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Chapter 1
Introduction

Jun Cui

Abstract Innate immunity plays an important role in the host defense of a variety
of different pathogens, and its responses must be tightly regulated to effectively
eliminate microbial invasion and avoid immune-related diseases. Autophagy is a
homeostatic process that is critical for the bulk degradation of cellular constituents.
Recently, accumulating evidence demonstrates the emerging role of the autophagy
in the regulation of innate immune responses. In this chapter, we will have a broad
overview of the function of autophagy in innate immunity, and briefly introduce the
composition of this book and the content of each chapter.

Keywords Autophagy · Innate immunity · Autophagy-related proteins · Immune
regulation · Cargo receptors

1.1 Overview of Innate Immunity and Autophagy

The immune system is primarily responsible for host defense, which can be fur-
ther classified as the innate immune system and the adaptive immune system (only
in vertebrates) [3]. The innate immune cells, such as macrophages, dendritic cells
(DCs), nature killer (NK) cells, and mast cells trigger the innate immune responses,
while the antigen-specific T cells and B cells initiate adaptive immunity responses
[32]. A typical characteristic of the immune system is to distinguish the “self” and
“non-self” components and generate effective responses to eliminate the “non-self”
constitutes [24, 31]. The immune cells can be activated and undergo a set of cellu-
lar processes including proliferation and differentiation to generate proper immune
responses, once they encounter their relevant ligands [4, 34]. However, when faced
with “self” component, immune cells display low response or even no response. The
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2 J. Cui

state of unresponsiveness of the immune system under certain condition is termed
as immune tolerance. As a particular form of an immune response, immune toler-
ance generally shows no reaction to a specific allogeneic antigen, while maintains a
normal response to other antigens [27, 29].

The innate immunity is an ancient and conservative defense strategy, and it plays a
dominant role in plants, fungi, insects, and primitive multicellular organisms, which
do not have an adaptive immune system. In mammals, the innate immune system
serves as the first line of host defense, and deploys the germline-encoded receptors
named as pattern-recognition receptors (PRRs) to sense and respond to invading
microbial pathogens [3, 16]. PRRs contain Toll-like receptors (TLRs), retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs), NOD-like receptors (NLRs), and
several nucleic acid sensors that detect viral DNA or RNA [18]. PRRs recognize
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs), thus activating a series of intracellular signaling proteins to turn
on the transcription factor nuclear factor-κB (NF-κB) and IRF3/IRF7, or inflam-
masome pathways [36]. The PRR signaling pathways mediate the production of
proinflammatory cytokines and type I interferons, which subsequently eliminates
the invading pathogens and provokes the comprehensive antimicrobial states [5].
The PRR signaling must be tightly controlled to facilitate the microbial clearance
timely and maintain an appropriate immune response to avoid harmful effects [3].
The abnormal PRR signaling is widely associated with the development of a variety
of diseases, such as tissue pathology and dysfunction in infectious diseases, autoim-
mune diseases, neurological diseases, and cardiovascular diseases [6].

Autophagy, orchestrated by a number of autophagy-related (ATG) proteins, plays
an essential role in the capture and delivery of cellular substrates to the double-
membraned vesicles named as autophagosomes [23]. The autophagosomes further
fuse with lysosomes, thus exerting the degradation and recycling of intracellular
macromolecules and organelles [22]. Autophagy is a critical process to maintain
cellular homeostasis, development, and tumorigenesis in mammalian cells [28].
Besides its function in the “bulk degradation” of cellular components, autophagy
is also indispensable for the regulation of the immune system [21]. During viral or
bacterial infection, the innate immune system could induce autophagy to provide a
series of barriers against invading microbial pathogens [8]. Additionally, autophagy
is highly integrated with the innate and adaptive immune systems. In humans, a
failure in any part of the autophagy flux can lead to inflammatory, autoimmune, or
general immune disorders [11].

Innate immune cells, such as mast cells, macrophages, neutrophils, DCs,
eosinophils, basophils, NK cells, and γδ T cells, are highly heterogeneous and are
produced by the differentiation of pluripotent hematopoietic stem cells residing
in bone marrow, but not proliferated for their own. Autophagy regulates pluripo-
tent hematopoietic stem cells from the bone marrow to develop into a variety of
innate immune cells through complicated mechanisms [10, 26, 33, 35]. Moreover,
autophagy regulates the metabolism and longevity of immune cells to maintain T/B
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lymphocytes homeostasis and the distribution of lymphocyte subsets [9, 12]. During
the activation of lymphocytes, autophagy controls the anergic state of lymphocytes
and affects the proliferation of effector lymphocytes [9, 14]. Autophagy also plays
a vital role in the formation of memory lymphocytes. In addition, autophagy affects
the differentiation and function of immunomodulatory cells like regulatory T cells
and regulatory DCs [1, 7]. Collectively, autophagy is essential for the formation and
function of immune cells.

Accumulating evidence has indicated that ATG proteins function not only
in autophagy but also in other processes, to perform widespread physiological
functions in innate immune signaling pathways. PRR-mediated type I interferon,
pro-inflammatory signaling, and inflammasome pathway, have deeply interplayed
with autophagy [11]. TLR signaling triggersMyD88 or TRIF to interact with Beclin-
1, leading to its dissociation from theB cell lymphoma-2 (BCL-2) inhibitory complex
and the activation of autophagy [8]. The rapid BCL-2 phosphorylation mediated by
JUNN-terminal kinase (JNK) induces autophagy through disruptingBCL2–Beclin-1
association [37]. The ATG5–ATG12 conjugation inhibits RIG-I–MAVS signaling,
while ATG9A and ULK1 suppress STING-mediated type I interferon production
[19, 20, 30]. Moreover, Beclin-1 suppresses not only the cGAS-mediated IFN sig-
naling but also MAVS-mediated antiviral responses [17]. Autophagy balances and
regulates immune activation to avoid excessive inflammatory responses. Autophagy
can eliminate damagedor irreversible depolarizedmitochondria, the process ofwhich
is often termed as mitophagy, thus reducing the release of inflammasome agonist,
such as reactive oxygen species (ROS) and mitochondrial DNA, which ultimately
restricts the activation of inflammasomes [11, 34].

Autophagy can be highly selective as it could specifically target intracellular sub-
strates by cargo receptors [2]. p62/SQSTM1, NDP52, OPTN, NBR1, and Tollip
are most well-defined cargo receptors, which contain both identifiable LC3-
interacting region (LIR) motif to directly bind LC3/GABARAPs and ubiquitin-
binding domain (UBD) to recognize the substrate labeled with poly-ubiquitin chains
[15, 18]. Therefore, cargo receptors are capable to capture and deliver specific sub-
strates to autophagosomes for selective degradation. Accumulating evidence indicate
that ubiquitin and ubiquitin-like modifications, such as ISG15 [13], play essential
roles in the recognition of cargo proteins in selective autophagy, however, the mech-
anism underlying a limited number of cargo receptors to mediate the degrada-
tion of such numerous cargoes still remains largely unclear. Secondary receptors
or co-receptors, like tripartite motif (TRIM) and leucine-rich repeat containing
(LRRC) family protein members bridge the key inflammatory and immune signal-
ing molecules, such as absent in melanoma 2 (AIM2), p65/RelA, and RIG-I for
p62-mediated selective autophagy degradation [25, 38]. Uncover the unidentified
cargo receptors, secondary receptors/co-receptors, cargoes, and recognition signals
in innate immunity remain hot topics that warrant further dissection, which can pro-
vide potential targets for selective autophagy-based immune therapy.
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1.2 Parts of the Book

Part I of the book introduces the regulatory functions of autophagy on the immune
system inmammals andplants.Chapters 2 and3discuss the crucial roles of autophagy
in mammalian and plant immunity, respectively. Part II of the book introduces the
detailed roles of autophagy in the microbial invasion. Chapters 4 and 5 provide an
overview of autophagy in bacterial and viral pathogen infection, and the strategies
that autophagy combat pathogens and pathogens utilize autophagy for their survival
and proliferation. Part III of the book introduces the roles of autophagy in the reg-
ulation of innate immune signaling pathways. Chapter 6 focuses on the interplay
between proinflammatory signaling and autophagy. Chapter 7 discusses the critical
roles of autophagy in inflammasome activation and regulation. Chapter 8 provides a
comprehensive view of the cross-regulation between autophagy and type I interferon
responses. Part IV of the book introduces selective autophagy and cargo receptor
network. Chapter 9 discusses the roles of cargo receptor networks built up by cargo
receptor, secondary receptor/co-receptor, and recognition signal in innate immune
responses. Part V of the book introduces autophagy in immune-related diseases (such
as autoimmune diseases) and drug design targeting them. Chapter 10 focuses on the
emerging roles of autophagy in immune-related diseases and Chapter 11 provides the
application of small-molecule modulators in immune-related diseases via targeting
autophagy.

In summary, this book highlights the frontier advances of autophagy in host
defense, the mechanisms underpinning elimination of infected microbial pathogens
by autophagy, the crosstalk between autophagy and PRR signaling pathways to shape
host defense, and reveals the functions of autophagy in autoimmune diseases and
offers novel thinking to design small-molecule drugs based on autophagy to treat
immune-related diseases. It is essential to reveal and understand the mechanisms of
autophagy in regulating innate immunity, so as to manipulate the immune responses
by orchestrating autophagy. Since autophagy and innate immunity interrelate with
each other, the “one size fits all” approach to intervene in autophagy flux may have
some risks for immune therapy. A better strategy might be used to manipulate the
selective autophagic degradation of specific substrates tomodulate the innate immune
responses. Therefore, immunotherapies that rely on selective autophagy may have
broad application prospects in the treatment of a variety of diseases in the future.

Acknowledgements This work was supported by National Natural Science Foundation of China
(31870862, 31700760 and 31800751), and Science andTechnology Planning Project ofGuangzhou,
China (201804010385).
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Chapter 2
Autophagy Regulation of Mammalian
Immune Cells

Wenzhuo He, Wenjing Xiong and Xiaojun Xia

Abstract Autophagy is a fully competent cellular machinery able to carry out the
clearance of macromolecules via fusion with the lysosome. Many studies conducted
in recent years have revealed that autophagy not only plays a critical role in main-
taining cell homeostasis, but can also promote bacterial elimination. Additionally,
autophagy exists in most eukaryotic cells including immune cells, such as lympho-
cytes, neutrophils, eosinophils, mast cells, and natural killer cells. Presently, there are
numerous studies focusing on the roles of autophagy in regulating immune response.
Autophagy regulates the innate and adaptive immunity by modulating cell differ-
entiation, survival, phagocytosis, antigen presentation, degranulation, and cytokine
production. In this chapter, we will summarize how autophagy participates explicitly
in the survival and function of the mammalian adaptive and innate immune cells.

Keywords Autophagy · Immune cells · Lymphocyte · Neutrophil ·Macrophage ·
Dendritic cell · Natural killer cell
Autophagy is a highly conserved catalytic process in almost all eukaryotic species
and can transport cytoplasmic substrates, ranging from soluble macromolecules to
whole organelles, for lysosomal degradation [34]. According to the mechanisms
by which macromolecules are degraded, autophagy can be further classified into
three types, namely, macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) [43].

Macroautophagy is the most well-studied type of autophagy. During the acti-
vation of macroautophagy, autophagy-related proteins (ATGs) generate a double-
membrane vesicle which can load intracellular material or abandoned molecules,
termed autophagosomes, which can then fuse with lysosomes [22, 23]. Depending
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on the specific mechanisms for recognizing different cargos, macroautophagy can
be defined into specific forms, namely, mitophagy, involves the degradation of mito-
chondria [20], lipophagy, defined as the autophagic degradation of lipid droplets
[66], and xenophagy, characterized by delivered pathogens into autophagosomes [3].
Microautophagy occurs on the lysosomal membrane of yeast and mammalian cells,
such as dendritic cells (DCs), and through forming invaginations, involving cytoso-
lic cargo, into the lysosome. Microautophagy takes place in the late endosome and
is termed endosomal microautophagy [50]. CMA is a selective form of autophagy.
In this situation, cytosolic proteins are transported by chaperone into lysosome for
degradation [59] andCMAcoordinationwith endoplasmic reticulum (ER) to regulate
the network of physiological and pathological stress response [27].

Maintaining cell homeostasis is just one of the many functions regulated by
autophagy. Autophagy also acts as a crucial regulator in the regulation of immune
response by modulating the survival, differentiation, and functions of immune cells,
including innate immune cells, T cells, and B cells, in mammals [11, 12]. In this
chapter, we briefly introduce the current knowledge about the role of autophagy in
regulating mammalian immune cells.

2.1 Autophagy and Innate Immune Cells

Innate immunity provides early defense against invading microbes. The innate
immune cells recognize microbes via innate immune receptors identifying struc-
tures common to certain microbes, the so-called pathogen-associated molecular
patterns (PAMPs). We will discuss the role of autophagy in various types of innate
immune cells, including neutrophils, eosinophils, monocytes, macrophages, natural
killer cells, dendritic cells, and mast cells.

2.1.1 Autophagy and Neutrophils

Neutrophils serve as the first line of defense in our body. The roles of autophagy
in neutrophil differentiation, phagocytosis, degranulation, cell death, and neutrophil
extracellular trap formation have been well studied. It is reported that autophagic
activity is inversely associated with the neutrophil differentiation rate [49]. Upon
mammalian target of rapamycin complex 1 (mTORC1) inhibition by rapamycin treat-
ment in neutrophilic precursor cells, autophagy would be induced in these precursor
cells to further impede their differentiation [49]. Inhibiting autophagy-mediated lipid
degradation is sufficient to disturb neutrophil differentiation [46].Reduced autophagy
was found in patients with primary acute myeloid leukemia, while treatment with
all-trans retinoic acid was found to induce autophagy and neutrophil differentiation
[19].
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Neutrophils are able to activate autophagy for eliminating pathogenic adherent-
invasive Escherichia coli (AIEC) infections. AIEC infection of neutrophil-like PLB-
985 cells can block autophagy, thereby allowing the intracellular survival of bacteria,
and stimulation of autophagy by nutrient starvation or rapamycin reduced
intracellular AIEC survival [7]. Autophagy also contributes to the bacteria-killing
in neutrophils. It has been found that Streptococcus pneumoniae induced autophagy
in neutrophils in a type III phosphatidylinositol-3 kinase-dependent fashion, which
requires the autophagy gene Atg5. Phagocytosis is enhanced by autophagy, while
killing is inhibited by autophagy [62]. For this, ATG5 has been found to play a
unique role in the protection against M. tuberculosis. The loss of Atg5 in polymor-
phonuclear cells has been shown to sensitize mice toM. tuberculosis infection [21].
Autophagy-mediated secretary pathway also contributes to IL-1β secretion in human
neutrophils [16]. These results suggest that autophagy in neutrophils plays a critical
role in fighting against pathogens.

In a myeloid-specific autophagy-deficient mice model, researchers observed that
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-mediated reactive
oxygen species (ROS) generation was decreased in autophagy-deficient neutrophils,
while inhibition of NADPH oxidase reduced neutrophil degranulation [4]. These
results indicate that NADPH oxidase is a key player at the intersection of autophagy
and degranulation. On the other hand, these mice with autophagy deficiency showed
reduced severity in neutrophil-mediated autoimmune disease.

A novel form of programmed necrotic cell death, associated with cytoplas-
mic organelle fusion events, was found in neutrophils exposed to Granulocyte-
Macrophage Colony Stimulating Factor (GM-CSF). This form of cell death was
associated with autophagy induction [65]. However, no abnormalities in morphol-
ogy, granule protein content, apoptosis regulation, or migration were observed in
Atg5-knockout neutrophils [49].

It has been recognized that neutrophil can kill microbial not only by phago-
cytosis but also through neutrophil extracellular traps (NETs) in the extracellular
space [5]. Neutrophils isolated from patients who have survived sepsis was found
to have increased autophagy induction and were primed for NET formation in
response to subsequent phorbol 12-myristate 13-acetate (PMA) stimulation. In
contrast, neutrophils isolated from patients who died from sepsis exhibited dys-
regulated autophagy and a reduced response to PMA [42]. In a sepsis-stimulated
mouse model, the enhancement of autophagy was found to prolong their sur-
vival via a NET-dependent mechanism. Mincle functions as an activating receptor
for pathogen-derived molecular patterns. Impaired formation of NET in Mincle–/–

neutrophils correlates with an attenuated autophagy activation in vitro and in vivo.
Exogenous treatment with autophagy inducer tamoxifen could rescue the NET for-
mation in Mincle–/– neutrophils, indicating that autophagy is required in Mincle-
mediated NET formation [55]. These findings suggest that autophagy in neutrophil
is required for innate immune receptor-activated NET formation.
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2.1.2 Autophagy and Eosinophils

Eosinophils are bone marrow-derived granulocytes and lack a well-defined func-
tion. Limited information is available on the role of autophagy in eosinophils. It
has been observed that eosinophils can regulate the severity of inflammation. In a
mouse model of allergic asthma, eosinophils demonstrated the prominent forma-
tion of autophagosomes and increased microtubule-associated proteins light chain 3
(LC3) expression as compared with other inflammatory cells in lung tissue. When
autophagy was inhibited by 3-methyl adenine (3-MA) or Atg5 shRNA treatment, the
airway hyperresponsiveness and eosinophilia was much improved [28]. Currently,
there is still no information available regarding the role of autophagy in eosinophil
differentiation.

2.1.3 Autophagy and Macrophages

Pharmacologic and genetic evidence indicates that autophagy plays a plethora of
functions in the differentiation of monocytes into macrophages. By using phar-
macologic inhibitors, siRNA approaches, and Atg7–/– mice, researchers found that
autophagy was required for proper colony-stimulating factor-1-driven differentia-
tion of human and murine monocytes [17]. Another group also found that GM-CSF
blocked the cleavage of the autophagy protein ATG5, and induced JNK activation
to mediate the disassociation of Beclin-1 and Bcl-2, followed by the induction of
autophagy [73]. Preventing autophagy induction hampered monocyte differentia-
tion and cytokine production. Therefore, autophagy probably mediates an important
transition from monocyte apoptosis to differentiation.

