susceptible to cell death.
According to Huang et al., autophagy-deficient human CD4"
T cells overexpressing microRNA-590-3p showed reduction of
Th17 differentiation by increased apoptosis (Huang et al., 2021).

The regulation of Th17 cells by modulating autophagy has
been proven to be effective in various mouse disease models. An
et al. reported that the administration of autophagic inhibitor
hydroxychloroquine to MRL/lpr mice, which spontaneously
develop SLE-like inflammation, ameliorates SLE-induced
nephritis pathology, such as mesangial cellular proliferation
(An et al, 2017). Consistent with this finding, the
administration of an microRNA-590-3p agomir to MRL/lpr
mice attenuated the pathology score of lupus nephritis (Huang
et al, 2021). In a murine autoimmune myocarditis model, the
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administration of bazedoxifene reduced Thl7 differentiation,
resulting in improved myocarditis pathology (Wang et al., 2021).

6.4 Th2 Cells

Th2 cells, which express GATA binding protein 3 (GATA-3) as a
transcription factor, play a role in protecting the host against
parasites by secreting IL-4, IL-5, and IL-13 (Knochelmann et al.,
2018). Autophagy is known to inhibit Th2 differentiation
(Figure 3C). Autophagy deficiency = promotes the
differentiation of Th2 cells. Kabat et al. reported that Atg16[1”
CD4-cre mice show an increased number of colonic Th2 cells
expressing GATA-3 and IL-13 (Kabat et al., 2016). This increase
may be related to the reduced number of Foxp3™ Treg cells (Kabat
et al,, 2016). However, the explanation of increased Th2 by
reduced Treg cells is difficult to be compatible with the
decrease in Thl and Thl7 cells in Atgléll-deficient mice.
Additionally, Kabat et al. paid attention to metabolic changes
caused by autophagy deficiency. The effector function of Th2 cells
is dependent on glycolysis (Salmond, 2018). Compared with
normal control T cells, Atgl6ll-deficient T cells showed
upregulated glycolytic genes including GLUT1, Slci6a3, Tpil,
Ldha, Aldoa, Gpil, and Pgkl (Kabat et al., 2016). As mentioned
briefly in the 6.1. Treg cells section, the upregulation of c-Myc by
autophagy deficiency promotes glycolysis (Wei et al.,, 2016).
These results suggest that autophagy deficiency leads to
increased glycolysis, resulting in upregulation of GATA-3.

6.5 Th9 Cells

Th9 cells, which express PU.1 as a transcription factor, secrete IL-
9 (Angkasekwinai and Dong, 2021). Th9 cells are important for
regulating allergic disease and cancer (Angkasekwinai and Dong,
2021). Autophagy suppresses the differentiation of Th9 cells
(Figure 3D). According to Rivera Vargas et al, in vitro-
differentiated Atg5-, Atg3-, and LC3-deficient murine Th9
cells exhibited higher IL-9 production than in vitro-
differentiated normal murine Th9 cells (Rivera Vargas et al,
2017). In addition, in vitro-differentiated murine Th9 cells treated
with chloroquine showed an increased amount of IL-9 in a dose-
dependent manner (Rivera Vargas et al., 2017). The reason that
autophagy deficiency increases Th9 differentiation is related to
the ubiquitination of PU.1. Ubiquitinated PU.1 was degraded by
p62-dependent autophagy (Rivera Vargas et al., 2017). However,
PU.1 degradation was reduced in Atg5-deficient murine CD4"
T cells compared with normal murine CD4" T cells (Rivera
Vargas et al, 2017). Taken together, Atg5-deficient CD4"
T cells promote Th9 differentiation by upregulating PU.1.

7 CD4" T CELL AGING

Aging is defined as a phenomenon by which the structure and
function of the body gradually deteriorates due to cellular damage
with the passage of time (Barbosa et al., 2019). Dysregulation of
cellular metabolism, including starvation, oxidative stress, and
pathogen invasion, aggravate cellular damage, resulting in
acceleration of the aging process (Moltedo et al., 2019). Thus,
autophagy, which maintains the homeostasis of cellular
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metabolism, is closely related to the aging process.
Malfunction of autophagy causes increased cellular damage,
resulting in age-related diseases including neurodegeneration,
heart disorders, and cancers (Barbosa et al., 2019).

Several studies have reported that aged mice show reduced
autophagic function in various cells including nerve, heart, and
muscle cells (Kaushik et al., 2012; Garcia-Prat et al., 2016; Liang
et al, 2020). Like other cells, senescent CD4" T cells show
impaired autophagic function. According to Valdor et al., 22-
month-old mice have in CD4" T cells with lower expression of
LAMP-2A, a lysosomal receptor from CMA, than 4-month-old
mice (Valdor et al., 2014). In a PBMC-derived human T cell
study, T cells from old healthy donors showed reduced
autophagic function compared with T cells from young
healthy donors (Phadwal et al., 2012).

This reduced autophagic activity in senescent T cells worsens
the aging process. Usually, the length of telomeres is used as a
parameter to judge cellular senescence (Vaiserman and
Krasnienkov, 2021). Accelerated telomere shortening, which
indicates cellular senescence is worsening, is often found in
patients with age-related diseases (Armanios, 2013). ROS
caused by autophagy deficiency shorten the telomeres of
T cells. Sanderson et al. reported that PBMC-derived T cells
from old healthy donors have greater ROS levels than those from
young healthy donors (Sanderson and Simon, 2017). However,
the administration of N-acetyl cysteine (NAC), a scavenger of
ROS, in PBMC-derived T cells rescued telomere length compared
with nontreated PBMC-derived T cells (Sanderson and Simon,
2017). These results indicate that ROS, which is regulated by
autophagy, determine T cell senescence by controlling telomere
length.

Dysregulated immune reaction due to T cell senescence can be
improved by enhancement of autophagy. According to
Fernandez et al., Beclin 1 knock-in mice show reduced cardiac
fibrosis and renal fibrosis compared with normal control mice,
resulting in longer survival (Ferndndez et al., 2018). In human
study of adults older than 65 years, those treated with the mTOR
inhibitor RAD001 had higher antibody titers against influenza
vaccine than the placebo-treated group (Mannick et al., 2018).
These results suggest that an autophagy enhancer can be used to
regulate abnormal T cell responses in the context of aging.
However, because these results were obtained by regulating
autophagy in whole-body cells, further research using
T cell-specific mice is required.

8 CHRONIC INFLAMMATORY DISEASES

Chronic inflammatory diseases, including asthma, Crohn’s
disease (CD), rheumatoid arthritis (RA), multiple sclerosis
(MS), and SLE, are pathological conditions in which
inflammation progresses for several months to several years,
resulting in disability of various organs, including the lungs,
gastrointestinal tract, and joints (Furman et al, 2019).
Autophagy influences the development of such diseases. For
example, autophagy is an exacerbating factor in the
development of asthma, RA, MS, and SLE but a relieving
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factor in CD. In this section, we examine the role of autophagy in
the development of each chronic inflammatory disease and the
corresponding therapeutic potential of regulating autophagy.

8.1 Asthma

Asthma is a chronic airway inflammatory disease caused by
allergens, including house dust mite (HDM), pollen, and
animal dander (Jeong and Lee, 2021). Patients with asthma
exposed to allergens complain of respiratory symptoms such
as cough, dyspnea, and wheezing due to airway stenosis (Jeong
and Lee, 2021). The lung tissue of asthma patients is characterized
by mucus secretion via goblet cell hyperplasia and the infiltration
of various immune cells, including eosinophils and neutrophils
(Jeong and Lee, 2021).

An atypical upregulation of autophagy is observed in asthma
patients. Liu et al. reported that the expression of LC3 and
autophagosome was increased in bronchoalveolar lavage fluid
of ovalbumin-treated mice compared with saline-treated mice
(Liu et al., 2016). In human studies, Afg5 expression was
upregulated in the nasal epithelium of asthma patients with
acute exacerbation compared with stable asthma patients
(Martin et al., 2012). Patients with asthma had higher levels of
autophagy-related protein including Beclin 1 and Atg5 in lung
tissue than healthy participants (McAlinden et al., 2019). In
addition, asthma patients with a genetic variant in Atg5 (SNP
rs12212740 G > A of Atg5) from peripheral blood samples
showed aggravated lung function compared with other asthma
patients without this genetic variant (Poon et al., 2012).

Autophagy plays a role in exacerbating the development of
asthma. Sweeter et al. reported that Atgl6 hypomorphic mice
with IL-33-induced airway inflammation have decreased goblet
cell hyperplasia (Sweeter et al, 2021). Consistent with this
finding, LC3-deficient mice showed a reduction in HDM-
induced airway inflammation and reduced mucus secretion (Li
et al, 2020). Therefore, autophagy blockers can be used to
improve asthmatic inflammation. In the HDM-induced mouse
model, the administration of chloroquine alleviated airway
inflammation and improved airway stenosis (McAlinden et al.,
2019). The intravenous injection of P140, a downregulator of
CMA, attenuated ovalbumin-induced eosinophilic inflammation
(Daubeuf et al., 2021).

The asthma-related murine model using ovalbumin and HDM
is mainly related to Th2-mediated eosinophilic inflammation. As
formerly mentioned in the 6.4. Th2 cells section, upregulated Th2
differentiation was observed in autophagy-deficient mice (Kabat
et al., 2016). However, two studies have showed that autophagy
deficiency in ovalbumin- or HDM-induced inflammation results
in reduced eosinophilic inflammation (McAlinden et al., 2019;
Daubeuf et al., 2021). The results of these two studies are the
opposite of those expected by Kabat et al. Thus, because these two
studies used whole-body autophagy-knockout mice, the specific
effect of autophagy on CD4" T cells in asthma development
cannot be fully understood. In addition, conflicting results might
have been caused by other autophagy-deficient immune cells. To
clearly resolve these conflicting results, asthma studies using
CD4" T cell-specific autophagy depletion mice are required in
the future.
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8.2 Crohn’s Disease
CD is a chronic inflammatory bowel disease that occurs

throughout the gastrointestinal tract from mouth to anus
(Roda et al., 2020). Patients with CD experience abdominal
pain, gastrointestinal bleeding, diarrhea, and weight loss (Roda
et al., 2020). In studies of CD pathology in these patients, Treg
cells in the lamina propria are decreased, whereas other T cell
subsets, including Thl, Th2, and Thl7, are increased, which
causes inflammation in gastrointestinal tract (Clough et al., 2020).

Although the pathogenic factors of CD are not well known, a
genetic mutation in Atgl6ll is strongly associated with the
development of CD. Hampe et al. reported that Atgl6ll
variants (rs2241880, Thr300Ala) increase the risk of CD
development (Hampe et al., 2007). According to Murthy et al,
Atgl6l1 variants (rs2241880, Thr300Ala) in murine macrophage
and human B cell showed reduced autophagic function (Murthy
et al,, 2014). In a murine study, AtgI6lI T300A variant knock-in
mice were vulnerable to salmonella-induced cecal inflammation
compared with normal mice (Lassen et al., 2014).

Aggravation of CD by genetic mutation of Atg16l1 is related to
the changed population of Treg cells. Kabat et al. reported that
Atgléll-deficient CD4" T cells show a reduced population of
Treg cells (Kabat et al., 2016). Aged Atgl61F"/ CD4-Cre mice and
aged Atg5"" Foxp3-Cre mice showed increased inflammation in
the colon and greater weight loss compared with normal control
mice (Kabat et al., 2016; Plaza-Sirvent et al., 2021).

Modified autophagy can control the development of CD.
L-arginine, a precursor of spermidine, enhances Treg cell
differentiation by the induction of IL-10 promoter DNA
hypomethylation (Yu et al, 2017). According to Carriche
et al, the administration of spermidine in CD4" T cells can
induce the differentiation of Treg cells in an autophagy-
dependent manner (Carriche et al, 2021). As a result, mice
fed a spermidine-rich diet showed improved inflammation in
the colon compared with mice fed a normal diet in a T cell
transfer model of colitis (Carriche et al., 2021).

8.3 Rheumatoid Arthritis

RA is a chronic inflammatory joint disease characterized by
infiltration of autoantibodies such as rheumatoid factor and
anti-citrullinated protein antibodies (Smolen et al, 2018).
Histological features of RA are synovial hyperplasia and the
infiltration of various immune cells in articular cartilage
(Smolen et al,, 2018). Autophagy plays a role in exacerbating
the development of RA.

Autophagy-related proteins are increased in patients with RA.
Peeters et al. reported that the RNA levels of autophagy-related
genes is upregulated in synovial fluid-derived T cells from
patients with juvenile RA compared with PBMC-derived
T cells from healthy participants (Peeters et al., 2017). In a
protein study as well as an RNA study, patients with RA had
synovial tissue with higher levels of autophagic protein including
Beclinl and LC3 than patients with osteoarthritis, resulting in
reduced apoptosis measured with the TUNEL assay (Xu et al,
2013). In an analysis of PBMC-derived T cells, patients with RA
had a higher level of autophagosome formation than healthy
participants, resulting in increased resistance to apoptosis (van
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Loosdregt et al., 2016). These results offer a possibility that the
increment of autophagy in CD4" T cells from patients with RA
might induce chronic inflammation with upregulated viability of
auto-reactive T cells due to reduced apoptotic CD4" T cells.

The inhibition of autophagy can relieve the development of
RA. Kim et al. reported that the administration of
hydroxychloroquine, a drug used to treat patients with RA, in
PBMC-derived human CD4" T cells inhibits autophagic flux by
interfering with mitochondrial superoxide production and
induces excessive ROS, thereby inhibiting the proliferation of
activated CD4" T cells (Kim et al., 2021). According to van
Loosdregt et al, the administration of hydroxychloroquine in
PBMC-derived human CD4" T cells increases apoptotic CD4"
T cells, suggesting hydroxychloroquine improves joint
inflammation by reducing auto-reactive T cells (Van Loosdregt
et al., 2013).

8.4 Multiple Sclerosis

MS is a chronic inflammatory disease characterized by
demyelination of the central nervous system (Longo et al,
2018). Auto-reactive CD4" T cells targeting the myelin sheath
contribute to the development of MS (Wagner et al., 2020). Due
to demyelination of the central nervous system, patients with MS
experience various neurologic dysfunctions, including visual loss,
limb weakness, sensory loss, and ataxia (Longo et al., 2018).

Increased autophagic proteins are observed in the tissues of
MS patients. From the analysis of postmortem brain tissue, the
MS patient group showed higher Atg5 protein levels than the
healthy control group (Alirezaei et al., 2009). Similarly, PBMC-
derived T cells from MS patients showed higher Atg5 protein
levels and greater autophagic function than those of healthy
participants (Paunovic et al., 2018). As mentioned in Sections
6.2, 6.3, the increment of autophagy in CD4" T cells of MS
patients suppresses the apoptosis of Th1 and Th17 cells, resulting
in the generation of auto-reactive CD4" T cells.

Inhibiting autophagy in CD4" T cells helps alleviate the
symptoms of MS. In an MOG-induced EAE model, abnormal
gait and quadriplegia were not observed in Becn ¥/ CD4-Cre mice
compared to control mice (Kovacs et al., 2012). In addition,
Pik3c3” CD4-Cre mice and Pik3c3”/ Rosa26-CreER™ mice
showed improved clinical scores than control mice (Yang
et al., 2021). These results indicate that autophagy might act
as an exacerbating factor for MS. Based on these results, several
murine experiments for the use of autophagy blockers as a
treatment for MS have been ongoing. The administration of
chloroquine in MOG-induced EAE mice showed ameliorated
clinical score and improved disease-free survival (Bhattacharya
etal.,, 2014). SAR405, a selective PIK3C inhibitor, also reduced the
development of MOG-induced EAE (Yang et al, 2020). We
expect that autophagy blockers will be used to improve clinical
symptoms of MS patients through various clinical trials in the
future.

8.5 Systemic Lupus Erythematosus

SLE is a chronic inflammatory disease with systemic involvement
by autoantibodies, such as anti-double stranded DNA,
antiphospholipid, and anti-Smith (Tsokos, 2011). Auto-
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reactive Th17 cells are involved in the pathogenesis of SLE
(Tsokos et al, 2016). Auto-reactive Thl7 cells promote
neutrophil infiltration by secreting IL-17 and inducing B cells
to produce autoantibodies, resulting in skin rash, oral ulcers,
kidney disorder, blood disorder, and neurologic disorder (Tsokos
et al., 2016).