Autophagy can target bacteria into autophagosomes, and further fuse autophago-
somes with lysosomes. For instance, group A Streptococcus (GAS) can escape
from endosomes into the cytoplasm to evade immune clearance. However, GAS
can be enveloped by autophagosome-like compartments and be killed upon fusion
with lysosomes. In autophagy-deficient Atg5–/– cells, GAS survived, multiplied, and
were released from cells, indicating that autophagy could act as an innate defense
system against invading pathogens [37]. M. tuberculosis can be used as a second
example.M. tuberculosis is an intracellular pathogen surviving through the interfer-
ence with phagolysosome biogenesis. Induction of autophagy suppresses the intra-
cellular survival of mycobacteria because autophagic pathways can overcome the
trafficking block imposed byM. tuberculosis [13]. Toll-like receptors (TLRs) might
also play a crucial role in this situation. TLR4 activation can recruit myeloid dif-
ferentiation primary response 88 (MyD88), which can further bind to Beclin-1 to
initiate autophagy [56]. On the other side, pathogens can activate cytosolic receptors
and induce autophagy. During infection, nucleotide-binding oligomerization domain
(Nod) proteins Nod1 and Nod 2 were found to recruit the autophagy protein Atg16l1
to the plasma membrane at the bacterial entry site. Mutant Nod2 failed to recruit
Atg16l1 to the plasma membrane and consequently wrapping of invading bacteria
by autophagosomes was impaired [61].
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Using mice with macrophage-specific deletion of Atg5, researchers have shown
that myeloid Atg5 contributed to in vivo resistance to intracellular pathogens
Listeria monocytogenes and Toxoplasma gondii. Atg5 was essential for interferon-
gamma (IFN-gamma)/Lipopolysaccharide (LPS)-induced attack on the T. gondii
parasitophorous vacuole membrane and clearance of parasite, suggesting that Atg5
function in phagocytic cells is indispensable for cellular immunity against intracel-
lular pathogens [74].

Autophagy in macrophages also affects cytokine production. Inhibiting
autophagy, by the blockade of ATG5, ATG7, LC3, and Beclin-1, can enhance IL-1β
and IL-18, indicating that autophagy limits the activation of inflammasome [51]. The
link between autophagy and cytokine production has been found to impact inflam-
matory disease outcomes. Gaucher disease is an inherited deficiency with increased
secretion of cytokines. Induction of autophagy with small molecules could lower
IL-1β secretion and relieve the symptoms of Gaucher disease [1]. On the contrary,
the deletion of certain autophagy genes in macrophages can cause inflammation-
mediated diseases such as uveitis and hepatic inflammation [29, 52].

2.1.4 Autophagy and Nature Killer Cells

Natural killer (NK) cells were initially defined as large lymphocytes with natural
cytotoxic ability against tumor, and were later recognized as a separate lymphocyte
lineage. Robust autophagy was found in immature NK cells and contributed to the
development of NK cells [31]. By removing damaged mitochondria and reducing
intracellular ROS, autophagy could protect NK cells viability [64]. Dysfunctional
mitochondria accumulate in NK cells during viral infection, and autophagy is cru-
cially needed in order to remove the depolarized mitochondria. Deletion of Atg5
significantly reduce the absolute numbers of mature NK cells, while NK cell-specific
deletion of Atg5 caused mice succumbed tomouse cytomegalovirus (MCMV) infec-
tion quickly [40].

It was observed that targeting autophagy-related gene BECN1 improved the
recruitment of functional NK cells into the tumor bed. BECN1-defective tumors
transcriptionally upregulated the expression level of chemokine gene CC chemokine
ligand 5 (CCL5), which facilitates the infiltration of NK cells. Such infiltration and
tumor regression were abrogated by silencing CCL5 in BECN1-defective tumors.
These results highlight the role of targeting tumor autophagy to recruit NK cells and
breaking the immunosuppressive tumor microenvironment barrier [33].

2.1.5 Autophagy and Dendritic Cells

Autophagy can direct pathogens into autophagosomes which subsequently fuse with
lysosomes. The pathogens are then presented to CD4+ T cells via major histocompat-
ibility complex (MHC) class II molecules. Thus, epitopes of pathogens and intracel-
lular antigens can be delivered toMHC class II molecules in an autophagy-dependent



12 W. He et al.

manner. There are several ways by which autophagy connects dendritic cells (DCs)
with adaptive immunity. The autophagy pathway facilitates the transfer of cytosolic
antigens to lysosomal compartments. Autophagy, induced by starvation, promotes
MHC-II presentation of peptides, and as such the inhibition of autophagy impairs
MHC class II presentation. Autophagosomes can fuse with MHC class II loading
compartments and targeting this pathway can promote antigen presentation to CD4+

T cells by MHC class II [39]. Deletion of Atg5 in mouse DCs could impair CD4+

T cell priming, thereby causing rapid death of mice after infection [26]. Another
subset of phagosomes coated with LC3 and maintained phagocytized antigens, pro-
longed the presentation of MHC-II molecules. A deficiency in this pathway could
also impair CD4+ T cell responses, suggesting that autophagy proteins could stabilize
pathogen-containing phagosomes for prolonged antigen processing [47]. Autophagy
in antigen-presenting cells is a key cellular event for proper presentation of peptides
to CD4+ T cells.

Unlike the supportive role of autophagy for CD4+ T cell, autophagy impairs
antigen presentation of MHC-I molecules. Atg5 and Atg7 knockout DCs exhibit
increased MHC-I levels due to decreased degradation of MHC-I molecules [30].
Inhibition of autophagy can enhanceCD8+ T cell response during influenza infection.

The MHC class I pathway, which is dependent on the transporter associated with
antigen processing (TAP) complex, is responsible for the endogenous presentation of
most viral epitopes. Yet, there also exists a TAP-independent pathway in DCs which
presents a small number of epitopes to CD8+ T cells. It was found that autophagy
could mediate TAP-independent antigen presentation. Throughmacroautophagy, the
antigen is processed via a proteasome-independent pathway, and the peptide epitopes
are loaded within the autophagolysosomal compartment. Despite bypassing much of
the conventional MHC class I pathway, this kind of antigen presentation mediated
by autophagy pathway generates similar epitope as the conventional pathway [60].

2.1.6 Autophagy and Mast Cells

Mast cells (MCs) are cells that reside in all vascularized tissues and secrete various
biologically active products. It iswell known thatMCs are involved in various chronic
inflammatory disorders, especially in IgE-mediated allergic reactions. Yet, little is
known about the role of autophagy in MCs functions.

The conversion of type I to type II LC3 is a hallmark of autophagy flux. It was
observed that this process was constitutively ongoing in mast cells under full nutrient
conditions [63]. Although the development ofMCswas not affected after the deletion
of Atg7, Atg7–/–MCs showed severe impairment of degranulation, but not cytokine
production [63]. These results suggest that autophagy is essential for degranulation,
rather than the development of mast cells. Such findings were with therapeutic sig-
nificance suggesting that autophagy might serve as a potential target for treating
allergic diseases.



2 Autophagy Regulation of Mammalian Immune Cells 13

2.2 Autophagy and Adaptive Immune Cells

2.2.1 Autophagy and T Cells

2.2.1.1 The Role of Autophagy in T Cell Development

T cells are the cornerstone of adaptive immune responses and autophagy is criti-
cal in shaping adaptive T cell immunity. Some reports have shown that the thymus
has considerably high basal levels of constitutive autophagy when comparing with
other tissues [25, 38], and T cells differentiation from early thymic emigrants to
mature peripheral T cells was also controlled by autophagy. Autophagy specifically
promotes the subcellular origin of peptide synthesis. Common lymphoid precur-
sors (CLPs) migrate into the thymus and then go through the positive and negative
selection to develop into mature T lymphocytes. During positive and negative selec-
tion, CD4+CD8+ double-positive T cells bind with thymic epithelial cells (TECs) or
thymic DC, which express theMHC presented peptides, and then develop into CD4+

or CD8+ signal positive cells with the ability of MHC molecules recognition. It has
been reported that autophagy promotes TECs and professional antigen-presenting
cells (APC) to present intracellular MHC-II peptides [38]. During the process of T
cells in early thymic emigrants tomature peripheral T cells, themitochondrial content
reduction occurs and such process is controlled by autophagy. Furthermore, inhibit-
ing autophagy in mouse T cells induced defective mitochondria turnover, resulting
in increased ROS generation and altered apoptotic proteins levels [67].

For T cell differentiation, Atg5 or Atg7 deficiency in mice caused reduced T cell
numbers in both the thymus and peripheral lymphoid tissues but did not affect the
differentiation of CD4+ and CD8+ T cells per se [44]. Furthermore, several stud-
ies have shown that autophagy significantly contributes to the presentation of
nuclear, lysosomal, andmitochondrial peptides but not the presentationofmembrane-
associated peptides [2]. Moreover, one study investigated the presentation of citrul-
linated proteins found that autophagy selectively presented citrullinated peptides to
CD4+ T cells [15].

Altered calcium mobilization and defects in ER and mitochondria homeostasis
were observed in autophagy-deficient T cells inmice.Moreover,mice bearingVps34-
deficient T cells develop an inflammatory syndrome due to the defective regulatory
T cell (Treg) function, indicating that autophagy is important for regulating T cell
population to maintain immune homeostasis [68] (Fig. 2.1).

2.2.1.2 Autophagy in T Cell Metabolism

As an essential catabolic process in T cell biology, autophagy functions to regulate
the differentiation and function of T cell through modulating cell metabolism.
Autophagy degrades proteins, lipids, and glycogen to provide energy substrates
supporting
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Fig. 2.1 The function of autophagy in T cell development, differentiation, and function. Com-
mon Lymphoid precursors (CLPs) migrate into the thymus and then differentiate into mature T
lymphocytes and enter the periphery to become effector T cells which are stimulated with APCs.
After the primary immune response, most effector T cells die and some survive as memory T cells.
The role of autophagy has been indicated in different T cell statuses

T cell activation, while inhibition of this catabolism would prevent efficient T
cell activation. Indeed, autophagy-deficient effector T cells exhibited a reduction of
cytokine secretion and cell proliferation upon activation [14]. It has been recently
proposed that autophagy regulates T cell metabolism via the mTORC1 signaling
pathway. Autophagy-mediated protein degradation produces L-cysteine, which then
activates mTORC1 to support metabolic changes for T cell proliferation [69].

To fully activate T cells, T cell receptor (TCR) requires engagement with
co-stimulatory molecules and cytokine signaling, and during this engagement,
autophagosome formation and degradation levels are increased [14]. However, Atg5-
and Atg7-deficient T cells displayed impaired proliferation upon stimulation. Reduc-
tion of proliferation and cytokine production following TCR activation has been
observed in Atg7-deficient naive CD4+ and effector Th1 cells while in the presence
of either PI3KC3 inhibitors or lysosomal hydrolases inhibitors, the activation and
proliferation levels of T cells were found to increase [14]. In memory CD8+ T cells
and Treg cells, autophagy deficiency also markedly changes their metabolic profiles.
Mice bearing autophagy-deficient CD8+ T cells are incompetent in generating CD8+

T cell memory, and deletion of Atg7 or Atg5 in Foxp3+ T cells showed a reduc-
tion of Treg cell stability and survival. Interestingly, Rab7-deficient T cells, which
are still able to form autophagosomes but cannot fuse with lysosomes, also showed
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a reduced ability to proliferate upon TCR and CD28 engagement. Therefore, not
only the sequestering of cargo to form autophagosomes is important, but also the
degradation by lysosomes for proper T cell activation [48].

2.2.1.3 Autophagy and T Cell Survival

Autophagy also regulates T cell survival. It has been reported that both in naïve
and activated T cells with TCR stimulation, numerous autophagy genes (Atg5, Atg7,
Atg8, andBECN1) were found to be upregulated.Moreover, mice with T cell-specific
gene knockout of various autophagy genes (i.e., Atg3, Atg5, Atg7, Atg16l1, BECN1,
Vps34) showed a reduction in the frequencies of thymocytes as well as peripheral
CD8 + and CD4+ T cells [24, 32].

Interestingly, autophagy-deficient T cells exhibited increased levels of some
proapoptotic molecules, such as procaspase-3, caspase-8, and -9 and Bim [24], the
accumulation of dysregulated organelles, and increased the generation of ROS in the
cytoplasm [67]; inducing cell death. Therefore, cellular levels of specific proapoptotic
proteins might be regulated by the rate of autophagic degradation. In the peripheral
lymphoid organs, the survival of naive T cells is dependent on TCR interactions with
stromal cells and IL-7 signaling, which requires Atg3-dependent autophagy [54].
Several studies have shown that the autophagy level in T cells is increased after
TCR stimulation, which is associated with rapidly increased calcium levels that are
shortly activated AMPK to promote autophagy via the phosphorylation of UNC-
51-like kinase 1 (ULK1) complex. On the other hand, CDKN1B, the main negative
cell-cycle regulator, is accumulated in naïve autophagy-deficient T cells upon T cell
activation and cannot be degraded; thereby resulting in an inefficient proliferation
of autophagy-deficient T cells [18]. Vps34 or ATG genes deficient mice showed a
reduced number of T cells, which are probably attributed to altered regulation of T
cell survival and apoptosis [70].

2.2.1.4 Autophagy and T Cell Activation

Recently, autophagy has also been shown tomediate the generation ofmemory CD8+

T cell. In the acute phase of viral infection, the deletion of ATG gene in CD8+ T cell
does not dramatically limit primaryCD8+ T cell response, suggesting that naiveCD8+

T cells might not be dependent on autophagy for clonal expansion. However, after
the pathogens have been cleared, CD8+ T cells appear to increase autophagic flux to
promote the generation of memory T cells. CD8+ memory T cells occur on lipolysis
of futile lipid via lysosome to serve their metabolic demands and this process may
be regulated by autophagy. Consequently, a lack of autophagy in CD8+ T cells will
result in diminished T cell survival and a defective memory response [72].
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MHC-restricted antigen presentation is essential for activating T cell and pro-
motes the intersection between innate and adaptive immune pathways. Autophagy is
also essential for antigen presentation. Antigens were processed by professional anti-
gen present cells (like DCs) to form antigenic peptides, which are loaded on class
I or II MHC molecules, then presented to activate T cells. Secretion of cytokines
in autophagy-deficient DCs is impaired. For example, Atg5-knockout DCs exhib-
ited impaired secretion of IL-2 and IFN-γ [36], but the production of IL-12, IL-6,
and TNF-α was unchanged. The ability of MHC-II pathway antigen presentation is
impaired in Atg5-deficient DCs, which might be due to delayed fusion of lysosomes
with phagosomes. Therefore, during the process of DCs triggered CD4+ T cells acti-
vation and protective antiviral Th1 cell responses via MHC-II antigen presentation,
Atg5-mediated autophagy is essential for efficient antigen presentation [41].

Mounting evidence has been established on the participation of autophagy in
the regulation of proinflammatory cytokines (IL-1, IL-18, IL-17, and IL-23) and
chemokines (CXCL1) production.Throughnumerousmeans, autophagy can regulate
the same pathways but in complicated regulatory networks. For example, autophagy
promotes the activation of inflammasome and release of its products such as IL-1
family members by an indirect effect on nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) pathway [9]. Additionally, IL-18, IL-23, and IL-17,
which can mediate immune responses, can also be regulated by autophagy. IL-23,
cooperating with IL-1α/IL-1β, promotes the differentiation of Th17 cell and stim-
ulates innate-like γδ T cells to produce IL-17 [58]. Beyond that, IL-1, IL-17, and
CXCL1 can cause neutrophilic tissue infiltration [53].

2.2.2 Autophagy and B Cells

B cells express high basal levels of MHC-II molecules and can serve as antigen-
presenting cells. They need to present antigens to primed CD4+ T cells for terminal
differentiation into memory or plasma cells and to further generate high-affinity
antibodies. It was observed that starvation trigger autophagy in B cells and further
contributed to the antigen presentation process. Disruption of autophagy in B cells
impairs the citrullination of antigens. One possible explanation can be that inter-
nalized antigens co-localize with autophagosomes, which can protect the antigen
from the destructive processing and facilitate cross-presentation of epitopes. Indeed,
nuclear antigen Epstein–Barr Virus (EBV) nuclear antigen 1 is efficiently processed
on MHC-II for presentation to T cells via autophagy [35]. Antigen presentation
through autophagy can be regulated by cytokines. For example, interleukin 4 (IL-4)
plays an essential role in the induction of B cell autophagy which further enhances
B cells antigen presentation and contributes to B cell survival [71].

Studies have highlighted the role of autophagy in B cells survival and function
restricted to certain stages and subclasses. Atg5-deficient mice exhibited reduced
splenic B cell compartments and had higher rates of B cell apoptosis.Moreover, there
was no significant defect in pro-B cells inAtg5-deficient mice, while the levels of pre-
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and immature B cells were drastically impacted. Next, we will discuss autophagy in
germinal center (GC) B cells, memory B cells, plasma cells, B1 B cells and several
other types of B cell.

2.2.2.1 GC B Cells

GC B cells exhibited a high rate of autophagy after infection. During viral infection,
TLR signaling in GC B cells activates lipidation of LC3. Disruption of this process
leads to the expansion of memory and plasma cells. Moreover, loss lipidation of LC3
can enhance long-lived antibody responses to influenza virus. B cell activation also
triggers an increased rate of autophagy and switches the form of autophagy from
canonical way to non-canonical pathways. Disruption of this process is associated
with alterations in the metabolic profile of B cells, which affects the GC reaction
[45].

2.2.2.2 Memory B Cells

The high dependence of memory B cells and plasma cells on autophagy has also
been well studied. Autophagy is indispensable for maintaining the survival of virus-
specific memory B cells in mice and protective antibody responses. Mice with Atg7-
deficient B cells failed to generate a memory B cells response upon a secondary viral
challenge, while the primary immune response to influenza virus infection was nor-
mal. This means autophagy plays a role in the maintenance of memory B cells and
not on the initial formation. Autophagy in memory B cells also limits mitochondrial
ROS production and toxicity of peroxidized lipids. It is also possible that the mobi-
lization of lipids through autophagy might be required for the survival of memory B
cells [10]. Besides, autophagy restricts the expression of the transcriptional repressor
Blimp-1 and immunoglobulins, thereby optimizing energy and viability. As a result,
autophagy sustains antibody responses in vivo and is an essential intrinsic determi-
nant of the bone marrow long-lived plasma cell niche. It was observed that a defect
in autophagy of B cells also impedes the generation of plasma cells [6].

2.2.2.3 B1 B Cells

Autophagy is known to be modulated by glucose availability and involved in lipid
metabolism. A similar situation exists in B cells. B1 B cells are known as innate-like
and tissue-resident B cells. This kind of B cells has their own distinct properties.
For example, B1 B cells can respond rapidly to certain repertoire of epitopes and
are with the capacity to self-renew. B-1a B cells were reported to rely on autophagy
for maintaining metabolic homeostasis and self-renewal. Several critical metabolic
genes are downregulated and dysfunctional mitochondria are accumulated in the
autophagy-deficient B1a B cells. Deletion of the autophagy gene Atg7 blocks their
self-renewal and further leads to a selective loss of the B-1a B cells [8].
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2.2.2.4 Other B Cell Types

Autophagy also promotes marginal zone B cells development and survival.
Autophagy seems to play an essential role in the maintenance of mature recircu-
lating B cells in the bone marrow (Fraction F according to Hardy’s nomenclature)
[57].