Autophagy is related to the development of SLE. Lopez et al.
reported that an Atg5 mutation (Atg5 rs573775) in PBMCs is a
high-risk factor for the development of SLE (Lopez et al., 2013).
Increased autophagic vacuoles were observed in the PBMC-
derived T cells from SLE patients compared to PBMC-derived
T cells from healthy controls (Gros et al., 2012). According to An
et al,, increased autophagy in CD4 T cells exacerbates lupus
nephritis by upregulation of Thl7 differentiation and
downregulation of Treg differentiation (An et al., 2017).

Hydroxychloroquine is widely used as a treatment for SLE
patients (Schrezenmeier and Dorner, 2020). Two possible
mechanisms can explain how hydroxychloroquine relieves
symptoms of SLE. First, hydroxychloroquine reduces the
secretion of proinflammatory cytokines by disrupting endosome
TLR7 and TLRY signaling (Schrezenmeier and Dérner, 2020).
Second, hydroxychloroquine, an autophagy blocker, suppresses
unnecessary autoantigen presentation by inhibiting excessive
lysosomal activity (Schrezenmeier and Dérner, 2020). Therefore,
patients with SLE treated with hydroxychloroquine had less
activation of PBMC-derived T cells than those without,
suggesting that hydroxychloroquine reduces the activation of
auto-reactive CD4" T cells (Wu et al., 2017).

Interestingly, Lai et al. reported that the use of sirolimus, an
mTOR inhibitor, helped improve symptoms of SLE patients and
reduced the daily dose of prednisone (Lai et al., 2018). Sirolimus
functions as an autophagy inducer but is mainly used as an
immunosuppressant to inhibit T cell proliferation and induce T
cell anergy (Stallone et al., 2016). The symptom relief of SLE patients
by sirolimus may be due to its immunosuppressant function
inhibiting T cell effector functions. In addition, the
administration of sirolimus in CD4" T cells may alter the fate of
CD4" T cell differentiation. In particular, mTOR suppresses the
expression of Foxp3 by antagonizing the function of SMAD3 and
SMADA4 (Chi, 2012). Conversely, Th1, Th2, and Th17 differentiation
are promoted by mTOR signaling (Chi, 2012). Kato and Perl
reported that the administration of sirolimus in CD4" T cells led
to an enhanced Treg population and reduced Th17 population (Kato
and Perl, 2014). Consistent with this finding, PBMC-derived CD4"
T cells treated with sirolimus for 12 months exhibited more Foxp3™
Tregs and reduced IL-17 production than at baseline (Lai et al,
2018). These results suggest that sirolimus, as an mTOR inhibitor,
might be directly involved in T cell differentiation to promote Treg
differentiation and induce symptom relief of SLE by inhibiting Th17
differentiation.

9 CONCLUSION

CD4" T cells act as a conductor to orchestrate surrounding
immune cells, including CD8" T cells, macrophages,
eosinophils, and neutrophils, by secreting cytokines
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(Ruterbusch et al., 2020). Depending on the functional change of
CD4" T cells, the response of surrounding immune cells can differ
(Ruterbusch et al., 2020). Autophagy is an important biological
phenomenon that regulates CD4" T cell function. Our literature
review identifies the effects of autophagy on CD4" T cell function
including metabolism, survival, development, proliferation,
differentiation, and aging. In addition, we find that the
dysfunction of CD4" T cells caused by autophagy deficiency
affects disease progression in humans, as well as in mice.
Chronic inflammatory diseases currently account for more
than 50% of deaths in the world (Furman et al., 2019). CD4"
T cells have a profound effect on the development of chronic
inflammatory diseases (Muehling et al., 2017; Imam et al., 2018;
Chemin et al., 2019). Through the regulation of CD4" T cells,
therapies are expected to be able to control the progression of
chronic inflammatory diseases. However, current available
drugs have many limitations, such as efficacy problems and
limited coverages, that have not yet been resolved for the
treatment of chronic inflammatory diseases by regulating
CD4" T cells. As mentioned above, autophagy can control
various functions of T cells. In addition, the autophagy
blockers, chloroquine and hydroxychloroquine, and a high
spermidine diet can relieve chronic inflammation induced by
asthma, RA, MS, and SLE. These autophagy blockers may
improve disease symptoms using not only an autophagy-
dependent process but also an autophagy-independent
process (Galluzzi and Green, 2019). The details of the
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AUTHOR CONTRIBUTIONS

JJ, YC, and HL wrote the manuscript.

FUNDING

This study was supported by the National Research Foundation
of Korea (NRF-2021M3A9D3026428 and NRF-
2021M3A9H3015688) funded by the Ministry of Science and
ICT of Korea. Jiung Jeong is a recipient of Global Ph.D.Fellowship
Program (NRF-2019H1A2A1076865) by the National Research
Foundation of Korea. Young Joon Choi is a recipient of Global
Ph.D. Fellowship Program (NRF- 2019H1A2A1074234) by the
National Research Foundation of Korea.

ACKNOWLEDGMENTS

The authors thank the members of laboratory of Host Defenses
for helpful discussions. Figures were created with BioRender.com.

Brown, L. M., Hanna, D. T, Khaw, S. L., and Ekert, P. G. (2017). Dysregulation of
BCL-2 Family Proteins by Leukemia Fusion Genes. J. Biol. Chem. 292,
14325-14333. doi:10.1074/JBC.R117.799056

Carriche, G. M., Almeida, L, Stiive, P., Velasquez, L., Dhillon-LaBrooy, A., Roy, U., et al.
(2021). Regulating T-Cell Differentiation through the Polyamine Spermidine.
J. Allergy Clin. Immunol. 147, 335-348. doi:10.1016/].JACIL.2020.04.037

Chemin, K., Gerstner, C., and Malmstrom, V. (2019). Effector Functions of CD4+
T Cells at the Site of Local Autoimmune Inflammation-Lessons from
Rheumatoid Arthritis. Front. Immunol. 10, 353. doi:10.3389/fimmu.2019.00353

Chi, H. (2012). Regulation and Function of mTOR Signalling in T Cell Fate
Decisions. Nat. Rev. Immunol. 12, 325-338. doi:10.1038/nri3198

Chun, Y., and Kim, J. (2018). Autophagy: An Essential Degradation Program for
Cellular Homeostasis and Life. Cells 7, 278. doi:10.3390/CELLS7120278

Cianfanelli, V., Fuoco, C., Lorente, M., Salazar, M., Quondamatteo, F., Gherardini,
P. F, et al. (2015). AMBRA1 Links Autophagy to Cell Proliferation and
Tumorigenesis by Promoting C-Myc Dephosphorylation and Degradation.
Nat. Cell Biol 17, 20-30. doi:10.1038/NCB3072

Clough, J. N., Omer, O. S, Tasker, S., Lord, G. M., and Irving, P. M. (2020).
Regulatory T-Cell Therapy in Crohn’s Disease: Challenges and Advances. Gut
69, 942-952. doi:10.1136/GUTJNL-2019-319850

Coomes, S. M., Kannan, Y., Pelly, V. S,, Entwistle, L. J., Guidi, R., Perez-Lloret, J.,
et al. (2017). CD4+ Th2 Cells Are Directly Regulated by IL-10 during Allergic
Airway Inflammation. Mucosal Immunol. 10, 150-161. d0i:10.1038/mi.2016.47

Cui, J., Yu, J., Xu, H,, Zou, Y., Zhang, H., Chen, S., et al. (2020). Autophagy-
lysosome Inhibitor Chloroquine Prevents CTLA-4 Degradation of T Cells and
Attenuates Acute Rejection in Murine Skin and Heart Transplantation.
Theranostics 10, 8051-8060. doi:10.7150/THNO.43507

Daubeuf, F., Schall, N., Petit-Demouliére, N., Frossard, N., and Muller, S. (2021).
An Autophagy Modulator Peptide Prevents Lung Function Decrease and
Corrects Established Inflammation in Murine Models of Airway Allergy.
Cells 10, 2468. doi:10.3390/CELLS10092468

Dikic, I, and Elazar, Z. (2018). Mechanism and Medical Implications of
Mammalian Autophagy. Nat. Rev. Mol. Cell Biol 19, 349-364. doi:10.1038/
$41580-018-0003-4

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 860146


http://BioRender.com
https://doi.org/10.4161/AUTO.5.2.7348
https://doi.org/10.3389/FIMMU.2018.02937
https://doi.org/10.1159/000484955
https://doi.org/10.1038/s41577-020-0396-0
https://doi.org/10.1038/s41577-020-0396-0
https://doi.org/10.1172/JCI66370
https://doi.org/10.1172/JCI66370
https://doi.org/10.4049/jimmunol.1002223
https://doi.org/10.3389/fendo.2018.00790
https://doi.org/10.3389/fendo.2018.00790
https://doi.org/10.1016/J.DEVCEL.2018.11.010
https://doi.org/10.1016/J.DEVCEL.2018.11.010
https://doi.org/10.1074/JBC.M114.575860
https://doi.org/10.1074/JBC.M114.575860
https://doi.org/10.1074/JBC.R117.799056
https://doi.org/10.1016/J.JACI.2020.04.037
https://doi.org/10.3389/fimmu.2019.00353
https://doi.org/10.1038/nri3198
https://doi.org/10.3390/CELLS7120278
https://doi.org/10.1038/NCB3072
https://doi.org/10.1136/GUTJNL-2019-319850
https://doi.org/10.1038/mi.2016.47
https://doi.org/10.7150/THNO.43507
https://doi.org/10.3390/CELLS10092468
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Jeong et al.

Eggenhuizen, P. J., Ng, B. H,, and Ooi, J. D. (2020). Treg Enhancing Therapies to
Treat Autoimmune Diseases. Int. J. Mol Sci. 21, 1-18. doi:10.3390/
1JMS21197015

Fernandez, A. F., Sebti, S., Wei, Y., Zou, Z., Shi, M., McMillan, K. L., et al. (2018).
Disruption of the Beclin 1-BCL2 Autophagy Regulatory Complex Promotes
Longevity in Mice. Nature 558, 136-140. doi:10.1038/541586-018-0162-7

Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C.,
et al. (2019). Chronic Inflammation in the Etiology of Disease across the Life
Span. Nat. Med. 25, 1822-1832. doi:10.1038/541591-019-0675-0

Galluzzi, L., and Green, D. R. (2019). Autophagy-Independent Functions of the
Autophagy Machinery. Cell 177, 1682-1699. doi:10.1016/j.cell.2019.05.026

Galluzzi, L., Vitale, I, Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al.
(2018). Molecular Mechanisms of Cell Death: Recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ 25,
486-541. doi:10.1038/s41418-017-0012-4

Garcia-Prat, L., Martinez-Vicente, M., Perdiguero, E., Ortet, L., Rodriguez-Ubreva,
J.. Rebollo, E., et al. (2016). Autophagy Maintains Stemness by Preventing
Senescence. Nature 529, 37-42. doi:10.1038/NATURE16187

Gomes, L. C,, and Dikic, 1. (2014). Autophagy in Antimicrobial Immunity. Mol.
Cell 54, 224-233. doi:10.1016/]. MOLCEL.2014.03.009

Gros, F., Arnold, J., Page, N., Décossas, M., Korganow, A. S., Martin, T., et al.
(2012). Macroautophagy Is Deregulated in Murine and Human Lupus T
Lymphocytes. Autophagy 8, 1113-1123. doi:10.4161/auto.20275

Hampe, J., Franke, A., Rosenstiel, P., Till, A., Teuber, M., Huse, K., et al. (2007). A
Genome-wide Association Scan of Nonsynonymous SNPs Identifies a
Susceptibility Variant for Crohn Disease in ATGI16L1. Nat. Genet. 39,
207-211. doi:10.1038/NG1954

Hayyan, M., Hashim, M. A., and Alnashef, I. M. (2016). Superoxide Ion:
Generation and Chemical Implications. Chem. Rev. 116, 3029-3085. doi:10.
1021/ACS.CHEMREV.5B00407

Huang, J., Xu, X., Wang, X,, Yang, J., Xue, M., Yang, Y., et al. (2021). MicroRNA-
590-3p Inhibits T Helper 17 Cells and Ameliorates Inflammation in Lupus
Mice. Immunology 165, 260-273. doi:10.1111/IMM.13434

Huang, S., Okamoto, K., Yu, C., and Sinicrope, F. A. (2013). p62/Sequestosome-
1 Up-Regulation Promotes ABT-263-Induced Caspase-8 Aggregation/
Activation on the Autophagosome. J. Biol. Chem. 288, 33654-33666. doi:10.
1074/JBC.M113.518134

Hubbard, V. M., Valdor, R, Patel, B., Singh, R., Cuervo, A. M., and Macian, F.
(2010). Macroautophagy Regulates Energy Metabolism during Effector T Cell
Activation. J. Immunol. 185, 7349-7357. doi:10.4049/jimmunol.1000576

Hwang, J. R, Byeon, Y., Kim, D., and Park, S. G. (2020). Recent Insights of T Cell
Receptor-Mediated Signaling Pathways for T Cell Activation and Development.
Exp. Mol. Med. 52, 750-761. doi:10.1038/s12276-020-0435-8

Imam, T., Park, S., Kaplan, M. H., and Olson, M. R. (2018). Effector T Helper Cell
Subsets in Inflammatory Bowel Diseases. Front. Immunol. 9, 1212. doi:10.3389/
FIMMU.2018.01212

Ip, W. K. E., Hoshi, N., Shouval, D. S., Snapper, S., and Medzhitov, R. (2017). Anti-
inflammatory Effect of IL-10 Mediated by Metabolic Reprogramming of
Macrophages. Science 356, 513-519. doi:10.1126/science.aal3535

Jeong, J., and Lee, H. K. (2021). The Role of CD4+ T Cells and Microbiota in the
Pathogenesis of Asthma. Ijms 22, 11822. doi:10.3390/]JMS222111822

Jia, W., He, M. X, McLeod, L. X, Guo, J., Ji, D., and He, Y. W. (2015). Autophagy
Regulates T Lymphocyte Proliferation through Selective Degradation of the
Cell-Cycle Inhibitor CDKN1B/p27Kipl. Autophagy 11, 2335-2345. doi:10.
1080/15548627.2015.1110666

Jia, W, and He, Y. W. (2011). Temporal Regulation of Intracellular Organelle
Homeostasis in T Lymphocytes by Autophagy. J. Immunol. 186, 5313-5322.
doi:10.4049/jimmunol.1002404

Jia, W., Pua, H. H,, Li, Q. J., and He, Y. W. (2011). Autophagy Regulates
Endoplasmic Reticulum Homeostasis and Calcium Mobilization in T
Lymphocytes. J. Immunol. 186, 1564-1574. doi:10.4049/JIMMUNOL.1001822

Kabat, A. M., Harrison, O. J., Riffelmacher, T., Moghaddam, A. E., Pearson, C. F.,
Laing, A., et al. (2016). The Autophagy Gene Atgl6l1 Differentially Regulates
Treg and TH2 Cells to Control Intestinal Inflammation. eLife 5, e12444. doi:10.
7554/eLife.12444

Kato, H., and Perl, A. (2014). Mechanistic Target of Rapamycin Complex 1
Expands Thl7 and IL-4+ CD4-CD8- Double-Negative T Cells and

Autophagy, T Cells, and Inflammation

Contracts Regulatory T Cells in Systemic Lupus Erythematosus. J. Immunol.
192, 4134-4144. doi:10.4049/jimmunol.1301859

Kaushik, S., Arias, E., Kwon, H., Lopez, N. M., Athonvarangkul, D., Sahu, S., et al.
(2012). Loss of Autophagy in Hypothalamic POMC Neurons Impairs Lipolysis.
EMBO Rep. 13, 258-265. doi:10.1038/EMBOR.2011.260

Kim, M. L., Hardy, M. Y., Edgington-Mitchell, L. E., Ramarathinam, S. H., Chung,
S. Z, Russell, A. K, et al. (2021). Hydroxychloroquine Inhibits the
Mitochondrial Antioxidant System in Activated T Cells. iScience 24, 103509.
doi:10.1016/J.ISCI.2021.103509

Knochelmann, H. M., Dwyer, C. ], Bailey, S. R, Amaya, S. M., Elston, D. M.,
Mazza-McCrann, J. M., et al. (2018). When Worlds Collide: Th17 and Treg
Cells in Cancer and Autoimmunity. Cell Mol Immunol 15, 458-469. doi:10.
1038/s41423-018-0004-4