2.3 Conclusion

Autophagy plays a crucial role in the maintenance of metabolic and genetic home-
ostasis in eukaryotic organisms. With various ATG protein complexes involved and
regulated by a variety of signaling pathways, autophagy plays multiple roles in adap-
tive and innate immune responses. Therefore, it is essential to figure out the functions
of autophagy in immune cell development, differentiation, and activation, so as to
manipulate the function of immune cells by orchestrating autophagy to provide a
critical theoretical basis for autophagy-related immune disease therapy. At the same
time, further research is also needed for delineating the regulation of autophagy in
immune response and in hope to provide valuable information for the design of
therapeutic approaches.
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Chapter 3
Autophagy in Plant Immunity

Hong-Yun Zeng, Ping Zheng, Ling-Yan Wang, He-Nan Bao,
Sunil Kumar Sahu and Nan Yao

Abstract The highly conserved catabolic process of autophagy delivers unwanted
proteins or damaged organelles to vacuoles for degradation and recycling. This
is essential for the regulation of cellular homeostasis, stress adaptation, and pro-
grammed cell death in eukaryotes. In particular, emerging evidence indicates that
autophagy plays a multifunctional regulatory role in plant innate immunity during
plant–pathogen interactions. In this review, we highlight existing knowledge regard-
ing the involvement of autophagy in plant immunity, mechanisms functioning in the
induction of autophagy upon pathogen infection, and possible directions for future
research.

Keywords Autophagy · Plant innate immunity · Plant–Pathogen interaction ·
Biotic stress

3.1 Introduction

In the catabolic process known as autophagy, double-membrane vesicular structures
termed autophagosomes enclose dysfunctional or unnecessary cellular components
and deliver them to the vacuole/lysosomes for degradation and recycling [24]. Recent
studies havemade remarkable progress in understanding autophagy, not only in terms
of its molecular mechanisms but also in regard to its broad physiological roles [57].
This highly regulated, the conserved pathway is continuously maintained at a basal
level for homeostasis, and upregulated under stress, ensuring nutrient recycling and
cellular and organismal homeostasis during stress [70]. Besides its role in survival,
autophagy is reported to be involved in the regulation and execution of programmed
cell death (PCD) [34]. Autophagy can act as a nonspecific catabolic pathway (bulk
autophagy) for nutrient remobilization and energy supply or as a selectivemechanism
(selective autophagy) to eliminate superfluous and harmful compounds, including
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aggregated proteins, damaged organelles, and even invasive pathogens, depending
on the mechanisms that recruit cellular cargoes to the developing autophagosomes
[26, 70].

Three main types of autophagy have been described in plant cells: the conserved
micro-autophagy and macro-autophagy processes, as well as mega-autophagy, an
extreme form of autophagy functioning in PCD during development and pathogen
attack [1]. Macro-autophagy (the focus of this review, and hereafter referred to as
autophagy) is the most widely studied form. Autophagy is generally divided into five
stages: initiation, nucleation, elongation and completion, fusion, and degradation. In
the initial stage, a cup-shaped bilayer membrane structure, called a phagophore,
containing the unwanted cytoplasmic component is formed. The membrane then
further extends to form a complete bilayer membrane structure called an autophago-
some. Next, the autophagosome is transported to the lysosome or vacuole, and
the autophagosome membrane fuses with the lysosome or tonoplast membrane.
Finally, the autophagic bodies enveloping the contents are degraded by various hydro-
lases [60].

At present, more than 30 autophagy-related (ATG) genes have been identified in
yeast, animal, and plant cells. ATGproteins are divided into several functional groups
based on their roles in autophagy. For instance, the ATG1/13 protein kinase complex
participates in the induction and regulation of autophagy and the PI3K/ATG6/ATG14
complex is involved in the nucleation of autophagic vesicles. The ATG2/9/18 com-
plex provides and transports membranes. ATG8/PE and ATG12/5 are ubiquitin-like
protein systems involved in the elongation and maturation of autophagic vesicles
and the soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs), homotypic fusion and vacuole protein sorting (HOPS), and Rab protein
complexes participate in the fusion of autophagosomes with vacuoles or lysozymes
[42, 47].

Accumulating evidence has implicated autophagy in development, reproduction,
metabolism, senescence, and tolerance to abiotic and biotic stresses in plants [1, 37].
In this review, we focus on the contribution of autophagy to plant–pathogen inter-
actions and discuss the intricate molecular mechanisms underlying these processes.
Pathogens can be generally divided into biotrophs and necrotrophs. Biotrophs feed on
living host tissue and often cause minimal damage to the plant, whereas necrotrophs
kill host tissue and feed on the remains [17]. Hemibiotrophs are biotrophic in one
stage of infection and necrotrophic in another stage [49].

Plants have developed multilayered strategies to fight against infections from a
broad range of pathogenic organisms [31]. Upon infection, plant pathogenic fungi,
oomycetes, viruses, and bacteria face the plant cell wall as a first barrier [72]. When
this barrier is breached, the microbe- or damage-associated molecules can be rec-
ognized by plant surface-localized or intracellular immune receptors. Perception
of pathogen-associated molecular patterns (PAMPs), such as flagellin, EF-Tu, or
chitin, by membrane pattern-recognition receptors (PRRs) leads to the activation of
basal defenses known as PAMP-triggered immunity (PTI) [89]. For instance, the
Arabidopsis thaliana immune receptor kinase PRR FLAGELLIN SENSING2
(FLS2) recognizes bacterial flagellin [7]. PAMPrecognition stimulates the generation
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of reactive oxygen species (ROS), intracellular calcium influx, transient activation
of mitogen-activated protein kinases (MAPKs), and the production of salicylic acid
(SA) [68]. Pathogen-derived signaling molecules from bacteria, fungi, and viruses,
aswell as host-resistance-related signalingmolecules such as SAorROS, also induce
autophagy (Fig. 3.1a) [43, 44, 61, 62, 81, 85].

To counteract PTI and interrupt other plant processes, adapted pathogens inter-
fere with PTI by secreting effector proteins. Effectors, in turn, can be recognized

Fig. 3.1 Autophagy is an integral part of plant immunity and a pivotal target of pathogens.
a Modulation of plant autophagy by hosts and pathogens. b The immunity-related cargo recep-
tors and cargoes involved in autophagy. WRKY33: a WRKY transcription factor. AvrRPS4,
AvrRPM1, AvrHopM1, AWR5, and PexRD54: pathogen effectors. RPS4 and RPM1: NB-LRR
immune receptors. BAG6: BCL2-ASSOCIATED ATHANOGENE FAMILY PROTEIN 6. AGO1:
ARGONAUTE1, a key component of the RNA-induced silencing complex. SGS3: SUPPRESSOR
OFGENE SILENCING 3, an important component of the RNA silencing pathway. TOR: TARGET
OF RAPAMYCIN, a negative regulator of autophagy. ATG8: AUTOPHAGY8. RPN10: REGULA-
TORY PARTICLE NON-ATPASE10. ORMs: orosomucoid proteins. FLS2: FLAGELLIN SENS-
ING2. NBR1: NEXT TO BRCA1 GENE1. Rgs-CaM: a calmodulin-like protein. P0, P4, P6, VPg,
βC1, 2b, and HCpro: virus proteins. OA: oxalic acid. SA: salicylic acid. JA: jasmonic acid. ROS:
reactive oxygen species. At: Arabidopsis thaliana. Nb: Nicotiana benthamiana
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by nucleotide-binding-leucine-rich repeat (NB-LRR) immune receptors to initiate
the second layer of defense, known as effector-triggered immunity (ETI) [4]. Based
on their N-terminal sequences, plant NB-LRRs can be further divided into two sub-
classes, Toll-interleukin-1 receptor/nucleotide-binding site/leucine-rich repeat (TIR-
NB-LRR) and coiled-coil/nucleotide-binding site/leucine-rich repeat (CC-NB-LRR)
[9]. Unlike PTI, ETI is a strong immune response and is often accompanied by
hypersensitive response (HR)-related cell death at attempted infection sites, which
is believed to restrict further pathogen ingress [5, 18].

Stimulation of immunity responses occurs not only at the site of pathogen recogni-
tion, but also in distal regions of the plant, a phenomenon termed as systemic acquired
resistance (SAR), which is in effect an innate immune response providing protection
against a broad range of biotrophic pathogens [59]. SAR is considered a conse-
quence of the concerted action of massive ETI- and/or PTI-triggered transcriptional
changes, the increased cellular concentration of SA, the activation of multiple down-
stream signaling cascadesmainly transduced byNONEXPRESSEROFPRGENES1
(NPR1), and the production of antimicrobial peptides such as pathogenesis-related
(PR) proteins [59].

In contrast to bacteria and fungi, plant viruses can live inside plant cells. To restrain
the reproduction of intracellular viruses, plants have developed a general immune
mechanism that silences viral RNA expression, termed as RNA silencing or RNA
interference (RNAi), which could be regarded as a viral-PAMP-triggered immunity
[12, 55, 66]. However, most viruses counter the RNAi defense by expressing factors
that suppress RNA silencing [8].

The roles of plant autophagy in various biotic stresses have been extensively
explored over the past decade. Autophagy has been shown to regulate basal resis-
tance as well as immunity- and disease-related cell death responses to microbial
pathogens with different infection strategies. However, the molecular mechanisms
that underpin defense-related autophagy in plants are poorly understood, in part
because autophagy functions in numerous physiological processes [26]. Moreover,
it has been difficult to dissect the defense-related roles of autophagy against
pathogens with standard genetic approaches because autophagy-defective mutants
commonly have pleiotropic effects on plant development and other cellular processes
[37].
Nevertheless, information gained from studying the pathogen-produced proteins that
manipulate the plant autophagy machinery has revealed novel autophagy-related
defense components and shed light on the functions of defense-related autophagy
[10, 11, 20, 23, 75]. In this review, we discuss and elaborate on the multidimensional
roles of autophagy in plant immunity and delve into how autophagy is implicated in
immunity.
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3.2 Plant Autophagy is Involved in Multiple Immune
Signaling Pathways

Several studies have examined the roles of autophagy in plant basal resistance to
virulent biotrophic and hemibiotrophic pathogens. However, how autophagy con-
trols plant basal immunity to microbial infection in either a positive or a negative
way remains a mystery. For instance, during the first 2 days after bacterial infection
the abundance of the virulent bacterium Pseudomonas syringae pv. tomato (Pst)
DC3000 increases significantly in AtATG6-silenced Arabidopsis plants compared
to the wild-type plants [61]. Moreover, mutation of ATG7 in Arabidopsis leads
to increased growth of the virulent Emwa isolate, but not the virulent Noco2 iso-
late of the biotrophic oomyceteHyaloperonospora arabidopsidis. This suggests that
autophagy positively regulates basal immunity against some downy-mildew-causing
fungal species [28, 38]. ATG6 is suggested to play a positive role in immunity to
the powdery mildew fungus Blumeria graminis f. sp. tritici in wheat (Triticum sp.)
as well as in the symbiotic interaction with the bacterium Rhizobium tropici and the
arbuscular mycorrhizal fungus Rhizophagus irregularis in common bean (Phaseolus
vulgaris) [15, 86].

In contrast to the above observations where autophagy positively regulates resis-
tance, observations in autophagy-defective Arabidopsis mutants for ATG5, ATG7,
ATG10, orATG18a suggest that autophagy negatively regulates plant basal immunity
to virulent bacterial pathogens [39, 84]. A similar observation has been reported in the
response to infection by several obligately biotrophic powdery-mildew-causing fun-
gal species. Mutations in several Arabidopsis ATG genes, including ATG2, ATG5,
ATG7, ATG10, or ATG18a, result in enhanced resistance to the biotrophic pow-
dery mildew pathogenGolovinomyces cichoracearum [79]. In addition, Ustum et al.
observed significantly increased proliferation of Pst in AtATG5 overexpression lines
compared to the wild-type control [75]. Surprisingly, loss of function of AtATG7
leads to two distinctly different results, either susceptible or resistant to Pst DC3000
[28, 84]. While the conclusions derived from different observations seem to be con-
troversial, it is clear that autophagy is involved in the regulation ofmultiple immunity
signaling pathways.

It has been suggested that elevated SA levels are responsible for the enhanced
resistance of some autophagy-defective mutants to Pst DC3000 [38, 39]. As SA
levels in the autophagy-defective mutants are sensitive to developmental and envi-
ronmental conditions, the discrepancy in the assessments of basal immunity to the
bacterial pathogen could be explained by differences in the autophagy-defective
mutants used in the studies, as well as in their ages and growth conditions [88].
Moreover, high SA levels among the aging atg mutants gradually lead to the accu-
mulation of ROS, ubiquitinated proteins, and endoplasmic reticulum stress, which
result in early senescence and unrestricted cell death induced bypathogens [6, 51, 54].
Nevertheless, how autophagy represses the excessive increase of SA as well as ROS
production during aging remains unknown.
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It is likely that autophagy controls the turnover of cellular structures and organelles
related to these stress signals to inhibit unnecessary immunity activation and main-
tain cellular homeostasis. Plants do this via proteaphagy, chlorophagy, mitophagy,
and pexophagy, during development or in response to abiotic stresses (Fig. 3.1b)
[30, 41, 46, 69]. Consistent with this hypothesis, proteaphagy, which was initially
discovered in plants as a mechanism to selectively recycle proteasomes during nitro-
gen starvation, was recently reported to be involved in plant–microbe interactions
[46, 75]. The known selective autophagy components, including receptors and cargo
proteins, that function in development or abiotic stress responses [1, 47] may also
contribute directly or indirectly to plant immunity. In particular, it is unclear whether
these proteins are essential for the function of autophagy during combinatorial stress
that has biotic and abiotic components.

Besides its role in the regulation of cellular homeostasis, autophagy was recently
demonstrated to function in selective degradation of the immune receptor kinase
FLS2 [84]. Orosomucoid (ORM) proteins of Arabidopsis, which are negative regu-
lators of sphingolipid biosynthesis, act as selective autophagy receptors to mediate
the degradation of FLS2, revealing a new mechanism for recycling nonactivated
immune receptors to maintain a functional immune system (Fig. 3.1b). While over-
expression of ORM1 or ORM2 largely diminishes FLS2 accumulation and sig-
naling and enhances plant susceptibility to Pst DC3000, deficiency of ORM1 or
ORM2 increases FLS2 accumulation and signaling and elevates resistance against
Pst DC3000 [84]. Intriguingly, FLS2 abundance is restored to a normal level in
autophagy-defective mutants (atg7 and atg10) overexpressingORM1 orORM2, sug-
gesting that autophagy components are necessary for ORM-mediated FLS2 degra-
dation [84]. Therefore, ORMs, the first two autophagy cargo receptors reported to
directly degrade immunity-related proteins in plants, appear to be key for uncovering
molecular connections between immunity and autophagy.

Arabidopsis TRAF1a and TRAF1b (TUMOR NECROSIS FACTOR
RECEPTOR-ASSOCIATED FACTOR 1a and b) may integrate autophagy with
plant immunity. They are proposed to act as adaptors for SEVEN IN ABSENTIA
(SINAT)1 and SINAT2, which mediate proteasomal degradation of ATG6 under
normal growth conditions, thereby suppressing autophagy [65]. Conversely, when
SINAT1/2 levels decline, the TRAF1a/b interaction with SINAT6 leads to the
stabilization of ATG6 and, thus, the activation of autophagy upon starvation [65].
In addition to the fact that TRAF1a/b were previously shown to associate with
the SCF-type E3 ligase complex to form a plant-type TRAFasome that modulates
the turnover of NB-LRR immune sensors, including SUPPRESSOR OF NPR1-1,
CONSTITUTIVE 1, and RIBOSOMAL PROTEIN S2, TRAF1a/b may serve as an
intermediary to integrate the NB-LRR signaling pathway with autophagy processes
[29]. Despite the high probability that autophagy plays a role in the negative
regulation of NB-LRR function, more direct and convincing evidence is required
to reveal the direct connection between ETI and autophagy [63]. Recently, Zheng
et al. [87] deciphered the role of Arabidopsis alkaline ceramidase (AtACER) in the
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autophagy process and elaborated on the crucial role played by AtACER in the
maintenance of a dynamic loop between sphingolipids and autophagy for cellular
homeostasis under various environmental stresses.

In contrast, the mechanism of autophagy in promoting basal resistance against
bacteria remains largely undefined. In cassava (Manihot esculenta), MeWRKY20
and MeATG8a/8f/8 h are reported to play an essential role in resistance against bac-
terial blight caused by Xanthomonas axonopodis pv. manihotis by forming various
transcriptional modules and interacting complexes (Fig. 3.1a) [83].

Overall, autophagy participates in plant immunity partly through interplay with
multiple immunity pathways, for example, by preventing overactivation of the sig-
naling pathways of SA, PTI, and maybe even ETI, or by boosting immunity in a
different context.

3.3 Autophagy Modulates Host Life and Death During
Pathogen Attack

Apart from being a survival mechanism to maintain cellular homeostasis and to
respond to environmental stresses, such as nutrient depletion or pathogen attack,
autophagy is also responsible for programmed cell death [56].Despite the compelling
evidence revealing the participation of autophagy in immunity, some doubts and
apparent contradictions remain concerning the function(s) of autophagy as a pro-
survival or pro-death pathway [2, 22, 27, 51, 74, 88].

Liu et al. [44] first discovered that autophagy can have a negative role during the
HR in plants, and they found that silencing of N. benthamiana BECLIN1/ATG6 as
well as other autophagy-related genes leads to the unrestricted spread of cell death
beyond the primary virus infection sites to uninfected tissues and leaves distal to the
Tobacco mosaic virus (TMV)-inoculated leaf [44]. Consistent with this, neither the
HR PCD induced by avirulent Pst DC3000 (AvrRpm1) nor disease-associated cell
death mediated by virulent Pst DC3000 could be contained in the AtATG6-silenced
plants [61]. Loss of function of ATG5 in Arabidopsis also enhances the HR PCD in
plants infected by avirulent Pst DC3000 (AvrRpm1) [85]. Moreover, the atg mutant
phenotype of accelerated PCD requires SA signaling pathways, as the unrestricted
cell death is suppressed in atg5 sid2 (salicylic acid induction deficient 2) and atg5
npr1 double mutants [85]. Likewise, several Arabidopsis autophagy mutants (atg5,
atg7, atg10, and atg18a) fail to control the spread of cell death after being challenged
with the necrotrophic fungal pathogens Alternaria brassicicola or Botrytis cinerea,
as well as the fungal toxin fumonisin B1 [36, 39]. Furthermore, mutations in several
ATG genes result in enhanced resistance and dramatic pathogen-induced cell death
in response to a biotrophic powdery-mildew-causing pathogen (G. cichoracearum),
which is consistent with the speculation that cell death contributes to resistance
against biotrophic pathogens [79].
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Surprisingly, although spontaneous cell death, early senescence, and disease resis-
tance require the SA signaling pathway, powdery-mildew-induced cell death is not
fully suppressed by inactivation of SA signaling [79, 85]. The fact that cell death
could be uncoupled from disease resistance implied that cell death is necessary but
not sufficient for resistance to powdery mildew in atg mutants [79]. In addition,
Arabidopsis ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM1
(AMSH1), a deubiquitinating enzyme, interacts with the ESCRT-III subunit VAC-
UOLAR PROTEIN SORTING2.1 (VPS2.1) for autophagic degradation, while the
impairment of both genes causes early senescence and the double mutants exhibit
more resistance to the powdery mildew pathogen Erysiphe cruciferarum [32]. Simi-
larly, the enhanced resistance is also associatedwith increased spontaneous cell death
[32]. Thus, autophagy seems to repress cell death, resulting in different outcomes
depending on the pathogen lifestyle and the immunity response against avirulent
bacteria and some biotrophic fungi, at least in part by restraining SA-dependent cell
death.

Nevertheless, a series of subsequent studies yielded conflicting results. Pathogen-
induced cell death is observed in atg7 and atg9 mutants after inoculation with Pst
DC3000 (AvrRPS4), Pst DC3000 (AvrRpm1), or an avirulent isolate (Noco2) of the
oomycete H. arabidopsidis (Fig. 3.1a) [28]. In addition, the initiation of HR cell
death via TIR-type immune receptors required the defense regulator ENHANCED
DISEASE SUSCEPTIBILITY 1 (EDS1). Moreover, PCD triggered by CC-type
immune receptors via NON-RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1)
either is autophagy independent or utilizes autophagic components with cathep-
sins and other unidentified cell death mediators. These observations suggest that
pathogen-induced autophagy contributes positively toHR cell death initiated through
TIR-type immune receptors [28].

In a similarway, anArabidopsis smallGTP-binding protein, RabG3b, is suggested
to contribute to HR cell death in response to Pst DC3000 (AvrRpm1) via the acti-
vation of autophagy [35]. Furthermore, loss of NO CATALASE ACTIVITY1 (NCA1)
function leads to a strong suppression of RPM1-triggered autophagic degradation
and cell death [19]. Later reports have elaborated that autophagy acts as a positive
regulator ofHRcell death in youngplants,when these functions are notmasked by the
cumulative stresses of aging [6, 54]. In Nicotiana benthamiana, cytosolic
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) interacts with ATG3, and
activating ATG3-dependent autophagy by silencing GAPDH significantly enhances
N-gene-mediated HR and resistance against TMV [21]. Likewise, an autophagy
deficiency caused by the deletion of VPS35 homologs, which function in autophagy-
associated vacuolar processes, impairs the pathogen-triggered HR after infection
with Pst DC3000 expressing AvrRps4, AvrRps4, or AvrRpt2 [21]. Based on these
results, it appears that autophagy triggers and promotes cell death during pathogen
infection.

Surprisingly, silencing of the gene encoding the highly conserved cell death reg-
ulator and ATG6-interacting protein Bax inhibitor-1 (BI-1) in tobacco reduces the
autophagic activity and enhances N-gene-mediated cell death in response to TMV,
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while overexpression of plant BI-1 boosts autophagic activity and causes autophagy-
dependent cell death [82]. These results compellingly substantiate both pro-survival
and pro-death effects of autophagy in different physiological contexts.

Overall, all of these seemingly inconsistent studies indicate that autophagy plays
complex and multifaceted roles in the promotion or restriction of different cell death
pathways in plants. Based on morphological criteria, pathogen-induced PCD dis-
plays features of both vacuolar and necrotic cell death [76]. It is widely known that
autophagy can either promote or restrict different forms of PCD in plants, as it does in
animals. At the site of bacterial infection, distinct NB-LRR immune receptors (such
as RPS4 and RPM1) recognize cognate effectors (such as AvrRPS4 and AvrRPM1)
and then induce theHR,which contributes to the induction of autophagy,with SA and
ROS accumulation triggered by the HR [28]. Here, autophagy serves as an effector
of the HR PCD upstream of the “point of no return” in an NPR1-independent manner
[51]. In uninfected tissue beyond HR lesions, higher expression of PR genes medi-
ated by NPR1 causes endoplasmic reticulum stress, which induces autophagy after
the establishment of SAR, followed by the HR [6, 16, 54]. In older tissues, aging-
related accumulation of ROS and SA contributes to NPR1-dependent ER stress and
activation of autophagy [54]. Hence, in the latter two contexts, autophagy acts as
a downstream mechanism for clearance of damaged proteins and structures to pre-
vent cell death, which depends on NPR1 [51]. Accordingly, the positive effect of
autophagy in HR PCD is counteracted by the cytoprotective functions of autophagy,
explaining the premature senescence and runaway cell death observed outside of HR
lesions in autophagy-deficient plants. In this regard, it is tempting to assume that the
stress-induced runaway cell death in atgmutants is linked to the necrotic PCDmode,
although this hypothesis needs to be addressed through an in-depth morphological
characterization [74].

Notably, during an attempted or successful host invasion, pathogen-induced PCD
is observed and can be part of either the immune response or the disease [53].
Undoubtedly, the HR is related to the immune response, which prevents the spread
of avirulent biotrophic and hemibiotrophic pathogens beyond the initial infection
sites [31]. In contrast, disease-associated cell death often develops during viru-
lent infections and is induced by necrotrophic pathogens to allow nutrient acqui-
sition and proliferation [50]. Supporting this view, Arabidopsis mutants lacking
ATG5, ATG10, or ATG18a develop necrosis and show enhanced hyphal growth
upon infection with the necrotrophic fungal pathogens A. brassicicola and Plec-
tosphaerella cucumerina [39]. The atg mutants do not exhibit enhanced immunity
to the obligate biotrophic oomycete H. arabidopsidis (Ha), which is consistent with
the view that autophagy controls plant basal immunity to microbial infection in a
pathogen-lifestyle-dependent manner in either a positive or a negative way [39].
These facts strongly suggest that unrestricted necrotic cell death evoked by destruc-
tive necrotrophic pathogens in autophagy-deficient genotypes facilitates increased
necrotrophic pathogen growth [38]. Arabidopsis atg (atg5, atg7, and atg18a)mutants
exhibit increased susceptibility to the necrotrophic pathogens B. cinerea and A. bras-
sicicola [36]. Furthermore, the association of Arabidopsis WRKY33, a critical tran-



32 H.-Y. Zeng et al.

scription factor required for resistance to necrotrophic pathogens, with ATG18a is
responsible for the increased susceptibility of atgmutants [36] (Fig. 3.1a).Moreover,
the jasmonic-acid signaling pathway is also involved [36].

Similarly, Katsiarimpa et al. [32] demonstrated that, as compared to the wild type,
a loss-of-function mutant of Arabidopsis AMSH1, which is required for autophagic
degradation, displays increased susceptibility, noticeable by the complete wilting
and necrosis that spread along the entire leaf, after inoculation with the necrotrophic
fungus A. brassicicola. Recently, Minina et al. [52] reported that Arabidopsis
ATG5- or ATG7-overexpressing plants exhibit increased resistance to A. brassici-
cola. In another recent report, Arabidopsis BAG6 (BCL2-ASSOCIATEDATHANO-
GENE FAMILY PROTEIN 6) was identified as an upstream regulator of autophagy
(Fig. 3.1a). Investigation of its relevance to B. cinerea infection revealed that
Arabidopsis bag6 mutants are defective in autophagy induction and show increased
susceptibility, whereas the elevated autophagy levels and induced cell death in BAG6
overexpression plants enhanced resistance to B. cinerea [43]. Furthermore, BAG6
cleavage triggers autophagy in the host and coincides with disease resistance, while
mutation of the cleavage site blocks cleavage and inhibits autophagy in plants, which
compromises disease resistance [43]. This finding provided a key link between fun-
gal recognition and the induction of cell death and resistance. Together, these studies
indicate that autophagy seems to boost plant survival in response to necrotrophic
pathogens.

It is a common view that autophagy suppresses disease-associated cell death
triggered by necrotrophic fungi, such as B. cinerea and Sclerotinia sclerotiorum,
while promoting the immunity-related HR triggered by avirulent strains of Pst, H.
arabidopsidis, and TMV (Fig. 3.2) [74]. However, how autophagy exerts either a
protective or a destructive role during an immune response is not well understood.
The role of autophagy in cell survival is likely due to homeostatic functions required
to counterbalance infection-induced systemic responses such as SA signaling, ROS
production, accumulation of misfolded/aggregated proteins, and endoplasmic retic-
ulum stress [6, 54, 85]. By contrast, our knowledge of the pro-death mechanism
of autophagy is still relatively limited. It is thought that removal of negative cell
death regulators, possibly by selective autophagy, is involved in this process. On the
basis of these considerations, more cell-death-related targets of autophagy during
pathogen infection need to be isolated.

Overall, autophagy plays both positive and negative roles in the regulation
of cell death in response to pathogen attack. It is well established that plants
deploy autophagy to restrain disease-induced cell death and promote an immunity-
related HR in certain pathological situations to safeguard against infectious diseases
(Fig. 3.2). Nonetheless, how the host tightly controls the orchestrated death of the
cell remains obscure.
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Fig. 3.2 The function of host autophagy in plant–pathogen interactions. Autophagy either pre-
vents the overactivation of innate immune signaling pathways or boosts immunity during pathogen
infection. Autophagy suppresses disease-induced (necrotic) cell death and promotes immunity-
related HR. Autophagy serves as a cleaner to target, sequester, and eliminate invading pathogens
and pathogenic proteins

3.4 Host Plants Degrade Pathogens or Pathogenic Proteins
via Autophagy

In mammals, autophagy preferentially targets, sequesters, and eliminates invading
bacteria, viruses, and parasites [33, 40, 58, 71]. In particular, inmetazoans, autophagy
is a key component of host defenses against viruses [14]. Similar antiviral functions
of autophagy have been long suspected to exist in the plant kingdom. Previous
microscopy observations of viral particles inside a vacuole have supported
the existence of an active process for clearance of viruses [48, 67]. Nakahara et al.
demonstrated that autophagy-like protein degradation seems to degrade viral silenc-
ing suppressors such asCMVprotein 2b andpotyvirus proteinHCpro [55] (Fig. 3.1b).
Hafrén et al. [20] also demonstrated that NBR1 associates with the non-assembled
and virus-particle-forming capsid protein P4 of Cauliflower mosaic virus (CaMV)
and orchestrates autophagic degradation of non-assembled P4 and virus particles in
tobacco in a process similar to the xenophagy described in animal cells (Fig. 3.1b).
This report provides evidence for the removal of a plant pathogen by xenophagy
and for the pro- or antiviral roles of autophagy in compatible plant–virus inter-
actions. Haxim et al. [23] reported that the plant autophagic machinery targets
the virulence factor βC1 of Cotton leaf curl Multan virus (CLCuMuV) for degra-
dation through its interaction with NbATG8 (Fig. 3.1b). The authors found that
CLCuMuV infection induces autophagy and that destroying autophagy by silencing
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the autophagy-related genes ATG5 and ATG7 reduces plant resistance to CLCu-
MuV, whereas activating autophagy by silencing CYTOSOLIC GLYCOLYTIC
ENZYMES GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASES genes
enhances plant resistance to viral infection. Moreover, abolishing the interaction
betweenNbATG8f andβC1abrogates the autophagic antiviral defense againstCLCu-
MuV [23]. These findings reveal a battery of exciting new molecular mechanisms
of plant autophagy involved in recognizing and eliminating invading pathogens and
pathogenic proteins (Fig. 3.2) in a manner similar to that seen in animals.

3.5 Pathogens Manipulate Plant Autophagy to Counteract
Host Defenses

It is becoming clear that adapted phytopathogens have evolved avenues not only
to evade autophagic clearance but also to modulate and co-opt autophagy for their
own benefits [37]. Considering the long-lasting coevolutionary battle between plants
and pathogens, it is not surprising that some microbes have evolved sophisticated
strategies to modulate autophagy for their benefits (Figs. 3.1 and 3.2).

Arabidopsis ARGONAUTE1 (AGO1), a key component of the RNA-induced
silencing complex (RISC), can be degraded by the host autophagy pathway after
it is hijacked by the viral suppressor of RNA silencing protein P0 (Fig. 3.1a) [11].
Intriguingly, the same authors found that the autophagy pathway degrades AtAGO1
even in a nonviral context [11]. In another analogous case, VPg, a viral suppressor of
RNA silencing, of Turnip mosaic virus (TuMV) (a single-stranded RNA potyvirus)
is reported to target Arabidopsis SUPPRESSOR OF GENE SILENCING3 (SGS3),
another important component of theRNAsilencingpathway, to trigger its degradation
through both the autophagy and ubiquitin-proteasome pathways (Fig. 3.1a) [3].

Furthermore, the CaMV P6 protein is reported to bind and activate TARGET
OF RAPAMYCIN (TOR) to diminish SA-dependent autophagy and attenuate resis-
tance responses of host plants to bacterial pathogens, either Pst DC3000 or the
effector-delivery-deficient Pst mutant hrc (Fig. 3.1a) [90]. In addition, the viral pro-
tein domain required for suppression of these plant defense responses is indispensable
for the binding and activation of the TOR kinase but not for silencing suppression
(Fig. 3.1a) [90]. These findings imply that autophagy steered by viral proteins ben-
efits not only the virus itself but also nonviral pathogens in secondary infections,
thereby supporting the view that pathogens can impede autophagy-dependent immu-
nity (Fig. 3.2). Coincidentally, the bacterial wilt pathogen Ralstonia solanacearum
deploys the ALANINE-TRYPTOPHANARGININE TRYAD 5 (AWR5) effector to
inhibit TOR-related activity and stimulate autophagy in yeast (Fig. 3.1a) [64]. This
modulation of TOR seems to be a common target for invaders.

Another instance of the manipulation of the host autophagymachinery to counter-
act host defenses by a plant pathogen was reported by Dagdas et al. [10]. PexRD54,
an effector from the hemibiotrophic oomycete Phytophthora infestans, associates
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with the host autophagy protein NbATG8CL to prevent the interaction of ATG8
with Joka2/NBR1, stimulating autophagosome formation (Fig. 3.1a). As plants use
Joka2-mediated selective autophagy to safeguard against infectious diseases from
P. infestans, the authors speculate that PexRD54 depletes the autophagy cargo recep-
tor Joka2 out of ATG8CL complexes and interferes with Joka2’s positive effect on
pathogen defense [10]. This convincing evidence implies that pathogens can avoid
clearance from the host by subversion of its particular autophagy process (Fig. 3.2).

It appears that suppression of the early onset of host cell death by autophagy-
mediated survival functions provides an advantage for (hemi)biotrophic pathogens
[74]. By contrast, some necrotrophic (and maybe some hemibiotrophic) pathogens
take advantage of the autophagy pathway by promoting autophagy-mediated cell
death functions. Besides infecting and killing host cells, adapted pathogens are in
direct competition with their hosts to acquire nutrients, causing starvation after suc-
cessfully colonizing the plants [13]. In this regard, it is reasonable to assume that
distinct autophagy processes are subverted and employed by the pathogen to support,
for example, nutrient acquisition during the establishment of infection [2]. Therefore,
it is tempting to assume that plants have developed, during the coevolution with their
pathogens, an elaborate autophagy system with paradoxical roles: as a promoter of
cell death at the onset of pathogen-triggered HR and as an inhibitor of cell death
following containment of invading pathogens (Fig. 3.2). Supporting this hypothesis,
emerging evidence indicates that these two processes can be targeted by intruders.
Necrotrophic plant pathogens were long thought to rely mainly on their capacity to
kill the host plant and degrade dead host tissue to obtain nourishment [77]. Tradi-
tionally, the resulting disease symptoms have been attributed to the direct killing of
host tissue via secretion of toxic metabolites by the pathogen [77].

Nevertheless, emerging data from several pathosystems illustrate more subtle
interactions between necrotrophic fungi and their host plants [73, 80]. For instance,
necrotrophic fungi such as S. sclerotiorum and Botrytis exploit two distinct pathways
for PCD in host plants for their own success [73, 78]. The necrotrophic phytopathogen
S. sclerotiorum hijacks host autophagypathways, triggers unrestricted host cell death,
and establishes successful infection via oxalic acid [73]. The authors found that
the restricted cell death of Arabidopsis plants triggered by oxalic-acid-deficient,
nonpathogenic S. sclerotiorummutants is autophagic. Autophagy deficiency rescues
the nonpathogenic mutant phenotype, suggesting that S. sclerotiorum secretes oxalic
acid to suppress antimicrobial autophagy. This is not unique; similar autophagy-
mediated mechanisms are steered by another pathogen with a completely different
lifestyle, the nonhost Ustilago maydis. The wild-type strain of U. maydis triggers an
HR-like cell death in barley (Hordeum vulgare) that shows features of necrotic cell
death. In contrast,U. maydismutants lacking the Pep1 effector induce host responses
that involved hallmarks of autophagy, indicating that Pep1 serves as an autophagy
inhibitor [25]. These findings lead us to speculate that the autophagy-dependent
regulation of cell death might be a common virulence scheme shared by various
pathogens.

Intriguingly, besides the compelling data for antiviral functions of autophagymen-
tioned above, it has also been reported that antiviral xenophagy is counteracted by
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protective functions of autophagy-resistant CaMV inclusion bodies [20]. Although
Arabidopsis atg5 and atg7 loss-of-function mutants are susceptible to CaMV, the
authors hypothesize that a second, nonselective NBR1-independent autophagy path-
way promotes plant viability during infection and serves as a proviral mechanism
to extend the time span for virus production and potential CaMV transmission [20].
Incongruent functions of autophagy, which are manipulated by pathogens, have also
been observed in plant–bacteria interactions. Pst uses the effector AvrHopM1 as a
principalmediator to activate autophagy and stimulate the autophagic removal of pro-
teasomes (proteaphagy) to support bacterial proliferation in Arabidopsis (Fig. 3.1a)
[75]. Intriguingly, in contrast to the probacterial effects of Pst-induced proteaphagy,
NBR1-dependent selective autophagy counteracts disease progression and limits the
formation of HopM1-mediated water-soaked lesions [75]. The distinct contributions
of autophagy to hosts and pathogens imply that autophagy is an effective weapon
used by both plants and their pathogens.

To summarize, we highlight and integrate recent findings illustrating that
pathogens subvert and steer plant autophagy to undermine resistance, restrict
immunity-related cell death, boost disease-induced cell death, and/or avoid being
recognized and cleared from the host cells, and ultimately overcome host immunity
and cause disease (Fig. 3.2). Hence, it is fair to envisage that plants employ, and their
foes exploit, autophagy to benefit defense and disease, respectively. However, the
mechanistic details of autophagy during the interaction between plants and pathogens
are not yet fully understood.

3.6 Conclusions and Future Directions

Tremendous progress has been made during the last decade in unraveling the roles
of autophagy in the field of plant–microbe interactions. From these studies, it is clear
that autophagy influences the outcomes of plant–pathogen attack through interfac-
ing with many important facets of plant immunity, including modulation of multiple
innate immunity signaling pathways, execution of HR/disease-induced cell death,
and pathogen clearance (Figs. 3.1 and 3.2). In addition, during the long-lasting evolu-
tionary battle with host organisms, pathogens have acquired sophisticated weaponry
to trick plants (Figs. 3.1 and 3.2). However, the evidence illustrating the regulation
of plant immunity by autophagy is still limited both in number of examples and in
mechanistic details.