Kovacs, J. R, Li, C,, Yang, Q., Li, G., Garcia, L. G,, Ju, S, et al. (2012). Autophagy
Promotes T-Cell Survival through Degradation of Proteins of the Cell Death
Machinery. Cell Death Differ 19, 144-152. doi:10.1038/cdd.2011.78

Krummel, M. F,, Bartumeus, F., and Gérard, A. (2016). T Cell Migration, Search
Strategies and Mechanisms. Nat. Rev. Immunol. 16, 193-201. doi:10.1038/nri.
2015.16

Lai, Z. W, Kelly, R., Winans, T., Marchena, L., Shadakshari, A, Yu, J., et al. (2018).
Sirolimus in Patients with Clinically Active Systemic Lupus Erythematosus
Resistant to, or Intolerant of, Conventional Medications: a Single-Arm, Open-
Label, Phase 1/2 Trial. Lancet 391, 1186-1196. doi:10.1016/S0140-6736(18)
30485-9

Lassen, K. G., Kuballa, P., Conway, K. L., Patel, K. K., Becker, C. E., Peloquin, J. M.,
etal. (2014). Atgl6L1 T300A Variant Decreases Selective Autophagy Resulting
in Altered Cytokine Signaling and Decreased Antibacterial Defense. Proc. Natl.
Acad. Sci. U S A. 111, 7741-7746. doi:10.1073/pnas.1407001111

Le Texier, L., Lineburg, K. E., Cao, B., McDonald-Hyman, C., Leveque-El Mouttie,
L., Nicholls, J., et al. (2016). Autophagy-dependent Regulatory T Cells Are
Critical for the Control of Graft-Versus-Host Disease. JCI insight 1, e86850.
doi:10.1172/JCLINSIGHT.86850

Lee, H. K, Lund, J. M., Ramanathan, B., Mizushima, N., and Iwasaki, A. (2007).
Autophagy-dependent Viral Recognition by Plasmacytoid Dendritic Cells.
Science 315, 1398-1401. doi:10.1126/science.1136880

Lee, H. K., Mattei, L. M., Steinberg, B. E., Alberts, P., Lee, Y. H., Chervonsky, A.,
etal. (2010). In Vivo requirement for Atg5 in Antigen Presentation by Dendritic
Cells. Immunity 32, 227-239. doi:10.1016/]. IMMUNI.2009.12.006

Lee, J., Yoon, S. R., Choi, I, and Jung, H. (2019). Causes and Mechanisms of
Hematopoietic Stem Cell Aging. Int. ]. Mol. Sci. 20. doi:10.3390/IJMS20061272

Lee, J., Lozano-Ruiz, B,, Yang, F. M., Fan, D. D,, Shen, L., and Gonzalez-Navajas,
J. M. (2021). The Multifaceted Role of Thl, Th9, and Th17 Cells in Immune
Checkpoint Inhibition Therapy. Front. Immunol. 12. doi:10.3389/fimmu.2021.
625667

Lewis, D. A., and Ly, T. (2021). Cell Cycle Entry Control in Naive and Memory
CD8+ T Cells. Front Cell Dev Biol 9, 727441. doi:10.3389/fcell.2021.727441

Li, W., Wu, Y., Zhao, Y., Li, Z., Chen, H., Dong, L., et al. (2020). MTOR Suppresses
Autophagy-Mediated Production of IL25 in Allergic Airway Inflammation.
Thorax 75, 1047-1057. doi:10.1136/THORAXJNL-2019-213771

Liang, W., Moyzis, A. G., Lampert, M. A, Diao, R. Y., Najor, R. H., and Gustafsson,
A. B. (2020). Aging Is Associated with a Decline in Atg9b-Mediated
Autophagosome Formation and Appearance of Enlarged Mitochondria in
the Heart. Aging Cell 19, e13187. doi:10.1111/ACEL.13187

Lin, C. W, Lo, S., Hsu, C,, Hsieh, C. H., Chang, Y. F., Hou, B. S, et al. (2014).
T-cell Autophagy Deficiency Increases Mortality and Suppresses Immune
Responses after Sepsis. PLoS ONE 9, €102066. doi:10.1371/JOURNAL.PONE.
0102066

Liu, F., Lee, J. Y., Wei, H., Tanabe, O., Engel, . D., Morrison, S. J., et al. (2010).
FIP200 Is Required for the Cell-Autonomous Maintenance of Fetal
Hematopoietic Stem Cells. Blood 116, 4806-4814. doi:10.1182/BLOOD-
2010-06-288589

Liu, J. N., Suh, D. H., Trinh, H. K., Chwae, Y. J., Park, H. S., and Shin, Y. S. (2016).
The Role of Autophagy in Allergic Inflammation: A New Target for Severe
Asthma. Exp. Mol. Med. 48, ¢243-10. doi:10.1038/emm.2016.38

Liu, M. F,, and Wang, C. R. (2014). Increased Th17 Cells in Flow Cytometer-Sorted
CD45RO-Positive Memory CD4 T Cells from Patients with Systemic Lupus
Erythematosus. Lupus Sci. Med. 1, €000062. doi:10.1136/LUPUS-2014-000062

Frontiers in Pharmacology | www.frontiersin.org

13

March 2022 | Volume 13 | Article 860146


https://doi.org/10.3390/IJMS21197015
https://doi.org/10.3390/IJMS21197015
https://doi.org/10.1038/S41586-018-0162-7
https://doi.org/10.1038/S41591-019-0675-0
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/NATURE16187
https://doi.org/10.1016/J.MOLCEL.2014.03.009
https://doi.org/10.4161/auto.20275
https://doi.org/10.1038/NG1954
https://doi.org/10.1021/ACS.CHEMREV.5B00407
https://doi.org/10.1021/ACS.CHEMREV.5B00407
https://doi.org/10.1111/IMM.13434
https://doi.org/10.1074/JBC.M113.518134
https://doi.org/10.1074/JBC.M113.518134
https://doi.org/10.4049/jimmunol.1000576
https://doi.org/10.1038/s12276-020-0435-8
https://doi.org/10.3389/FIMMU.2018.01212
https://doi.org/10.3389/FIMMU.2018.01212
https://doi.org/10.1126/science.aal3535
https://doi.org/10.3390/IJMS222111822
https://doi.org/10.1080/15548627.2015.1110666
https://doi.org/10.1080/15548627.2015.1110666
https://doi.org/10.4049/jimmunol.1002404
https://doi.org/10.4049/JIMMUNOL.1001822
https://doi.org/10.7554/eLife.12444
https://doi.org/10.7554/eLife.12444
https://doi.org/10.4049/jimmunol.1301859
https://doi.org/10.1038/EMBOR.2011.260
https://doi.org/10.1016/J.ISCI.2021.103509
https://doi.org/10.1038/s41423-018-0004-4
https://doi.org/10.1038/s41423-018-0004-4
https://doi.org/10.1038/cdd.2011.78
https://doi.org/10.1038/nri.2015.16
https://doi.org/10.1038/nri.2015.16
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1073/pnas.1407001111
https://doi.org/10.1172/JCI.INSIGHT.86850
https://doi.org/10.1126/science.1136880
https://doi.org/10.1016/J.IMMUNI.2009.12.006
https://doi.org/10.3390/IJMS20061272
https://doi.org/10.3389/fimmu.2021.625667
https://doi.org/10.3389/fimmu.2021.625667
https://doi.org/10.3389/fcell.2021.727441
https://doi.org/10.1136/THORAXJNL-2019-213771
https://doi.org/10.1111/ACEL.13187
https://doi.org/10.1371/JOURNAL.PONE.0102066
https://doi.org/10.1371/JOURNAL.PONE.0102066
https://doi.org/10.1182/BLOOD-2010-06-288589
https://doi.org/10.1182/BLOOD-2010-06-288589
https://doi.org/10.1038/emm.2016.38
https://doi.org/10.1136/LUPUS-2014-000062
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Jeong et al.