Because of the extensive involvement of autophagy in a variety of developmen-
tal processes, it is difficult to unravel more precise and unknown functions and the
associated molecular mechanisms of autophagy in plant–microbe interactions. Use
of appropriate methods, materials, timing, and improved technology will facilitate
future research. However, it is necessary to be cautious when selecting autophagic
mutants and inhibitors/activators for specific studies. To dissect these mechanisms
in greater detail, researchers should focus on inducible expression or silencing of
core autophagy-related genes in the plant during infection. In addition, a useful
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prospective approach would be to further explore the available collection of atg
mutants and analyze the roles of autophagy in different immune responses of vari-
ous host–pathogen systems. Moreover, the specific components and mechanisms of
autophagy, as well as its functions in different contexts, for example in microbes with
diverse lifestyles, need to be addressed. Particular selective autophagy pathways are
thought to be involved in the plant–microbe interactions [26]. However, very few
autophagy cargo receptors and substrates have been identified in plants. A recent
study describes a new class of ATG8 interactors that exploit ubiquitin-interacting
motif-like sequences for high-affinity binding to an alternative ATG8 interaction site
[45]. By using the new binding sites, the authors ultimately identified a new class of
adaptors and receptors, extending the reach of selective autophagy.

The very complex outcomes of disease in autophagy-deficient plants, in general,
imply that selective processes with distinct functions may operate in parallel during
the full autophagic response [26]. It is therefore tempting to assume that applications
of reverse genetics using key autophagy proteins, especially ATG8, and the cargo
receptors as lure proteins, in the presence or absence of pathogens, might shed light
on the study to further reveal the highly sophisticated and multifaceted integration of
autophagy into the plant immune system. In general, the identification of interacting
proteins of effectors, pathogenic proteins, or even pathogens themselves might rep-
resent a potential strategy to further dissect the molecular mechanisms underlying
autophagy-mediated immunity in plants.
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Chapter 4
Autophagy Regulation of Bacterial
Pathogen Invasion

Yuqing Lei, Huihui Li and Kefeng Lu

Abstract Autophagy pathway is highly conserved in all eukaryotic species and
responsible for targeting of cytosol components, such as protein aggregates, damaged
or unnecessary organelles, and intracellular bacterial pathogens for lysosome-
dependent degradation. Besides severing as a catabolic process, autophagy pathway
furthermore has been discovered to function pivotally in both innate and adaptive
immune responses. At present, it has been well demonstrated that certain types of
bacteria could be targeted by autophagy upon their invasion. However, several bac-
terial pathogens have developed strategies to evade this degradation and clearance.
Here, we review the role and mechanism of autophagy in the regulation of bacteria
invasion, which may facilitate the designing of clinical drugs for efficient and safe
cure of infection diseases caused by toxic bacteria.

Keywords Autophagy · Bacteria · Invasion · Degradation · Exnophagy

4.1 Introduction

The autophagy process is highly conserved among eukaryotes from yeast to humans
[40] and plays fundamental roles in a variety of both physiological and pathological
conditions [13, 31]. In the cell, autophagy pathway selectively targets intracellular
pathogens, removes damaged or excessive organelles, and eliminates potentially
toxic protein aggregates. Autophagy is functional for the clearance of proteins
and other macromolecules for nutrients under starvation conditions. Moreover,
autophagy plays fundamental roles in a variety of both physiological and pathological
conditions, such as survival during starvation, aging, metabolic diseases, cancer, and
neurodegeneration [31]. Furthermore, numerous studies have linked autophagy with
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the innate immune responses including function in regulation of invasion, clear-
ance, tolerance, and inflammation [8]. Autophagy could be effectively activated
by immuno-receptors such as Toll-like receptors (TLRs) and NOD-like receptors
(NLRs) that respond to bacterial pathogens and toxic damage-associated molecular
pattern molecules (DAMPs) [6, 66]. Autophagy also functions in adaptive immune
reaction by production of antigen peptides that could be presented to T cells through
MHC I and MHC II molecules [16]. Furthermore, autophagy is functional for polar-
ization of Th1/Th2 cells and activation of macrophages [67].

Autophagy is initiated at a special region associated with the endoplasmic reticu-
lum (ER), Golgi apparatus, and ER-Golgi intermediate compartment (ERGIC) [21].
The autophagosomes fuse with the lysosomes (in mammalian cells) or the vacuoles
(in yeast and plants) for final degradation [37, 64]. The autophagy process involves
a group of factors called ATG (autophagy related) proteins [37]. Growth and expan-
sion of the phagophore require class III phosphatidylinositol 3-kinase (PI3 K) com-
plex I that comprises lipid kinase Vps34, regulatory kinase Vps15, Beclin-1/Atg6,
and Atg14 [5, 30]. The PI3 K complex generates phosphatidylinositol-3-phosphate
(PI3P) from phosphatidylinositol to change the lipid composition of the phagophore
[44, 62]. As the only transmembrane protein essential in autophagy, Atg9 traffics
and transports membrane components for the growing of phagophore [28]. Upon
closing, completed formation of the phagophore, the mature autophagosome moves
to, docks on and subsequently fuses with lysosome/vacuole, in a process that is medi-
ated by the SNARE proteins syntaxin-17, SNAP29 and VAMP8 as well as the HOPS
complex [68].

Upon first observation, autophagy was thought to be a nonselective degrada-
tion process. However, it has been revealed clearly that this process can selectively
target protein aggregates (aggrephagy); cellular organelles such as mitochondria
(mitophagy), peroxisomes (pexophagy), endoplasmic reticulum (ER-phagy), ribo-
somes (ribophagy), lipid droplets (lipophagy), and bacterial and virus pathogens
(xenophagy) [48, 65]. In host cells, autophagy is an efficient pathway for selective
engulfment and degradation of bacterial pathogens. Here, we will review generally
and briefly the function of autophagy in bacterial invasion.

4.2 Autophagosome Scaffold LC3 as a Platform
for Receptor-Bacteria Recruitment

Autophagy is a very evolutionarily conserved degradation pathway for lysosomal
degradation of long-lived proteins, big aggregates, and whole organelles. Autophagy
in yeast is usually kept at a very low level in rich medium culture condition and
is dramatically induced under starvation or rapamycin treatment. Whereas in mam-
malian cells, autophagy level is different depending on cell background, although in
most cases it is constitutively activated [7, 11, 19].

Autophagy process begins from the formation of a double-membrane vesicle
called autophagosome, where LC3 is conjugated to engulf cytosolic cargoes [40].
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Autophagosome grows from a single spot called phagophore assembly site (PAS),
where the following steps of initiation, nucleation, elongation, and finally the closure
of the cup-shaped double-layer membrane, phagophore, happen successively [50].
Genetic screens led to the identification of over 40 ATG genes function in different
steps in autophagosome formation [58]. Initiation of autophagy is regulated by the
Atg1/Atg13/Atg17 kinase complex, which is inhibited by target of rapamycin (TOR)
kinase at rich medium culture condition. The next step, nucleation of phagophore at
PAS is controlled by a lipid kinase complex containing Vps34, regulatory subunits
Atg14, Atg6/Vps30, andVps15. The following elongation step is controlled byAtg9,
the only transmembrane protein in autophagy pathway that provides lipid membrane
for the expanding phagophore through shuttling between various vesicle compart-
ments and PAS depending on Atg1 and Vps34. Besides Atg9, two highly conserved
ubiquitin-like protein (Atg12 andAtg8) conjugation systems, Atg12–Atg5 andAtg8-
phosphatidylethanolamine (PE), also contribute to this process [46]. Ubiquitin is a
small protein containing 76 amino acids and is highly conserved fromyeast to human.
It is tightly folded to form a globular structure composed of five-stranded beta-sheet
wrapped surrounding a central helix. Ubiquitin is synthesized first as a precursor pro-
tein. Subsequent proteolytic cleavage exposes its active C-terminal glycine amino
acid, which allows ubiquitin to be conjugated to a lysine (or N-terminal methionine)
in the substrate protein or in the first ubiquitinmoiety. A cascade of catalytic enzymes
involving activating (E1), conjugating (E2) and ligating (E3) enzymes, generate ubiq-
uitin conjugates containing either multiple mono-ubiquitin or poly-ubiquitin chains
(mostly Lys48, Lys63, or linear). Diverse types of ubiquitin modification confer
diverse functions, such as regulation of cytoplasm membrane receptor endocytosis,
targeting proteins for degradation or functioning in signalling complex assembly
[20]. Proteins containing ubiquitin-binding domains (UBDs) can act as ubiquitin
receptors through interaction with ubiquitin non-covalently. The ubiquitin conju-
gates can be reversed by a large class of de-ubiquitinating proteases (DUBs) that
cleave the ubiquitin moieties from their substrates. Atg12 was the first ubiquitin-like
protein (UBL) to be identified in autophagy pathway [54]. Different from ubiquitin,
it is synthesized as a C-terminal glycine-exposed form. Autophagy core protein Atg7
(E1) directly transfers Atg12 onto Atg10 (E2) in a cascade manner. Atg12 is finally
conjugated to Atg5. The Atg12–Atg5 conjugate then recruits factors important for
phagophore elongation and closure. The Atg12–Atg5 conjugate works together with
dimerized coiled-coil protein Atg16, which promotes the association of this con-
jugate with PAS and phagophore elongation. The main role of Atg12–Atg5–Atg16
complex functions as E3 for the LC3-PE conjugation. LC3, another UBL functions in
autophagy, similar to ubiquitin, is synthesized as a precursor and cleaved by cysteine
protease Atg4.Matured form of LC3with exposed C-terminal glycine is activated by
and conjugated to Atg7 (E1), transferred to Atg3 (E2) and then finally conjugated to
PE lipid incorporated in phagophore with the help of Atg12–Atg5 conjugate. Conju-
gation of LC3 to phagophore is essential for expansion and also important to function
as a platform for recruitment of cargoes, which is mediated by autophagy receptors
[2].
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4.3 Autophagy Receptors for Degradation of Bacterial
Pathogens

Autophagy was first considered to be a bulk degradation pathway, but it is now
accepted that many autophagy receptors exist for recognition of distinct cargo sub-
strates. Based on the category of cargoes, several types of selective autophagy have
been found: aggrephagy (clearance of protein aggregates, mitophagy (clearance of
damaged mitochondria), ribophagy (clearance of excessive ribosomes), xenophagy
(clearance of invading pathogens), pexophagy (clearance of peroxisomes), ER-phagy
(clearance of endoplasmic reticulum), nucleophagy (clearance of nuclear envelope),
lipophagy (clearance of liposomes) [1]. Selective autophagy mediated by different
receptors plays an important role in maintaining intracellular homeostasis.

How is it achieved for selectively targeting different cargos (such as pathogenic
bacteria) by autophagy? One way is to tag the invading bacteria by ubiquitin chains
through different ubiquitin ligases. After the cargo bacteria get ubiquitinated, they are
recognized by several autophagy receptors. These receptor proteins serve as a bridge
between the cargo bacteria and LC3 on the membranes of the nascent autophago-
somes. Thus, these receptor proteins share three common feature domains: LC3 inter-
acting region (LIR) domain, oligomerization domain and ubiquitin moiety binding
domain [4, 41]. At present, there are at least four key autophagy receptors including
p62, NDP52, OPTN, and TAX1BP1. p62, also called SQSTM1, is the first molecule
identified to function as amammalian autophagy receptor. Initially, p62 is implied for
the function in selective autophagy degradation of ubiquitinated protein aggregates.
p62 interacts with several ubiquitin ligases such as TRIM50, TRAF6, and MURF2
that ubiquitinate substrates of p62 [52]. Notably, p62 also functions in pexophagy
and mitophagy. The role of p62 in antibacterial autophagy was first explored in elim-
inating the invading Salmonella Typhimurium [69]. Soon later, several other types
of bacterial pathogens including Shigella flexneri and Mycobacterium tuberculosis
were also found to be subject to selective autophagymediated by p62 [18]. It has been
found that p62 co-localizes with M. tuberculosis in host cells after its invasion and
controls its survival and replication inmacrophages. Consistently, knockdown of p62
upregulates the invasion and survival of infected M. tuberculosis in macrophages.
Besides, p62 also exerts a role in anti-inflammation through suppressing inflam-
matory responses induced by globular adiponectin [60]. In addition to p62 itself,
its modulating proteins are also found to be involved in xenophagy. For insistence,
TBK1 kinase can stimulate p62 function in bacterial autophagy through phospho-
rylation of Serine 403 at the UBA domain of p62. Such phosphorylation effectively
increases the function of p62 for clearance ofM. tuberculosis. p62 is also shown to be
activated through TAK1-mediated phosphorylation, which promotes the binding of
p62 with Keap-1 and finally inhibits inflammatory reactions induced by TLR, NLR,
or IL-1 cytokines [24].

NDP52 is an important autophagy receptor protein initially found in mitophagy
to maintain cell health by clearance of damaged mitochondria [26]. It was also found
to function in the regulation of bacterial invasion. NDP52 could transfer different
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types of bacterial pathogens such as Streptococcus pyogenes, Salmonella enterica,
and S. flexneri by autophagy for their selective degradation [36].

Because of the redundancyof receptors,more thanone receptor can target the same
bacteria to autophagosomes. It has been found that p62 and NDP52 together target
Shigella to autophagosomes, while p62 and NDP52 are recruited separately to Liste-
ria [24]. NDP52 could interact with all the human LC3 orthologs with a preference
for LC3C by its noncanonical LIR (CLIR) domain in antibacterial autophagy func-
tion. Ubiquitin ligase Parkin and TBK1 modify the function of NDP52 in bacterial
autophagy [26]. GTPase protein Rab35 has been found to control Group A Strepto-
coccus (GAS) degradation by autophagy through binding with NDP52 [36]. Besides,
NDP52 also functions in the downregulation of inflammation by inhibiting the
NF-κB signalling pathway. Optineurin (OPTN) is a 67 kDa size protein functioning
in various tissues and has several domains including C-terminal zinc-finger, leucine
zipper domain, an LIR domain, ubiquitin-binding UBAN domain, and coiled-coil
motifs that mediate its oligomerization [57]. OPTN is found to function as autophagy
receptor in mitophagy, aggrephagy, and xenophagy. Studies have found that OPTN
can restrict the growth of S. enterica upon invasion [32]. Similarly, TBK1 phospho-
rylates OPTN within its LIR domain at Ser-177 and regulates its activity in selec-
tive autophagy. Besides, OPTN can inhibit inflammation by negatively regulating
NF-κB signalling pathway [57]. In addition, OPTN also reduces ER-Stress in intesti-
nal cell by targeting IRE1-α for degradation, which inhibits the ER based inflam-
mation response [36]. On the other hand, OPTN mediates IRF3 activation, which
results in type I IFN production for bacterial clearance [56]. TAX1BP1, also called
CALCOCO3, is a closely related paralog of NDP52. Its function in xenophagy was
first demonstrated by its involvement in the autophagic clearance of S. typhimurium
[61]. The removal of the bacteria relied on the binding of TAX1BP1 to myosin motor
VI that functions in the fusion of autophagosomes with lysosomes [47]. TAX1BP1
overexpression in the heart alleviates inflammatory reaction, oxidative stress, and cell
apoptosis in Streptozotocin (STZ)-infection mouse models. It has been shown that
TAX1BP1 can interact withMAVS virus, which induces the recruitment of ubiquitin
ligase Itch to MAVS for its ubiquitination and degradation leading to restricted cell
apoptosis [9].

4.4 Bacterial Pathogens that are Regulated by Autophagy
upon Invasion

Although the exact mechanism of bacterial recognition by autophagy has not been
discovered clearly, it is known that these recognition processes depend on the ubiqui-
tination of the substrates [45]. Autophagy receptors including p62, NBR1, NDP52,
OPTN, and TAX1BP1 mentioned above are a subset of pattern recognition receptors
(PRRs). These receptors target ubiquitinated substrates to autophagosomes through
binding LC3 [12]. At present, it has become clear that autophagy has a crucial role
in the elimination of many types of pathogens [23].
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The capacity to degrade bacteria by autophagy was first demonstrated in GAS. In
2004, it was found that in GAS-infected HeLa cells, almost all of the bacteria were
recruited into autophagosomes. When autophagy was blocked in ATG5–/– cells, the
bacteria survived within the cells [38]. Interestingly, upon invasion, the CD46 recep-
tor could induce autophagy and GAS elimination by activating BECN1 and PI3 K
complex [55]. Upon invasion, bacteria are first targeted by endosomes, several Rab
GTPase family members that are found both in endocytosis and autophagy are found
to be involved in bacterial autophagy, such as Rab7, Rab23, and Rab9A [42]. Several
studies have shown that S. typhimurium is also a substrate of the autophagy pathway.
S. typhimurium is an intracellular bacterium that usually resides in a Salmonella-
containing vacuole (SCV) after invasion. In the cytosol, S. typhimurium is coated
with ubiquitinated proteins detected and bound by p62, which co-localizes with
LC3 and LAMP1 [59]. OPTN also plays an important role in the elimination of
S. typhimurium. The kinase TBK1, which functions in activation of the transcrip-
tion of type I interferons, could phosphorylate Serine177 of OPTN, thus enhances
the affinity of LC3 binding with OPTN. M. tuberculosis usually infects and sur-
vives in human alveolar macrophages. Upon invasion, M. tuberculosis could arrest
phagosome maturation and phagolysosomal fusion, which inhibits the processing
and presentation of bacterial antigens. In 2004, studies showed that autophagy could
efficiently inhibit the replication of M. tuberculosis in macrophages through elim-
ination [23]. Interestingly, it has been found that vitamin D, or 1, 25-dihydroxy
vitamin D (1,25D3), induces autophagy in human monocytes via the transcription
of BECN1. Recently, it was found that upon invasion, M. tuberculosis containing
phagosomes were highly labeled by LC3 and ATG12 [63]. Other than regulation
of bacteria by autophagy, certain bacteria could also inhibit autophagy. For exam-
ple, Legionella pneumophila could enhance the secretion of autophagosomes. Upon
invasion, Legionella is internalized into a phagosome, then autophagy proteins such
as ATG7 and LC3 are recruited and eventually facilitate the degradation of bacteria
in lysosomes. L. pneumophila could evade autophagy by the secreted effector pro-
tein RavZ. RavZ is an ATG4-like cysteine protease that could hydrolyze the amide
bond at the C-terminal of LC3 that is conjugated to phosphatidylethanolamine (PE)
[10]. Beside of L. pneumophila, S. flexneri is also found to interfere with autophagy
pathway. As a gram-negative pathogen, S. flexneri can escape from endosome upon
invasion and transfer into cellular cytosol. S. flexneri then secrets toxin factors such as
IcsB and IcsA (VirG) that can reduce binding of autophagy components like ATG5,
which eventually inhibits the recognition of bacteria by the autophagy [43]. Listeria
monocytogenes is an example of bacterial pathogen that can evade recognition by
autophagy upon invasion. At the first phase of infection by Listeria, autophagy func-
tions as host immune defense. In ATG5-deficient host cells, comparing to wild-type
cells, L. monocytogenes rapidly replicates in mouse embryonic fibroblasts, which
suggests a pivotal role for autophagy [49]. Listeria uses its surface-expressed ActA
and InIK proteins to prevent its ubiquitination and recruitment of autophagy recep-
tors such as p62 and NDP52 [15]. There are also certain bacteria that could exploit
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autophagic vacuole formultiplication, such asCoxiella burnetiid andPorphyromonas
gingivalis, two types of bacterial pathogens that are associated with cardiovascular
diseases [14, 51].

4.5 LC3-Associated Phagocytosis

Recently, a pathway named as LC3-associated phagocytosis (LAP) has been found
for the function of autophagy induced by bacterial invasion (Fig. 4.1). The detailed
mechanism of the LAP has not been completely understood yet. What is known at
present is that LAP uses several common components of the autophagy machinery
especially the LC3 conjugation system. For instance, the ubiquitin-like reaction sys-
tems for conjugation of LC3 to the membrane lipid PE, ATG12 conjugation system
consists of ATG7 (E1-like) and ATG10 (E2-like), the LC3 conjugation system of
ATG7 (E1-like), ATG3 (E2-like) and a complex of ATG16L1, ATG5, and ATG12
(E3-like as a complex), have been found to be similarly needed for LAP and canonical
autophagy [34]. However, there are also some differences in themolecularmachinery
betweenLAP and canonical autophagy. For example, canonical autophagy is induced
by the upstream kinases mTORC1 and AMPK by activating the initiation complex
composed of ULKs, FIP200, ATG13, and ATG101 [40]. By contrast, LAP is induced
with no necessity of this initiation complex [34]. Instead, LAP is induced by cellular
surface receptors such as TLRs, Dectin-1, Dectin-2, and Mac-1/CR3/integrin αmβ2

Fig. 4.1 Schematic overview of phagocytosis, canonical autophagy and LC3-associated
phagocytosis upon the invasion of bacterial pathogens. Left, upon invasion, extracellular bacteria
are recognized by specific surface receptors for phagocytosis. Middle, when pathogens evade from
phagocytosis, they are modified by ubiquitination and recognized by autophagy receptors for degra-
dation. Right, a noncanonical autophagy pathway called LC3-associated phagocytosis referred as
LAPosomes, during which LC3 can be recruited to phagosomes directly
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[25]. Both initiation complex and surface receptor activation (duringLAP) can induce
generation of themembrane phosphor-lipid PI3P at the target sites, which ismediated
by class III PI(3)K complexes (PI3 KC3) [3]. PI3 KC3 contains the core components
VPS34, VPS15, Beclin-1, and different Beclin-1 binding proteins. The LAP associ-
ated PI3KC3 contains UVRAG and Rubicon which is essential for PI3P formation
during LAP but negatively regulates canonical autophagy [29]. In the process of
canonical autophagy, a complex containing WIPI and ATG2 bind to the PI3P gener-
ated in the target site ofmembranes. TheWIPI-ATG2 complex then binds to PI3P and
ATG16L1, which helps recruit the LC3 conjugation systems, resulting in catalytic
linkage LC3 to the target membrane. For LAP pathway, ATG16L1 recruitment to the
PI3P-containing target membrane sites is also essential. The second big difference
in LAP and autophagy induction is that phagocyte oxidase Nox2 generated reactive
oxygen species (ROS) is specifically needed for LAP but not for autophagy [17].
To activate the production of ROS, Nox2 forms a catalytic complex with the cytoso-
lic subunits p67, p47, p40, and Rac1/2. Rubicon upregulates Nox2 activities [34]. At
the moment, how Nox2-derived ROS stimulates LAP is not clear at all.

The main function of the LAP pathway is to directly promote the fusion of phago-
somes with lysosomes for quick degradation of the cargo. For example, fusion of
phagosomes containing microbes like Aspergillus fumigatus, Legionella dumoffii,
and L. monocytogenes were efficiently targeted to lysosomes by LAP pathway [22].
Additionally, LAP also enhances the fusion with lysosomes of dead cells containing
phagosomal vesicles [33]. Moreover, LAP can also delay phagosome maturation,
which then results in enhanced antigen presentation by MHC II [53]. The molecular
mechanisms how LAP enhances its fusion with lysosomes are not well understood.
The fusion of vesicles with lysosomes relies on a number of factors such as mem-
brane lipid composition factors, combining machinery components Rab7, RILP,
PLEKHM1, and the HOPS-SNARE complex [39]. At present, the specific composi-
tion of membrane lipid of LAPosome is totally unknown. For fusion of LAPosomes
with lysosomes, LC3 proteins like the GABARAP family have been found to directly
bind and recruit PLEKHM1 which is an adapter protein needed for Rab7 and HOPS
complex recruitment to autophagosomes [35]. Another mechanism is that LAP can
promote phagosome fusionwith lysosomes through enhancement of specific SNARE
complex. The SNARE complex mediating fusion of phagosomes with lysosomes is
composed of STX17, SNAP29, VTI1b, and lysosomal membrane anchored VAMP8
[27]. The detail and clear verification of function LAP need further molecular and
genetic studies.

4.6 Conclusion

Upon invasion of bacterial pathogens, autophagy, both canonical and noncanonical
autophagy pathways are stimulated react for defense. The pathogens are eventually
eliminated in lysosomes transferred by autophagy process. Sensing the bacterial
pathogens upon invasion induces autophagy, especially noncanonical autophagy
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LAP, which is a quick and direct way from invasion to lysosomal degradation. The
escaped pathogens are again selectively targeted by autophagy through different
bridging receptors. Autophagy is also activated by pathogen invasion, to sequester,
degrade, and present antigens to host cells, leading to activated immune response
against invading bacteria. However, there are also harmful effects conferred by
autophagy on host cells. Through specific virulence factors, invading pathogens
can evade or inhibit autophagy, or even take advantage of autophagosome for
proliferation. Another thing is that in certain situations, over-enhanced autophagy
activity causes excess immune response and inflammation. Thus, autophagy plays an
important role in invaded host cells for the appropriate immune response to bacterial
pathogens, and clinical drugs are then expected based on autophagy for treatments
of various infectious diseases caused by bacterial pathogens.
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Chapter 5
Autophagy and Viral Infection

Jingrong Mao, Eena Lin, Lian He, Jiaming Yu, Peng Tan and Yubin Zhou

Abstract Autophagy is an intracellular recycling process that maintains cellular
homeostasis by orchestrating immunity upon viral infection. Following viral infec-
tion, autophagy is often initiated to curtail infection by delivering viral particles
for lysosomal degradation and further integrating with innate pattern recognition
receptor signaling to induce interferon (IFN)-mediated viral clearance. However,
some viruses have evolved anti-autophagy strategies to escape host immunity and
to promote viral replication. In this chapter, we illustrate how autophagy prevents
viral infection to generate an optimal anti-viral milieu, and then concentrate on how
viruses subvert and hijack the autophagic process to evade immunosurveillance,
thereby facilitating viral replication and pathogenesis. Understanding the interplays
between autophagy and viral infection is anticipated to guide the development of
effective anti-viral therapeutics to fight against infectious diseases.

Keywords Autophagy · Viral infection · Immune response · Viral replication

5.1 Introduction

Autophagy, an evolutionarily conserved degradative process, is required to main-
tain organismal homeostasis and promote the clearance of intracellular waste and
invading pathogens by the host immune system [76, 77]. Triggered by various physi-
ological processes, autophagy is a frequent by-product of infection due to the cellular
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stress caused by viral infection and replication [22, 93]. Autophagy is also selective
for the recognition and degradation of specific cargoes tagged by ubiquitination by a
group of E3 ligase family proteins such as the tripartite motif (TRIM) proteins [142].
Dependingon the cargos being sorted for destruction, selective autophagy canbe clas-
sified into mitophagy (damaged mitochondria), pexophagy (peroxisome), ribophagy
(ribosomes), ER-phagy (ER), glycophagy (glycogen), xenophagy (pathogens), and
lipophagy (lipid droplets) [119]. Specifically, the xenophagy, a type of selective
autophagy specifically senses intracellular microorganisms, including viruses, and
physically targets them to autophagosomes for further degradation [75]. Autophagy,
programmed to dispose of cytoplasmic components, is first activated by the innate
immune system to degrade and clear invading viruses [22, 34], and then facilitates
antigen processing followed by the induction of adaptive immune responses at later
stages of infection [22, 103, 114].

Although autophagy aims at clearances, some viruses, those persisting and adapt-
able ones, have evolved a variety of strategies to inhibit, escape ormanipulatemultiple
steps during autophagy to the elemental goal of survival and propagation. Physically,
these viruses settle down in the membrane-bound, the protected environment offered
by the autophagosome; and metabolically, they utilize autophagy-generated energy
and metabolites. In short, these viruses suppress the autophagic process to avoid
being degraded or use the autophagosome as the site for replication. Lipophagy,
another form of autophagy that degrades intracellular lipid droplets, can also be
manipulated by viruses [53]. Lipid droplets serve as a desirable platform for virion
assembly, and directly inducing lipophagy allows viruses to sustain the high ATP
levels needed for viral replication. In brief, current evidence supports the notion that
viruses have evolved strategies to either combat or exploit autophagy to benefit their
own life cycle and survival.

The viral proteins [19] (Fig. 5.1, Step 1) or any single step in the viral life
cycle, including virus attachment and entry, membrane fusion, exposure of viral
components and replication, may trigger autophagy [105]. We provide herein sev-
eral representative examples to illustrate how viruses induce autophagy at multiple
phases during infection (Fig. 5.1, Steps 2–5).

The very first chance for viruses to induce autophagy is through virion bind-
ing [20]. CD46 serves as the binding and entry receptor for the measles virus
(MeV) to induce autophagy by interacting with the phosphatidylinositol 3-kinase
(VPS34)/Beclin-1 complex through a scaffold protein Golgi associated PDZ and
coiled coilmotif-containing (GOPC) (Fig. 5.1, Step 2). This pathway is only sensitive
to vaccinal/attenuated strains that utilize CD46 to infect cells [59, 91, 96, 106, 112,
118]. In fact, MeV also activates autophagy by targeting an autophagy associated
protein, named as immunity-associated GTPase family M (IRGM) [45, 46, 107].

Autophagy can also be activated by viral membrane fusion. Human immunode-
ficiency virus type 1 (HIV-1) envelope glycoproteins (gp120 and gp41, called Env)
up-regulate autophagy with their fusogenic activity between HIV-infected cells and
uninfected CD4 T cells, which could be prevented by HIV fusion inhibitors T20 and
C34, leading to the cell death of uninfected T cells (Fig. 5.1, Step 3). There is not
much known about the specific pathways and mechanisms that make up this process,
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Fig. 5.1 Viral infection induces autophagy initiation. (1) Viral protein itself is able to trigger
autophagy. (2) The engagement of CD46, a ubiquitous human surface pathogen receptor for measles
virus (MeV) is sufficient to induce autophagy through a CD46-Cyt1/GOPC pathway. (3) Fusion
activity of the HIV-1 envelope glycoproteins gp120 and gp41 induce autophagy in uninfected
CD4 T cells through binding to CD4 and CXCR4, leading to HIV entry, T cell apoptosis, and
immunodeficiency. (4) The recognition process of certain viruses via TLR7 requires transport of
cytosolic viral replication intermediates into the lysosome by autophagy. (5) Chikungunya virus
(CHIKV)-triggered autophagy is mediated by the ER and oxidative stress pathways

although it hints that bioactive lipids involved in this fusion process and increased
reactive oxygen species (ROS) production may mediate the activation of autophagy
[33]. It is also important to note that the signaling activity of CD4 and CXCR4 are
not associated with autophagy activated by Env [33].

Events following the fusion initiate autophagy via distinct mechanisms. For
instance, the delivery of viral components into the cytosol can lead to cytosolic
pattern recognition receptor (PRR)-induced autophagy. This is best illustrated by
viral particles containing single-stranded RNA (ssRNA) such as vesicular stomatitis
virus (VSV): the cytosolic viral replication intermediates in VSV-infected plasma-
cytoid dendritic cells (pDCs) can be introduced and transported by autophagy to
lysosome compartment for the recognition by Toll-like receptor (TLR) 7, which
leads to the activation type I interferon (IFN) signaling and the production of IFN-α.
Atg5-deficient pDCs were not allowed to recognize VSV infection through TLR7,
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further demonstrating the critical step of VSV-induced autophagy in the host defense
of viral infection (Fig. 5.1, Step 4) [71].

Viral replication offers a distinct model of deterioration in homeostasis leading to
up-regulated autophagy [57]. One such example is the chikungunya virus (CHIKV)
whose replication competent form has been reported to promote autophagy through
endoplasmic reticulum (ER) stress and the generation of ROS [60]. ER stress is
thought to be activated via the accumulation of viral polyproteins [51], which trigger
the unfolded protein response (UPR) to restore homeostasis [51, 57]. In the case of
CHIKV, its replication promotes the activation of inositol-requiring Ser/Thr protein
kinase/endonuclease a (IRE-1a) pathway for provoking the UPR-elicited autophagy
through the splicing of X-box-binding protein 1. CHIKV replication also induces
increasedROSand reactive nitrogen species,which stimulates autophagyviaAMPK-
mediated inhibition of the mechanistic target of rapamycin complex 1 (mTORC1)
(Fig. 5.1, Step 5) [60].

In summary, multiple steps during virus infection can activate autophagy by sens-
ing of viral genomes or proteins, acting indirectly through cellular stress pathways
to modulate homeostasis, and/or directly interacting with autophagy regulatory pro-
teins.

5.2 Virus-Mediated Inhibition of Autophagy

Autophagy is a compilated but well-coordinated cellular event, which can be further
divided into the processes of induction, nucleation of the phagophore, elongation,
fusion, and degradation artificially [79]. Smart enough, viruses have evolved a variety
of strategies to escape or manipulate these autophagic processes to benefit their own
replication and propagation.

5.2.1 Inhibition of Autophagy Prior to the Initiation Phase

Mechanistic target of rapamycin (mTOR) works as a central homeostatic regulator
of cell growth by promoting anabolic–metabolic processes like nucleotide synthesis
and suppressing catabolic processes such as autophagy [64]. In light of the cen-
tral role of mTORC1 in the prevention of autophagy, it is by no means out of the
ordinary that some viruses have evolved tactics to boost mTORC1 activity, lead-
ing to the indirect suppression of the Beclin-1/PI3KIII complex and subsequent
autophagy. HIV-1, whose envelope activates the mTOR pathway in dendritic cells
(DCs), causes autophagy exhaustion [12]. Fusion-defective HIV-1 and CD4 ago-
nist antibodies recapitulate these discoveries, underlining that HIV-1 might well
suppress autophagy preceding viral entry (Fig. 5.2). Furthermore, the v-G protein-
coupled receptor (v-GPCR), a Kaposi’s sarcoma-associated herpesvirus (KSHV)
protein, activates the mTOR pathway to negatively regulate autophagy (Fig. 5.2) [8].
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Aside from activating mTOR, v-GPCR is able to mimic the cellular homolog GPCR
and down-regulates autophagy via suppressing ATG14L expression (Fig. 5.2) [152].
Interestingly, Beclin-2 may affect the v-GPCR protein level, enhancing its endolyso-
somal degradation [37].

5.2.2 Inhibition of Vesicle Nucleation

Nucleation of the phagophore is impelled by the induction of the Beclin-1/PI3KIII
complex. Herpes simplex virus type 1 (HSV-1) encodes the neurovirulence factor
ICP34.5 that binds to Beclin-1 and suppresses autophagy (Fig. 5.2) [100]. Human
cytomegalovirus (HCMV) encodes a functional homolog of ICP34.5 called TRS1
that works against autophagy as well (Fig. 5.2) [17]. Unlike ICP34.5, the PKR bind-
ing domain of TRS1 is irrelevant to autophagy inhibition. Instead, TRS1 interacts
with Beclin-1 through its N-terminal region, and this binding is indispensable to
suppress autophagy. Besides TRS1, IRS1, another protein encoded by HCMV, has
also been proven to inhibit autophagy by interacting with Beclin-1(Fig. 5.2) [95].
A myriad of viruses encode viral BCL-2 (vBCL-2), a protein mimicking its cellular
counterpart (cBCL-2), and inhibit autophagy by directly interacting with Beclin-1
[104]. Biochemical and structural analyses showed that, compared with cBCL-2,
vBCL-2 lacks the regulatory loop of cBCL-2, which is required for its phospho-
rylation by JUN N-terminal kinase (JNK). As a result, the association of cBCL-2
with Beclin-1 segregates Beclin-1 from the autophagy initiation complex, thereby
attenuating the autophagosome formation [67, 149]. Human gamma-herpesvirus 4
(Epstein–Barr virus, EBV) encodes BHRF1 and BALF-1, two ortholog proteins of
cellular Bcl-2, but their inhibitory effects on autophagy remain unclear [3]. Most
members of the gamma-herpesvirus family encode and express vBcl-2 during their
productive lytic infection process. For example, KSHV and murine γ-herpesvirus
68 (MHV68) use ORF16 and M11 to antagonize autophagy (Fig. 5.2) [30]. These
studies have collectively illustrated that vBCL-2 has evolved to become a highly
mighty autophagy suppressor.

5.2.3 Inhibition of Vesicle Elongation and Autophagosome
Formation

KSHV encodes a homolog of the cellular FLICE-like inhibitor protein (FLIP; also
known as ORF71), called vFLIP, that prevents ATG3 from binding to and processing
LC3 in the autophagosome elongation process (Fig. 5.2) [72]. HSHV also expresses
K7 that boosts the Rubicon–Beclin-1 interplay to attenuate the enzymatic activity
of VPS34, thus hampering the fusion of autophagosomes with lysosomes (Fig. 5.2)
[80].
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�Fig. 5.2 Viral infection suppresses autophagy. Viruses have evolved a variety of strategies to
escape or manipulate autophagic steps to benefit their own survival. HIV-1 envelope up-regulates
the mTOR pathway in DCs, resulting in autophagy exhaustion which promotes cell-associated
HIV-1 and transfer of HIV-1 infection to CD4 T cells. KSHV viral protein, v-GPCR which also
modulates the mTOR signaling pathway. Besides activatingmTOR, v-GPCR canmimic the cellular
homolog GPCR and suppress autophagy by blocking the expression of ATG14L. ICP34.5 encoded
by HSV-1, binds to Beclin-1 and inhibits autophagy function. And the mutant HSV-1 virus lacking
the Beclin-1-binding domain of ICP34.5 cannot block autophagy in neurons. HCMV proteins,
TRS1 and IRS1, suppress autophagosome biogenesis by interacting with Beclin-1. In addition,
the anti-apoptotic protein, Bcl-2, interacts with the evolutionarily conserved autophagy protein,
Beclin-1. The majority of members of the gamma-herpesvirus family encode and express vBcl-2,
their cellular counterparts (cBCL-2), and inhibit autophagy by directly interacting with Beclin-1.
Like KSHV encodes orf16 and MHV-68 produces M11. There is a checkpoint of the autophagy
pathway in which cellular and KSHV FLIPs limit the Atg3-mediated step of LC3 conjugation
to regulate autophagosome biogenesis. In addition, KSHV K7 protein interacts with the Rubicon
autophagy protein and blocks the autophagosomematuration step by suppressing VPS34 enzymatic
activity. Red line, inhibition; green line, promotion

5.3 Autophagy as a Mechanism of Promoting Virus
Replication

Double-membrane compartments formed in autophagy serve as an excellent physical
platform for viral replication, as they concentrate essential intermediates locally and
prevent viral RNAs fromdetectionwith innate immune sensors and degradation. This
phenomenonwas first observed over three decades ago [9, 21, 40]. It is also important
to note that RNA viruses are among the most frequent “hackers” of autophagy to
promote their own replication.