Lépez, P., Alonso-Pérez, E., Rodriguez-Carrio, J., and Sudrez, A. (2013). Influence
of Atg5 Mutation in SLE Depends on Functional IL-10 Genotype. PLOS ONE 8,
€78756. doi:10.1371/JOURNAL.PONE.0078756

Mannick, J. B., Morris, M., Hockey, H. P., Roma, G., Beibel, M., Kulmatycki, K.,
et al. (2018). TORCI Inhibition Enhances Immune Function and Reduces
Infections in the Elderly. Sci. Transl Med. 10. doi:10.1126/scitranslmed.aaq1564

Martin, L. J., Gupta, ], Jyothula, S. S., Butsch Kovacic, M., Biagini Myers, J. M.,
Patterson, T. L., et al. (2012). Functional Variant in the Autophagy-Related 5
Gene Promotor Is Associated with Childhood Asthma. PLoS ONE 7, e33454.
doi:10.1371/journal.pone.0033454

Matsuzawa-Ishimoto, Y., Hwang, S., and Cadwell, K. (2018). Autophagy and
Inflammation. Annu. Rev. Immunol. 36, 73-101. doi:10.1146/ANNUREV-
IMMUNOL-042617-053253

McAlinden, K. D., Deshpande, D. A., Ghavami, S., Xenaki, D., Sohal, S. S., Oliver, B.
G., et al. (2019). Autophagy Activation in Asthma Airways Remodeling. Am.
J. Respir. Cell Mol Biol 60, 541-553. doi:10.1165/RCMB.2018-01690C

McLeod, I. X, Zhou, X,, Li, Q. J., Wang, F.,, and He, Y. W. (2011). The Class III
Kinase Vps34 Promotes T Lymphocyte Survival through Regulating IL-7Ra
Surface Expression. J. Immunol. 187, 5051-5061. doi:10.4049/JIMMUNOL.
1100710

Melia, T. J., Lystad, A. H., and Simonsen, A. (2020). Autophagosome Biogenesis:
From Membrane Growth to Closure. J. Cell Biol 219. doi:10.1083/JCB.
202002085

Merkley, S. D., Chock, C. J., Yang, X. O., Harris, J., and Castillo, E. F. (2018).
Modulating T Cell Responses via Autophagy: The Intrinsic Influence
Controlling the Function of Both Antigen-Presenting Cells and T Cells.
Front. Immunol. 9, 2914. doi:10.3389/fimmu.2018.02914

Mills, E. L, Kelly, B, and O’Neill, L. A. J. (2017). Mitochondria Are the
Powerhouses of Immunity. Nat. Immunol. 18, 488-498. doi:10.1038/N1.3704

Mocholi, E., Dowling, S. D., Botbol, Y., Gruber, R. C,, Ray, A. K,, Vastert, S., et al.
(2018). Autophagy Is a Tolerance-Avoidance Mechanism that Modulates TCR-
Mediated Signaling and Cell Metabolism to Prevent Induction of T Cell Anergy.
Cell Rep 24, 1136-1150. doi:10.1016/].CELREP.2018.06.065

Moltedo, O., Remondelli, P, and Amodio, G. (2019). The Mitochondria-
Endoplasmic Reticulum Contacts and Their Critical Role in Aging and Age-
Associated Diseases. Front. Cell Dev Biol 7,172. d0i:10.3389/FCELL.2019.00172

Mortensen, M., Soilleux, E. J., Djordjevic, G., Tripp, R., Lutteropp, M., Sadighi-
Akha, E., et al. (2011). The Autophagy Protein Atg7 Is Essential for
Hematopoietic Stem Cell Maintenance. J. Exp. Med. 208, 455-467. doi:10.
1084/JEM.20101145

Muehling, L. M., Lawrence, M. G., and Woodfolk, J. A. (2017). Pathogenic CD4+
T Cells in Patients with Asthma. J. Allergy Clin. Immunol. 140, 1523-1540.
doi:10.1016/j.jaci.2017.02.025

Murthy, A, Li, Y., Peng, I, Reichelt, M., Katakam, A. K., Noubade, R., et al. (2014).
A Crohn’s Disease Variant in Atgl6ll Enhances its Degradation by Caspase 3.
Nature 506, 456-462. doi:10.1038/nature13044

Oh, J. E., and Lee, H. K. (2012). Autophagy in Innate Recognition of Pathogens and
Adaptive Immunity. Yonsei Med. J. 53, 241-247. d0i:10.3349/ym;.2012.53.2.241

Oravecz-Wilson, K., Rossi, C., Zajac, C., Sun, Y., Li, L., Decoville, T., et al. (2021).
ATG5-Dependent Autophagy Uncouples T-Cell Proliferative and Effector
Functions and Separates Graft-Versus-Host Disease from Graft-Versus-
Leukemia. Cancer Res. 81, 1063-1075. do0i:10.1158/0008-5472.CAN-20-1346

Palmer, C. S., Ostrowski, M., Balderson, B., Christian, N., and Crowe, S. M. (2015).
Glucose Metabolism Regulates T Cell Activation, Differentiation, and
Functions. Front. Immunol. 6, 1. doi:10.3389/fimmu.2015.00001

Parekh, V. V., Wu, L, Boyd, K. L., Williams, J. A, Gaddy, J. A., Olivares-
Villagémez, D., et al. (2013). Impaired Autophagy, Defective T Cell
Homeostasis, and a Wasting Syndrome in Mice with a T Cell-specific
Deletion of Vps34. J. Immunol. 190, 5086-5101. doi:10.4049/JIMMUNOL.
1202071

Paunovic, V., Petrovic, I. V., Milenkovic, M., Janjetovic, K., Pravica, V., Dujmovic,
I, et al. (2018). Autophagy-independent Increase of ATG5 Expression in
T Cells of Multiple Sclerosis Patients. J. Neuroimmunol 319, 100-105.
doi:10.1016/J.JNEUROIM.2018.03.001

Peeters, J. G. C., de Graeff, N., Lotz, M., Albani, S., de Roock, S., and van Loosdregt,
J. (2017). Increased Autophagy Contributes to the Inflammatory Phenotype of
Juvenile Idiopathic Arthritis Synovial Fluid T Cells. Rheumatology (Oxford) 56,
1694-1699. doi:10.1093/rheumatology/kex227

Autophagy, T Cells, and Inflammation

Phadwal, K., Alegre-Abarrategui, J., Watson, A. S., Pike, L., Anbalagan, S.,
Hammond, E. M,, et al. (2012). A Novel Method for Autophagy Detection
in Primary Cells: Impaired Levels of Macroautophagy in Immunosenescent
T Cells. Autophagy 8, 677-689. doi:10.4161/AUTO.18935

Plaza-Sirvent, C., Zhao, B., Bronietzki, A. W., Pils, M. C,, Tafrishi, N., Schuster, M.,
etal. (2021). A Central Role for Atg5 in Microbiota-dependent Foxp3+ RORyt+
Treg Cell Preservation to Maintain Intestinal Immune Homeostasis. Front.
Immunol. 12, 705436. doi:10.3389/FIMMU.2021.705436

Poon, A. H., Chouiali, F., Tse, S. M., Litonjua, A. A., Hussain, S. N., Baglole, C. .,
et al. (2012). Genetic and Histologic Evidence for Autophagy in Asthma
Pathogenesis. J. Allergy Clin. Immunol. 129, 569-571. doi:10.1016/j.jaci.2011.
09.035

Pua, H. H., Dzhagalov, I, Chuck, M., Mizushima, N., and He, Y. W. (2007). A
Critical Role for the Autophagy Gene Atg5 in T Cell Survival and Proliferation.
J. Exp. Med. 204, 25-31. doi:10.1084/JEM.20061303

Pua, H. H., Guo, J., Komatsu, M., and He, Y. W. (2009). Autophagy Is Essential for
Mitochondrial Clearance in Mature T Lymphocytes. J. Immunol. 182,
4046-4055. doi:10.4049/JIMMUNOL.0801143

Rashida Gnanaprakasam, J. N, Wu, R, and Wang, R. (2018). Metabolic
Reprogramming in Modulating T Cell Reactive Oxygen Species Generation
and Antioxidant Capacity. Front. Immunol. 9, 1075. doi:10.3389/fimmu.2018.
01075

Reich, D. S., Lucchinetti, C. F., Calabresi, P. A., and Calabresi, P. A. (2018). Multiple
Sclerosis. N. Engl. ]. Med. 378, 169-180. doi:10.1056/NEJMRA 1401483

Rivera Vargas, T., Cai, Z., Shen, Y., Dosset, M., Benoit-Lizon, 1., Martin, T., et al.
(2017). Selective Degradation of PU.1 during Autophagy Represses the
Differentiation and Antitumour Activity of TH9 Cells. Nat. Commun. 8,
559. doi:10.1038/S41467-017-00468-W