5.3.1 (+) ssRNA Viruses

Studies have illustrated the accumulation of double-membrane vesicles (DMVs) fol-
lowingpicornaviral infection.These smallRNAviruses take advantage of autophago-
somes as membrane scaffolds for their own RNA assembly and replication [2, 55,
148].Moreover, the role of the autophagymachinery in inducing the non-lytic release
of picornaviruses has emerged. Picornaviruses, a group of non-enveloped viruses,
are conventionally thought to exit infected cells only through cell rupture. However,
growing evidence shows that picornaviruses, including poliovirus (PV) and cox-
sackievirus, are able to spread in a non-lytic manner among cells via extracellular
microvesicles (EMVs), including autophagosome derived EMVs (Fig. 5.3) [11, 18,
41, 113]. These viruses also acquire a defensive advantage by cloaking inside the
host-derived vesicles to protect themselves against host immune assaults.

The very first representative to show the benefits that viruses receive from remold-
ing intracellular membranes is PV. Current evidence suggests that rapamycin, which
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induces autophagy, up-regulates poliovirus replication, while the silencing of some
key genes of autophagosome formation down-regulates it [55]. PV is able to activate
the formation of autophagosome-like membranes for RNA replication, virion matu-
ration, and non-lytic viral spread [11, 55, 111]. A further study has shown that the
PV protein, 2BC, alone is adequate for inducing the lipidation of LC3 but not for the
construction of autophagosomes [139]. Nonetheless, the co-expression of both 2BC
and 3A is able to promote the formation of DMVs containing markers of autophago-
somes (Fig. 5.3) [55, 111, 131, 139]. Additionally, a recent study revealed that the
ULK1 complex is non-essential for PV-induced autophagy [24].

Coxsackievirus B3 (CVB3) is in the same Picornaviridae family as PV. The
mechanisms by which picornaviruses use to exploit autophagy for their benefits
are still unclear. Whether picornaviral infection results in incomplete versus com-
plete autophagy is disputable. Several studies have shown that CVB3 infection
restricts the fusion of autophagosomes with lysosomes, leading to the production
of giant autophagy-related vesicles during infections [63, 113, 148]. By contrast,
another report suggests that CVB3 prompts complete autophagy [121]. A third
recently published study showed that CVB3 infection compromises the
autophagosome-lysosome/endosome fusion and, at least in part, promotes the
accumulation of autophagosomes [94]. A new mechanism has been proposed:
synaptosomal-associated protein 29 (SNAP29) and adaptor protein pleckstrin homol-
ogy domain-containing protein family member 1 (PLEKHM1), known as regulators
in autophagosome fusion, are both indispensable to the accumulation of autophago-
somes. By cleaving SNAP29 and PLEKHM1 with proteinase 3C, CVB3 curtails
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�Fig. 5.3 Viruses manipulate autophagy to promote their replication. Double-membrane vesi-
cles (DMVs), following picornaviral infection, furnish the virus an excellent physical platform for
viral RNA assembly and replication. And some picornaviruses, such as PV and coxsackievirus, can
spread via extracellular microvesicles (EMVs) in a non-lytic manner between cells. The poliovirus
triggeredmembranes can be specifically induced by the co-expression of two viral proteins, 2BC and
3A.HCV infection prompts the expression of Rubicon andUVRAG,which separately increases and
decreases the maturation of autophagosomes. And Rubicon can be triggered by HCVNS4B protein
alone. IRGM, known to contribute to autophagy, is localized at the Golgi apparatus and regulates
the fragmentation of Golgi membranes in response to HCV infection, resulting in co-localization
of Golgi vesicles with replicating HCV. Non-structural viral proteins 2B, 2C and 3A with LC3 and
viral structural protein VP1 with Atg5, and LC3 with LAMP-1 co-localize in FMDV-infected cells.
DENV stimulates and needs AMPK signaling and AMPK-independent suppression of mTORC1
activity for proviral lipophagy. ZIKVNS4AandNS4B, down-regulate cooperatively theAkt-mTOR
pathway and induce cellular dysregulation. ZIKV NS3-mediated cleavage of FAM134B blocks the
formation of ER and viral protein enriched autophagosomes, and the reticulophagy pathway further.
As for HIV, nondegradative stages of autophagy promote its yields at early stage; HIV Gag-derived
proteins bind to and interact with LC3, and autophagy enhances productive Gag processing. And
when autophagy progresses to the maturation stages, HIV protein Nef plays as an anti-autophagic
maturation factor by the interaction with the autophagy regulatory factor Beclin-1, which pro-
tects HIV from degradation. The dual and delicate interaction of HIV with the autophagy pathway
enhances viral yields by utilizing the early stages while inhibiting the late stages. SARS-CoV and
MHV, activate the formation of DMVs. And MHV utilizes the pathway of EDEMosome forma-
tion to generate the DMVs. IAV M2 interacts with LC3 and leads to LC3 re-localization. And a
highly pathogenic avian H5N1 strain of IAV is able to block mTOR, activating autophagy. HPIV3
induces incomplete autophagy by blocking autophagosome-lysosome fusion, leading to increased
virus production. The viral phosphoprotein binds to SNAP29 and suppresses its interaction with
syntaxin17, therefore preventing these two host SNARE proteins from mediating autophagosome-
lysome fusion. Matrix protein of HPIV3 shuttles to mitochondria and interacts with TUFM. The
interaction betweenM and the LC3 protein that mediates autophagosome formation. These interac-
tions with both TUFM and LC3 are required for the induction of mitophagy and result in inhibition
of the type I interferon response. In RV-infected cells, RV NSP4 co-localized with LC3 in cap-like
structures associated with viroplasms. And NSP4 enhances the release of calcium from the ER into
the cytoplasm, leading to CaMKK-β signaling to trigger autophagy. HBV HBx maintains inter-
relationships with PI3KC3 and DAPK, and directly activates Beclin-1 to trigger autophagy. EBV
LMP1 up-regulates PERK and the unfolded protein response to drive its own synthesis

autophagic flux and the resulting impaired versions of SNAP29/PLEKHM1 prompt
viral replication [94].

Hepatitis C virus (HCV) induces autophagy by promoting the accumulation of
autophagosomes and utilizing autophagosomal membranes as the spot for its RNA
replication [1, 38, 122]. However, it is still controversial whether HCV is able to effi-
ciently prompt the fusion between autophagosomes and lysosomes. Several studies
lean toward the viewpoint that HCV induces autophagosome formation but obstructs
the fusion to benefit viral replication and to prevent virion degradation [126, 127,
136]. For example, Sir et al. demonstrated that HCV induces the accumulation of
autophagosomes without causing autophagic protein degradation in cells, and this
inducement relies on UPR [126]. Dreux et al. suggested that the autophagy pathway
is required for the translation of incoming HCV RNA but not for the maintenance of
replication [39]. In contrast, Ke et al. found that the entire autophagic process used to
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complete autolysosome maturation is essential for supporting HCVRNA replication
[62]. Nevertheless, during the early stage of infection, the HCV RNA-dependent
RNA polymerase NS5B binds to ATG5, meaning that HCV utilizes ATG5 as a
proviral factor at the onset of infection. The resultant downregulation of autophagy
via ATG5 silencing obstructs HCV replication and persistence (Fig. 5.3) [47]. Two
autophagy regulatory proteins, ultraviolet radiation resistance-associated gene pro-
tein (UVRAG), and Rubicon, expressed with different kinetics upon HCV infection
activate and suppress the maturation of autophagosomes (Fig. 5.3). HCV is capable
of temporally regulating autophagy by inducing the expression of these two proteins
differentially to enhance its replication [145]. The early induction of Rubicon by
HCV suppresses the fusion between autophagosomes and lysosomes, as a result of
the accumulation of autophagosomes and encouragement of HCV replication [145].
Additionally, immunity-related GTPase familyM protein (IRGM), an IFN-inducible
GTPase, has been reported to regulate autophagy and the development of a variety of
intracellular membrane compartments [46]. Upon HCV infection, IRGM interacts
with Golgi apparatus-specific brefeldin A-resistance guanine nucleotide exchange
factor 1 (GBF1) and facilitates AMPK-mediated GBF1 phosphorylation, thus acti-
vating GTPase ADB ribosylation factor 1 (ARF1) for Golgi apparatus fragmentation
and coordinating viral replication (Fig. 5.3) [49]. Furthermore, the IRGM-mediated
phosphorylation of ULK1 is triggered by HCV infection [16]. The sum of evidence
points to the fact that HCV dynamically modulates autophagy to promote viral repli-
cation (Fig. 5.3).

Similarly, Foot-and-mouth disease virus (FMDV) leads to ATG5-dependent
autophagosome formation as well as the redistribution of LC3 to punctate vesicles.
The PI3K activity of VPS34 is non-essential for this induction and occurs very early,
as ultraviolet-inactivated FMDV is still able to provoke the autophagosome formation
[6]. In addition, co-localization of viral non-structural proteins 2B, 2C, and 3A with
LC3 was observed and autophagosomes induced by FMDV contained VP1, the viral
capsid protein, which co-localizes with p62, suggesting that autophagosome forma-
tion is activated at FMDV entry (Fig. 5.3) [97]. A recent study offered evidence that
the expression of FMDV capsid protein VP2 is able to induce autophagy through
the EIF2S1-ATF4-AKT-mTOR cascade. VP2 was found to interact with HSPB1
(heat shock protein beta-1) and up-regulate the EIF2S1-ATF4 signaling, leading to
autophagy and enhanced FMDV replication [135].

Dengue virus (DENV) has been reported to activate the proliferation of LC3-
containing membranes [73, 92]. Using 3-methyladenine or spautin-1, two autophagy
inhibitors affect DENV infection [52, 89]. Lipophagy, a form of autophagy, regu-
lates the storage of cellular lipids by lysosomal degradation [84, 124].Within starving
cells, lipophagy breaks down lipid droplets (LDs), in which the eukaryotic cells stock
lipids to provide mitochondria with fatty acids, which are oxidized to create acetyl-
CoA [84]. Viruses can also take advantage of lipophagy for their own benefits. The
number of LDs is increased in DENV-infected cells, and in turn, the inhibition of
LD formation remarkably damages DENV replication. Viral capsid proteins are con-
tained in these LDs, which means that these DENV-induced LDs offer a platform for
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nucleocapsid formation aswell as viral replication [117].Moreover, lipophagy is acti-
vated in DENV-infected cells; and the stored triglycerides are depleted. β-oxidation
and energy production are increased in this process, which creates a seedbed of viral
replication. If exogenous free fatty acids are added into autophagy-deficient cells,
DENV replication will be rescued. Etomoxir, a drug that blocks fatty acid transport
into the mitochondria, will prevent it [52]. So, the quantity of free fatty acids and
ATP released by lipophagy may be required for DENV replication and persistence.
Moreover, DENV inducesAMPKkinase activity, which prohibitsmTORC1, and this
modulation is crucial for virus-induced lipophagy (Fig. 5.3) [58]. Recently, AUP1,
a lipid droplet-localized type-III membrane protein with dual localization marks for
LDs and ER, was shown to be utilized by DENV to trigger lipophagy. Interaction of
unmodified AUP1with the viral non-structural proteins NS4A and NS4B in DENV-
infected cells triggers the acyltransferase activity of AUP1, generating phospholipids
as the source of membrane components necessary for lipophagy formation and sub-
sequent viral replication [151]. This mechanism seems to be a general phenomenon
in flaviviruses and underlies the key role of post-translational modifications during
viral infections [151].

Zika virus (ZIKV) has been found to induce the formation of LC3-containing
membranes as well [81]. Moreover, the spread of ZIKV might be up-regulated by
noncanonical secretory autophagy, as it is for PV and CVB3 [153]. In human neural
progenitor cells ER rearrangement and the formation of vesicular clusters in ZIKV
infection were thought to be the sites for viral RNA replication and virion assem-
bly [25, 98]. In ZIKV-infected primary fibroblasts, multi-membrane structures are
formed resembling autophagic vesicles [48]. In addition, increased lapidated LC3
in ZIKV-infected placentae and decreased viral titers in ATG16-deficient mouse
fetuses both work in favor of the proviral role of autophagy [15]. Zika virus (ZIKV)
utilizes the ER as a source of membranes to establish their viral replication, assembly
and maturation. A selective form of ER degradation by autophagy, or reticulophagy
has evolved in the host to restrict DENV and ZIKV, mediated by an ER-resident
reticulophagy receptor FAM134B [7]. The virally encoded proteases NS3 in several
flaviviruses including ZIKV, DENV, andWest Nile Virus (WNV) cleaves FAM134B
to suppress the formation of ER and viral protein enriched autophagosomes, as a
strategy that viruses manipulate autophagy for their replication (Fig. 5.3) [74]. Fur-
thermore, upon ZIKV infection in fetal neural stem cells AKT phosphorylation and
subsequent mTOR activation will be inhibited through the viral protein NS4A and
NS4B, which leads to the aberrant activation of autophagy and defective neurogen-
esis, thus promoting viral replication (Fig. 5.3) [81].

HIV skillfully manipulates the autophagy process by utilizing its two proteins to
interact with two different autophagic factors separately. On the one hand, HIV Gag-
derived proteins co-localizewith and bind toLC3, and autophagy supports productive
Gag processing in early and nondegradative stages of autophagy to promote HIV
yields (Fig. 5.3). On the other hand, when autophagy enters its maturation stages,
HIV protein Nef serves as an anti-autophagic maturation factor through interactions
with Beclin-1, thus protecting HIV from degradation. Therefore, the perturbation of
the early and late stage of autophagy process promotes HIV survival and replication
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[68]. However, during permissive infection, HIV attenuates autophagy in order to
avoid proteolytic degradation. Normally, mTOR phosphorylates transcription factor
EB (TFEB) and restricts its translocation by favoring its retention within the cytosol.
WhenmTOR is suppressed, TFEBgets dephosphorylated and is allowed to transfer to
the nucleus, where it can promote autophagy and lysosomal gene expression. Within
infected macrophages, the interplay between HIV and TLR8 activates autophagy,
which relies on the dephosphorylation and nuclear translocation of TFEB. During
permissive infection, Nef interacts with Beclin-1, leading tomTOR activation, TFEB
phosphorylation, and cytosolic sequestration, aswell as the suppression of autophagy
[14].

5.3.2 (–) ssRNA Viruses

Upon infection, Coronaviruses (CoVs) like the severe acute respiratory syndrome
coronavirus (SARS-CoV) andmouse hepatitis virus (MHV) activate the formation of
DMVs in host cells and target their replication and transcription complexes (RTCs)
on the DMVs-limitingmembranes [31, 43, 116]. However, the exact derivation of the
DMV lipid bilayers, the host protein content, and the identification of the cellular fac-
tors essential for DMVs formation remains unclear [66]. The probable participation
of autophagy in the conversion of host membranes into DMVs has been reported
[26, 87, 134]. The precise mechanisms that explain why CoVs limits subsequent
autophagosome expansion are still a mystery. The non-structural protein 6 (NSP6)
has been reported to trigger the autophagic pathway and limit autophagosome expan-
sion to favor CoVs infection [26, 27]. Atg5, according to a study, is non-essential for
MHV replication [154]. Contradictory evidence showed either the presence [108,
154] or the absence [31, 129] of LC3/Atg8 on DMVs. Another theory about the
origin of virus-induced DMVs suggests that these DMVs are part of a reticulovesic-
ular network of modified ER membranes and contain dsRNA in their interior, which
came from a natural and intuitive analysis of SARS-CoV and MHV-infected cells
via electron tomography [66]. This idea has been supported by several findings [50,
61, 99]. NSP4, when separately expressed, was shown to localize to the ER and then
translocate to the DMVs upon infection [99]. But the deficiency of ER, ER-Golgi
intermediate compartment (ERGIC), or Golgi protein markers within CoV-induced
DMVs might well mean that their biogenesis does not rely on the traditional path-
way [99, 129, 143]. Of special interest is a study that determined MHV hijacks the
pathway of EDEMosome (a vesicle involved in ER-associated degradation, ERAD)
formation to generate the DMVs (Fig. 5.3). In doing so, MHV trapped two ERAD
regulatory proteins into the DMVs, and therefore, exploited the ERAD pathway for
viral replication [109]. In addition, this study also revealed an autophagy-independent
role for nonlipidated LC3-I [109].

Influenza A virus (IAV) infection also triggers the accumulation of autophago-
somes for viral replication [157]. IAV Matrix 2 (M2) ion-channel protein is credited
with the manipulation of autophagy, which blocks the fusion of autophagosomes
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with lysosomes [42]. Further study showed that M2 hijacks autophagy with its LC3-
interacting region [4]. M2 interacts with LC3 and induces LC3 re-localization to
the plasma membrane, and disruption of this interaction down-regulates virion bud-
ding and stability (Fig. 5.3). Another protein, NS1 triggers autophagy by promot-
ing the synthesis of hemagglutinin (HA) and M2 [155]. Recently, IAV M2 protein
was reported to interact with MAVS and positively regulate MAVS-mediated innate
immunity. Moreover, ROS production induced by M2 is pivotal for the activation
of autophagy and the amplification of the MAVS signaling pathway [146]. In addi-
tion, a highly pathogenic avian H5N1 strain of IAV is able to activate autophagy by
inhibiting mTOR [85].

Humanparainfluenza virus type 3 (HPIV3) suppresses autophagosomematuration
as well as triggers the accumulation of autophagosomes [35]. HPIV3 phosphoprotein
(P) binds to the SNARE domains of SNAP29 and blocks the interaction between
STX17 and SNAP29, which eventually prevents autophagosome-lysosome fusion
(Fig. 5.3) [35]. In addition, the matrix protein (M) of HPIV3 interacts with TUFM
and binds LC3 to trigger TUFM-mediated mitophagy (Fig. 5.3), a form of autophagy
that selectively removes damaged mitochondria and suppresses the subsequent IFN
response. These findings suggest that a viral protein is enough to activate mitophagy
via bridging autophagosomes and mitochondria [36].