Roda, G., Chien Ng, S., Kotze, P. G., Argollo, M., Panaccione, R., Spinelli, A., et al.
(2020). Crohn’s Disease. Nat. Rev. Dis. Primers 6, 22. doi:10.1038/s41572-020-
0156-2

Romano, M., Fanelli, G., Albany, C. J., Giganti, G., and Lombardi, G. (2019). Past,
Present, and Future of Regulatory T Cell Therapy in Transplantation and
Autoimmunity. Front. Immunol. 10, 43. doi:10.3389/fimmu.2019.00043

Ruterbusch, M., Pruner, K. B., Shehata, L., and Pepper, M. (2020). In Vivo CD4+
T Cell Differentiation and Function: Revisiting the Th1/Th2 Paradigm. Annu.
Rev. Immunol. 38, 705-725. doi:10.1146/annurev-immunol-103019-085803

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B. G, Satoh, T., et al. (2008).
Loss of the Autophagy Protein Atgl6L1 Enhances Endotoxin-Induced IL-1beta
Production. Nature 456, 264-268. doi:10.1038/NATURE07383

Salmond, R. J. (2018). mTOR Regulation of Glycolytic Metabolism in T Cells.
Front. Cell Dev Biol 6, 122. doi:10.3389/fcell.2018.00122

Sanderson, S. L., and Simon, A. K. (2017). In Aged Primary T Cells, Mitochondrial
Stress Contributes to Telomere Attrition Measured by a Novel Imaging Flow
Cytometry Assay. Aging cell 16, 1234-1243. doi:10.1111/ACEL.12640

Schrezenmeier, E., and Dérner, T. (2020). of Action of
Hydroxychloroquine and Chloroquine: Implications for Rheumatology. Nat.
Rev. Rheumatol. 16, 155-166. doi:10.1038/s41584-020-0372-x

Shan, ], Jin, H., and Xu, Y. (2020). T Cell Metabolism: A New Perspective on Th17/
Treg Cell Imbalance in Systemic Lupus Erythematosus. Front. Immunol. 11,
1027. doi:10.3389/FIMMU.2020.01027

Shi, L. Z., Wang, R, Huang, G., Vogel, P., Neale, G., Green, D. R, et al. (2011).
HIFlalpha-dependent Glycolytic Pathway Orchestrates a Metabolic
Checkpoint for the Differentiation of TH17 and Treg Cells. J. Exp. Med.
208, 1367-1376. doi:10.1084/jem.20110278

Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S.,
etal. (2018). Rheumatoid Arthritis. Nat. Rev. Dis. Primers 4,18001. doi:10.1038/
nrdp.2018.1

Stallone, G., Infante, B., Di LorenzoDiRascio, A. F., Rascio, F., Zaza, G., and
Grandaliano, G. (2016). mTOR Inhibitors Effects on Regulatory T Cells and on
Dendritic Cells. J. Transl Med. 14, 152-159. d0i:10.1186/S12967-016-0916-7

Stephenson, L. M., Miller, B. C., Ng, A,, Eisenberg, J., Zhao, Z., Cadwell, K, et al.
(2009). Identification of Atg5-dependent Transcriptional Changes and
Increases in Mitochondrial Mass in Atg5-Deficient T Lymphocytes.
Autophagy 5, 625-635. doi:10.4161/AUTO.5.5.8133

Sweeter, J. M., Kudrna, K., Hunt, K., Thomes, P., Dickey, B. F., Brody, S. L., et al.
(2021). Autophagy of Mucin Granules Contributes to Resolution of Airway
Mucous Metaplasia. Sci. Rep. 11, 13037. doi:10.1038/541598-021-91932-7

Mechanisms

Frontiers in Pharmacology | www.frontiersin.org

14

March 2022 | Volume 13 | Article 860146


https://doi.org/10.1371/JOURNAL.PONE.0078756
https://doi.org/10.1126/scitranslmed.aaq1564
https://doi.org/10.1371/journal.pone.0033454
https://doi.org/10.1146/ANNUREV-IMMUNOL-042617-053253
https://doi.org/10.1146/ANNUREV-IMMUNOL-042617-053253
https://doi.org/10.1165/RCMB.2018-0169OC
https://doi.org/10.4049/JIMMUNOL.1100710
https://doi.org/10.4049/JIMMUNOL.1100710
https://doi.org/10.1083/JCB.202002085
https://doi.org/10.1083/JCB.202002085
https://doi.org/10.3389/fimmu.2018.02914
https://doi.org/10.1038/NI.3704
https://doi.org/10.1016/J.CELREP.2018.06.065
https://doi.org/10.3389/FCELL.2019.00172
https://doi.org/10.1084/JEM.20101145
https://doi.org/10.1084/JEM.20101145
https://doi.org/10.1016/j.jaci.2017.02.025
https://doi.org/10.1038/nature13044
https://doi.org/10.3349/ymj.2012.53.2.241
https://doi.org/10.1158/0008-5472.CAN-20-1346
https://doi.org/10.3389/fimmu.2015.00001
https://doi.org/10.4049/JIMMUNOL.1202071
https://doi.org/10.4049/JIMMUNOL.1202071
https://doi.org/10.1016/J.JNEUROIM.2018.03.001
https://doi.org/10.1093/rheumatology/kex227
https://doi.org/10.4161/AUTO.18935
https://doi.org/10.3389/FIMMU.2021.705436
https://doi.org/10.1016/j.jaci.2011.09.035
https://doi.org/10.1016/j.jaci.2011.09.035
https://doi.org/10.1084/JEM.20061303
https://doi.org/10.4049/JIMMUNOL.0801143
https://doi.org/10.3389/fimmu.2018.01075
https://doi.org/10.3389/fimmu.2018.01075
https://doi.org/10.1056/NEJMRA1401483
https://doi.org/10.1038/S41467-017-00468-W
https://doi.org/10.1038/s41572-020-0156-2
https://doi.org/10.1038/s41572-020-0156-2
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1146/annurev-immunol-103019-085803
https://doi.org/10.1038/NATURE07383
https://doi.org/10.3389/fcell.2018.00122
https://doi.org/10.1111/ACEL.12640
https://doi.org/10.1038/s41584-020-0372-x
https://doi.org/10.3389/FIMMU.2020.01027
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1186/S12967-016-0916-7
https://doi.org/10.4161/AUTO.5.5.8133
https://doi.org/10.1038/S41598-021-91932-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Jeong et al.

Takaba, H., and Takayanagi, H. (2017). The Mechanisms of T Cell Selection in the
Thymus. Trends Immunol. 38, 805-816. doi:10.1016/J.IT.2017.07.010

Tal, M. C,, Sasai, M., Lee, H. K,, Yordy, B., Shadel, G. S., and Iwasaki, A. (2009).
Absence of Autophagy Results in Reactive Oxygen Species-dependent
Amplification of RLR Signaling. Proc. Natl. Acad. Sci. U S A. 106,
2770-2775. doi:10.1073/PNAS.0807694106

Trebak, M., and Kinet, J. P. (2019). Calcium Signalling in T Cells. Nat. Rev.
Immunol. 19, 154-169. doi:10.1038/S41577-018-0110-7

Tsokos, G. C., Lo, M. S., Costa Reis, P., and Sullivan, K. E. (2016). New Insights into
the Immunopathogenesis of Systemic Lupus Erythematosus. Nat. Rev.
Rheumatol. 12, 716-730. doi:10.1038/nrrheum.2016.186

Tsokos, G. C. (2011). Systemic Lupus Erythematosus. N. Engl. J. Med. 365,
2110-2121. doi:10.1056/NEJMRA1100359

Vaiserman, A., and Krasnienkov, D. (2021). Telomere Length as a Marker of
Biological Age: State-Of-The-Art, Open Issues, and Future Perspectives. Front.
Genet. 11, 1816. doi:10.3389/fgene.2020.630186

Valdor, R., Mocholi, E., Botbol, Y., Guerrero-Ros, I., Chandra, D., Koga, H., et al.
(2014). Chaperone-mediated Autophagy Regulates T Cell Responses through
Targeted Degradation of Negative Regulators of T Cell Activation. Nat.
Immunol. 15, 1046-1054. doi:10.1038/N1.3003

van Loosdregt, ., Rossetti, M., Spreafico, R., Moshref, M., Olmer, M., Williams, G.
W., etal. (2016). Increased Autophagy in CD4+ T Cells of Rheumatoid Arthritis
Patients Results in T-Cell Hyperactivation and Apoptosis Resistance. Eur.
J. Immunol. 46, 2862-2870. doi:10.1002/EJ1.201646375

Van Loosdregt, J., Spreafico, R., Rossetti, M., Prakken, B. J., Lotz, M., and Albani, S.
(2013). Hydroxychloroquine Preferentially Induces Apoptosis of CD45RO+
Effector T Cells by Inhibiting Autophagy: A Possible Mechanism for
Therapeutic Modulation of T Cells. . Allergy Clin. Immunol. 131, 1443-el.
doi:10.1016/].JACI.2013.02.026

Wagner, C. A, Roqué, P. J., and Goverman, J. M. (2020). Pathogenic T Cell
Cytokines in Multiple Sclerosis. J. Exp. Med. 217. doi:10.1084/JEM.
20190460

Wang, J., Liu, T., Chen, X,, Jin, Q., Chen, Y., Zhang, L., et al. (2021). Bazedoxifene
Regulates Th17 Immune Response to Ameliorate Experimental Autoimmune
Myocarditis via Inhibition of STAT3 Activation. Front. Pharmacol. 11. doi:10.
3389/fphar.2020.613160

Watanabe, R., Fujii, H., Shirai, T., Saito, S., Ishii, T., and Harigae, H. (2014).
Autophagy Plays a Protective Role as an Anti-oxidant System in Human T Cells
and Represents a Novel Strategy for Induction of T-Cell Apoptosis. Eur.
J. Immunol. 44, 2508-2520. doi:10.1002/EJ1.201344248

Wei, ], Long, L., Yang, K., Guy, C,, Shrestha, S., Chen, Z., et al. (2016). Autophagy
Enforces Functional Integrity of Regulatory T Cells by Coupling Environmental
Cues and Metabolic Homeostasis. Nat. Immunol. 17, 277-285. doi:10.1038/NI.
3365

Willinger, T., and Flavell, R. A. (2012). Canonical Autophagy Dependent on the
Class III Phosphoinositide-3 Kinase Vps34 Is Required for Naive T-Cell
Homeostasis. Proc. Natl. Acad. Sci. U S A. 109, 8670-8675. doi:10.1073/
PNAS.1205305109

Wu, S. F,, Chang, C. B, Hsu, J. M,, Lu, M. C, Lai, N. S, Li, C, et al. (2017).
Hydroxychloroquine Inhibits CD154 Expression in CD4+ T Lymphocytes of

Autophagy, T Cells, and Inflammation

Systemic Lupus Erythematosus through NFAT, but Not STATS5, Signaling.
Arthritis Res. Ther. 19, 183. doi:10.1186/S13075-017-1393-Y

Xia, H., Wang, W., Crespo, J., Kryczek, L, Li, W., Wei, S, et al. (2017). Suppression
of FIP200 and Autophagy by Tumor-Derived Lactate Promotes Naive T Cell
Apoptosis and Affects Tumor Immunity. Sci. Immunol. 2. doi:10.1126/
SCIIMMUNOL.AAN4631

Xia, R, Yang, M., Fu, X,, Du, W,, Gao, X,, Li, G,, et al. (2020). Differential
Requirement of Beclin 1 for Regulating the Balance of Naive and Activated
CD4+ T Cells. Front. Cell Dev Biol 8, 834. doi:10.3389/FCELL.2020.00834

Xu, K., Xu, P, Yao, J. F,, Zhang, Y. G., Hou, W. K,, and Lu, S. M. (2013). Reduced
Apoptosis Correlates with Enhanced Autophagy in Synovial Tissues of
Rheumatoid Arthritis. Inflamm. Res. 62, 229-237. doi:10.1007/S00011-012-
0572-1

Yang, G., Song, W., Postoak, J. L., Chen, J., Martinez, J., Zhang, J., et al. (2021).
Autophagy-related Protein PIK3C3/VPS34 Controls T Cell Metabolism
and Function. Autophagy 17, 1193-1204. doi:10.1080/15548627.2020.
1752979

Yang, G, Song, W., Xu, J., Postoak, J. L., Cheng, F., Martinez, J., et al. (2020). Pik3c3
Deficiency in Myeloid Cells Imparts Partial Resistance to Experimental
Autoimmune Encephalomyelitis Associated with Reduced IL-1B Production.
Cell Mol Immunol 18, 2024-2039. doi:10.1038/s41423-020-00589-1

Yarosz, E. L., and Chang, C. H. (2018). The Role of Reactive Oxygen Species in
Regulating T Cell-Mediated Immunity and Disease. Immune Netw. 18. doi:10.
4110/IN.2018.18.E14

Yates, A. J. (2014). Theories and Quantification of Thymic Selection. Front.
Immunol. 5, 13. doi:10.3389/fimmu.2014.00013

Yu, H. R, Tsai, C. C,, Chang, L. S., Huang, H. C,, Cheng, H. H,, Wang, J. Y., et al.
(2017). 1-Arginine-Dependent Epigenetic Regulation of Interleukin-10, but Not
Transforming Growth Factor-B, Production by Neonatal Regulatory T
Lymphocytes. Front. Immunol. 8, 487. doi:10.3389/fimmu.2017.00487

Zhan, Y., Carrington, E. M., Zhang, Y., Heinzel, S., and Lew, A. M. (2017). Life and
Death of Activated T Cells: How Are They Different from Naive T Cells? Front.
Immunol. 8, 1809. doi:10.3389/fimmu.2017.01809

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jeong, Choi and Lee. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

15

March 2022 | Volume 13 | Article 860146


https://doi.org/10.1016/J.IT.2017.07.010
https://doi.org/10.1073/PNAS.0807694106
https://doi.org/10.1038/S41577-018-0110-7
https://doi.org/10.1038/nrrheum.2016.186
https://doi.org/10.1056/NEJMRA1100359
https://doi.org/10.3389/fgene.2020.630186
https://doi.org/10.1038/NI.3003
https://doi.org/10.1002/EJI.201646375
https://doi.org/10.1016/J.JACI.2013.02.026
https://doi.org/10.1084/JEM.20190460
https://doi.org/10.1084/JEM.20190460
https://doi.org/10.3389/fphar.2020.613160
https://doi.org/10.3389/fphar.2020.613160
https://doi.org/10.1002/EJI.201344248
https://doi.org/10.1038/NI.3365
https://doi.org/10.1038/NI.3365
https://doi.org/10.1073/PNAS.1205305109
https://doi.org/10.1073/PNAS.1205305109
https://doi.org/10.1186/S13075-017-1393-Y
https://doi.org/10.1126/SCIIMMUNOL.AAN4631
https://doi.org/10.1126/SCIIMMUNOL.AAN4631
https://doi.org/10.3389/FCELL.2020.00834
https://doi.org/10.1007/S00011-012-0572-1
https://doi.org/10.1007/S00011-012-0572-1
https://doi.org/10.1080/15548627.2020.1752979
https://doi.org/10.1080/15548627.2020.1752979
https://doi.org/10.1038/s41423-020-00589-1
https://doi.org/10.4110/IN.2018.18.E14
https://doi.org/10.4110/IN.2018.18.E14
https://doi.org/10.3389/fimmu.2014.00013
https://doi.org/10.3389/fimmu.2017.00487
https://doi.org/10.3389/fimmu.2017.01809
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Role of Autophagy in the Function of CD4+ T Cells and the Development of Chronic Inflammatory Diseases
	1 Introduction
	2 CD4+ T Cell Metabolism
	3 CD4+ T Cell Survival
	4 CD4+ T Cell Development
	4.1 Hematopoiesis in Bone Marrow
	4.2 Thymic Selection
	4.3 Peripheral Maintenance

	5 CD4+ T Cell Proliferation
	6 CD4+ T Differentiation
	6.1 Regulatory T Cells
	6.2 Th1 Cells
	6.3 Th17 Cells
	6.4 Th2 Cells
	6.5 Th9 Cells

	7 CD4+ T Cell Aging
	8 Chronic Inflammatory Diseases
	8.1 Asthma
	8.2 Crohn’s Disease
	8.3 Rheumatoid Arthritis
	8.4 Multiple Sclerosis
	8.5 Systemic Lupus Erythematosus

	9 Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