5.3.3 dsRNA Viruses

Within rotavirus (RV)-infected cells, NSP4, whose appearance relies on the intracel-
lular calcium levels co-localizes with LC3 on viroplasms, sites of viral genome repli-
cation and immature particle assembly [5]. Further study found that NSP4 activates
the release of calcium from the ER into the cytoplasm, inducing calcium/calmodulin-
dependent kinase kinase-β (CaMKK-β) signaling to trigger autophagy (Fig. 5.3) [28,
29]. Besides CaMKK-β signaling, a mutually complementary mechanism about a
new small RNA was found in RV-initiated autophagy. RV-vsRNA1755 encoded by
the NSP4 gene targets the host cell IGF1R which is the part of the PI3K/Akt/mTOR
signalingprocess. In the initial stage of infectionRV-vsRNA1755activates autophagy
by obstructing induction of the mTOR pathway [156].

5.3.4 dsDNA Virus

Hepatitis B virus (HBV) has been shown to induce autophagy whether it is in its pro-
ductive or nonproductive cycles making autophagy vital for its replication [125, 128,
140]. Hepatitis B x protein (HBx) has been linked to an extraordinarily diverse group
of pathways, like ones that maintain interrelationships with PI3KC3, or the ones
that induce death associated protein kinase (DAPK) in a way that involves Beclin-1
[150], or the ones that directly activateBeclin-1 expression [137] to trigger autophagy
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(Fig. 5.3). Another one of its encoded proteins SHBs, can induce autophagy as well
[78]. As an intermediate process, the accumulation of autophagosomes mirrors the
balance between the rate of their generation and conversion into autolysosomes. Tang
et al. suggested the view that HBx, at the initiation stage of autophagic progression
triggers autophagy in a Beclin-1-dependent fashion (Fig. 5.3) [137]. Wang et al. sug-
gested that HBV induces autophagy at the initiation stage by the interaction of HBx
and c-myc to influence miR-192-3p-XIAP, which in turn regulates Beclin-1 [144].
Meanwhile, Liu et al. revealed that in the late phase of autophagy HBx induces the
formation of autophagosomeswhere HBx evidently damages the lysosomal degrada-
tive ability [83]. And they partly supported the conclusion of Sir et al., which stated
that HBx is enough to induce autophagosomes [83].

It has also been reported that human gamma-herpesvirus 4 (Epstein–Barr virus,
EBV) employ several strategies to interact with autophagic proteins and favor their
own survival [23, 90, 123]. Specific autophagy inhibitors are able to encourage
EBV lytic replication and might very well influence its oncogenesis [32]. The six-
transmembrane spanning domains (6TM) of LMP1 up-regulate PERK, resulting in
UPR-mediated autophagy (Fig. 5.3) [69, 70]. Moreover, EBNA1-fragments instead
of EBNA3C and EBNA2 are presented via MHC class-II through the autophagy-
lysosomal process [138]. And, the accumulation of EBNA1 in autophagosomes sup-
presses the lysosomal acidification, resulting in a reduction of EBNA1-antigen pre-
sentation for CD4+ T lymphocytes recognition [138]. In summary, these findings
illustrated that EBV latent antigens hijack autophagy and subsequently influence
B-cell lymphomagenesis.

The first study aiming at understanding the implication of autophagy on KSHV
replication was performed by Wen et al., who believed that KSHV replication and
transcription activator (RTA) enhances autophagy activation to facilitate KSHV lytic
replication [147]. Later on, Granato et al. confirmed the function of autophagy in
provokingKSHVreplication triggered byRTAaswell as butyrate combination (T/B),
which revealed that the last autophagic steps are suppressed [44].

5.4 Autophagy-Mediated Restriction of Viral Replication

As a piece of vital machinery that responds to environmental stresses rapidly, it is not
shocking that autophagy plays a pivotal role in both innate and adaptive immunity
to keep cellular homeostasis [114]. But, here, we illustrate that autophagy restricts
viral replication by degrading viral components, viral particles or even host fac-
tors required for viral replication rather than cooperating with innate and/or adap-
tive immunity. This process of autophagy targeting individual viral components for
degradation is termed virophagy [102]. It’s important to note that virophagy targets
neosynthesized viral components, while xenophagy targets entire viral particles [86].

Core proteins for HCV virion particles assembly and release are mainly localized
within the ER [56]. Overload of HCV in infected cells induces ER stress-associated
HPR and subsequent autophagy activation to promote viral replication [62]. The
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abilities of HCV to evade autophagic destruction and make use of autophagy for
its own benefit have been extensively studied. However, a recent study highlights
that an IFN-β-inducible SCOTIN (ER-resident protein, also named SHISA5) recruits
HCVnon-structural protein 5A (NS5A) to autophagysome for degradation, thereafter
suppressing HCV replication (Fig. 5.4) [65].

Upon the Sindbis virus (SINV) infection, Beclin-1 was and Atg5 were reported
to protect the host from SINV-mediated encephalitis [82, 101]. Interestingly, knock-
down of p62 or other autophagy-related genes up-regulates viral capsid accumulation
and progresses virus-induced cell death without influencing virus replication [101].
AnE3-ubiquitin ligase, SMURF1 is indispensable for the co-localization of the SINV
capsid protein with p62; this interaction advances virophagy by allowing the move-
ment of the SINV viral capsid to autophagosomes [102]. The Fanconi anemia group
C protein (FANCC) was also reported to interact with the SINV capsid protein and
enhance virophagy [132, 133]. The fact that SMURF1 and FANCC target HSV-1
for virophagy as well and suggests that they often function as virophagic factors
(Fig. 5.4) [133].

Picornaviruses are sensed by galectin 8which restricts viral infection by triggering
the autophagic degradation of the viral RNA genome [130]. When poliovirus pierces
the endosomal membrane to dump its genome into the cytoplasm, β-galactosides are
exposed and activate galectin 8which results in the detection of punctured endosomes
and marks them for further autophagic degradation. Poliovirus, in turn, utilizes the
host protein HRAS-like suppressor 3 (PLA2G16) to escape this detection and help
genome delivery. Coxsackievirus B3 (CVB3), another picornavirus cleaves p62 and
inhibits virophagy by hijacking the viral protease 2A (Fig. 5.4) [120].

HIV-1 is subjected to autophagic degradation as well. In order to surmount innate
immunity, the virion infectivity factor (Vif) induces the degradation of an HIV-1
restriction factor APOBEC3G favoring the HIV replication [88]. However, histone
deacetylase 6 (HDAC6), in turn, forms a complex with APOBEC3G and provokes
autophagy-dependent Vif degradation which down-regulates HIV-1 replication
(Fig. 5.4) [141]. Moreover, within CD4+ T cells the transactivator Tat, a protein
that promotes viral transcription was selectively degraded by autophagy [115]. In
Langerhans cells, which are dendritic immune skin cells, HIV was degraded by the
restriction factor tripartite motif-containing protein 5α (TRIM5α) and its ability to
regulate the assembly of autophagy activating complexes (Fig. 5.4) [110].

Autophagy also possesses anti-viral capabilities independent of its role in degra-
dation. For mouse norovirus (MNV) infection in vivo, the ATG5/ATG12/ATG16L1
complexplays a key role in autophagosome formation and is essential for IFNγ-
mediated anti-viral defense [54]. In ATG16L1 hypomorphic mice, MNV infection
induced a phenotype that resembled Crohn’s disease [13]. Interestingly, the ini-
tiation, fusion, and degradative activities of autophagy were indispensable; while
IFNγ-inducible GTPases, which were targeted to MNV replication complexes by
LC3 suppressed viral replication [10].
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Fig. 5.4 Autophagy-mediated restriction of viral replication. HCVNS5A protein interacts with
the IFN-β-inducible protein SHISA5, which transfers NS5A to autophagosomes for further degra-
dation. SMURF1 is indispensable for the co-localization of the SINV capsid protein to p62, which
prompts virophagy by shuttling the viral capsid to autophagosomes. FANCC also interacts with
SINV capsid protein (not known to be ubiquitinated) and enhance virophagy. Poliovirus breaks the
endosomalmembrane and releases its genome into the cytoplasm, andGalectin-8 detects the perme-
ated endosomes and marks them for autophagic degradation, but PLA2G16 facilitates viral genome
translocation and prevents clearance. Upon HIV viral fusion, TRIM5α induces the recruitment of
Atg5 to the TRIM5α–Atg16L1–HIV-1p24 capsid complex, promoting lipidation of LC3 (LC3 II)
and thereby mediating autophagosome formation. HIV Vif interacts with the HD6A/APOBEC3G
complex to induce its rapid degradation. Autophagy selectively degrades the HIV-1 transactivator
Tat, a protein that is essential for HIV-1 transcription and virion production
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5.5 Conclusion

The control of viral infection by autophagy is a multi-faceted, dynamic physio-
logical, and pathological process. On one hand, autophagy destructs viruses, regu-
lates inflammatory responses, and provokes antigen presentation. On the other hand,
viruses try all means to enhance their immune escape, replication, and release from
infected cells by sabotaging or taking advantage of autophagy. Different virus finds
its own strategies to survive the autophagic destruction while secures the membrane
source provided by autophagy for viral replication. In summary, autophagy and viral
infection are highly connected and continuing investigations on the virus autophagy
interplays will be a fruitful area of scientific inquiry for many years to come.
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Chapter 6
The Interplay Between Pattern
Recognition Receptors and Autophagy
in Inflammation

Yun Zhu, Jian Deng, Mei-Ling Nan, Jing Zhang, Akinkunmi Okekunle,
Jiang-Yuan Li, Xiao-Qiang Yu and Pei-Hui Wang

Abstract Pattern recognition receptors (PRRs) are sensors of exogenous
and endogenous “danger” signals from pathogen-associated molecular patterns
(PAMPs), and damage associated molecular patterns (DAMPs), while autophagy
can respond to these signals to control homeostasis. Almost all PRRs can induce
autophagy directly or indirectly. Toll-like receptors (TLRs), Nod-like receptors
(NLRs), retinoic acid-inducible gene-I-like receptors (RLRs), and cyclic guanosine
monophosphate–adenosine monophosphate synthase (cGAS)-stimulator of inter-
feron genes (STING) pathway can induce autophagy directly through Beclin-1 or
LC3-dependent pathway, while the interactions with the receptor for advanced glyca-
tion end products (RAGE)/highmobility group box 1 (HMGB1), CD91/Calreticulin,
and TLRs/HSPs are achieved by protein, Ca2+, and mitochondrial homeostasis.
Autophagy presents antigens to PRRs and helps to clean the pathogens. In addition,
the induced autophagy can form a negative feedback regulation of PRRs-mediated
inflammation in cell/disease-specific manner to maintain homeostasis and prevent
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excessive inflammation. Understanding the interaction between PRRs and autophagy
in a specific disease will promote drug development for immunotherapy. Here, we
focus on the interactions between PRRs and autophagy and how they affect the
inflammatory response.

Keywords PRRs · Autophagy · TLRs · NLRs · cGAS-STING · RLRs · RAGE ·
HMGB1 · Calreticulin · HSPs

6.1 Introduction

6.1.1 Pattern Recognition Receptors

Pattern recognition receptors (PRRs) are host sensors of exogenous and endogenous
“danger” signaling existed in cells of innate immune systems, such as dendritic cells
(DCs), macrophages, monocytes, neutrophils, and epithelial cells [150]. They can
recognize molecules typically from microbial pathogens called pathogen-associated
molecular patterns (PAMPs) [83] and components of host cells released during cell
damage or death, which are damage associated molecular patterns (DAMPs). PRRs
are key components of the innate immune system [104] evolving before adaptive
immunity and also distinguish complex molecular architecture to activate down-
regulatory signaling to promote homeostasis in immunologic responses [191]. Upon
the binding of PRRswith PAMPs orDAMPs, the downstream signaling is activated to
release the inflammatory cytokines, thereby initiating an adaptive immune response
[83, 160].

6.1.2 Classification of PRRs

Diverse PRR families have been identified as mediators of PAMPs or DAMPs recog-
nition. Toll-like receptors (TLRs) are the most prominent PRRs with the capacity
to recognize the widest range of PAMPs or DAMPs. While TLR1, 2, 4, 5, 6, and
10 are located on the cell surface, TLR3, 7, 8, and 9 present in intracellular mem-
branes. TLR signaling can induce pro-inflammatory cytokines and type I interferons
(IFNs) depending on the myeloid differentiation factor 88 (MyD88) or the Toll/IFN
response factor (TRIF) [68]. In contrast, NOD-like receptors (NLRs) are cytoplasmic
PRRs made up of three subfamilies: NODs, NLRPs, and the IPAF [82, 150]. NOD1
and NOD2 can initiate pro-inflammatory signaling by activating NF-κB dependent
pathway. NLRP3 induces the formation of the inflammasomes in response to the
stimulation from DAMPs including extracellular ATP, hyaluronan, uric acid, and so
on, which can activate caspase-1 for the release of IL-1β, and IL-18.
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There are also several other PRRs that can recognize more specific types of
PAMPs or DAMPs. Cyclic guanosine monophosphate (GMP)-adenosine monophos-
phate (AMP) synthase (cGAS) can sense the cytoplasm DNA and catalyze the for-
mation of second messenger cGAMP for recruiting the adaptor protein stimulator
of IFN gene (STING) [65], which induces the production of IFNs and other pro-
inflammatory cytokines through NF-κB, TBK1, and IRF3 dependent pathway [165].
RIG-like receptors (RLRs), including RIG-I, MDA5, and LGP2, can detect cyto-
plasmic RNA, such as viral RNA and self RNA [98]. RLR signaling induces the
production of IFNs through MAVS dependent pathway and can also cross talk with
cGAS-STING and inflammasome signaling pathway for the regulation of immune
response. Scavenger receptors such as CD36, CD44, CD68, CD91, CXCL16, and the
receptor for advanced glycation end products (RAGE) expressed on macrophages
or other cell types are mainly responsible for the recognition of DAMPs including
HMGB1, Calreticulin, HSP, ATP, S100, and host DNA, as well as some PAMPs, and
mediate inflammation, oxidative stress, and apoptosis [135].

6.1.3 PRRs and Inflammatory Disease

PRRs-mediated inflammation contributes to the clearance of microbial infection or
tissue damage [2, 9], but also causes autoimmune disease. Overproduction of pro-
inflammatory cytokines by immune cells can be fatal and is also critical for the
pathogenesis of autoimmune diseases [109]. It is well known that septic shock is
caused by acute inflammation from the activation of TLR signaling in response to
bacterial components. cGAS-STING can sense self-DNA that is released or leaked
from the nucleus and mitochondria into the cytoplasm and trigger autoimmunity
in Aicardi-Gourtieres syndrome [46, 102]. TLR9 and non-canonical autophagy also
play vital roles in mediating systemic lupus erythematosus [52]. In the mouse model,
the lack of negative control of PRRs signaling is associatedwith autoimmune disease.
Loss of TANK, an inhibitor of TLR signaling results in autoimmune glomerular
nephritis [77]; while the loss of A20, a negative regulator of NF-κB activator, can
result in multi-organ inflammatory disorders [13, 56]. In addition, TLR-mediated
inflammation contributes to the pathogenesis of ischemia-reperfusion myocardial
injury [6].

In contrast, triggering the PRRs-mediated immune response is a strategy for can-
cer immunotherapy. One of the ideal targets is the cGAS-STING pathway. STING
mediates multiple types of tumor killing effects by recognizing self-DNA from dying
tumor cells [24]. The combination of cGAMP with irradiation or immune system-
checkpoint inhibitors provides a promising outcome for tumor immunotherapy
[25, 27]. In addition, CD91/Calreticulin on plasma membrane promotes an “eat”
me signal in tumor cells [119]. Any drug/therapy designed to promote calreticulin
escape of ER retention to the plasma membrane can enhance tumor immunity and
trigger CD91/calreticulin-mediated tumor killing effects.
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6.1.4 Autophagy and Innate Immunity

Autophagy is a conserved “self-eaten” cellular activity in response to starvation.
In this activity, cytosolic material is delivered into double-membrane vesicles
(autophagosomes) and fused with late endosomes or lysosomes [112]. However,
cytosolic bacteria damaged organelles or protein aggregates could also be elimi-
nated through selective autophagy, which indicates the potential of autophagy in
regulating innate immunity [180]. Autophagy plays important roles in host cell
defense to bacteria invasion including Shigella flexneri [121], Listeria monocyto-
genes [136], Salmonella Typhimurium [11], and Mycobacterium tuberculosis [47].
The importance of autophagy in innate immunity is proven by the fight of bacteria
against autophagy [62]. Some bacteria such as S. Typhimurium,M. tuberculosis, and
Bacillus anthracis can express some genes or toxins to inhibit autophagy initiation
signaling through blocking pro-autophagy signals such as mTOR and reactive oxy-
gen species (ROS) or promoting anti-autophagy signal through a second messenger
called cyclic AMP [8, 38, 154]. The bacterium can inactivate autophagy components.
For example, Legionella pneumophila can produce RAVZ protein, an ATG4B-like
cysteine protease to degradeLC3 [20]. Shigella flexneri can invade epithelial cells and
escape from autophagy by T3SS effector VirA to inactivate RAB GTPases [36]. The
most interesting pathway of evasion of autophagy recognition is through masking
the bacterial surface by either recruiting host cytoskeleton proteins on their sur-
face in Listeria monocytogenes [189] or abolish the binding of ATG5 in S. flexneri
[121]. Recently, a T3SS effector SopF that potently blocked Salmonella autophagy
was reported. V-ATPase can recruit ATG16L1 onto bacteria containing vacuole after
bacteria caused vacuolar damage, which was blocked by SopF, leading to autophagy
inhibition and enhanced S. Typhimurium proliferation in vivo. In addition, some bac-
terium can block autophagosome fusion with the lysosome, although the mechanism
remains unclear. Therefore, PRR induced autophagy could be a promising target for
drug design in the treatment of bacterial infection.

6.1.5 Autophagy Contributes to Regulate PRRs-Mediated
Inflammation

The connection between PRRs and autophagy is well-demonstrated in Crohn’s dis-
ease. Susceptible genes for Crohn’s disease are NOD2 andATG16L1, which are core
autophagy genes [31]. Functional studies show that NOD2 can recruit ATG16L1 to
the bacterial entry site for inducement of autophagy [171]. Unexpectedly, the hypo-
morphic ATG16 allele can enhance the resistance of mice to Citrobacter rodentium
and uropathogenic Escherichia coli [107, 175]. These results might suggest not
only the cooperation between PRRs and autophagy but also the negative feedback
regulation.
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Currently, two different types of autophagywhich are LC3- or Beclin 1-dependent
autophagy involve the interaction with PRRs. LC3-dependent autophagy is achieved
by recognition of ‘eat-me’ signals of cargoes (e.g., galectin-8 from bacteria, poly-
ubiquitin) by cargo receptor p62 and its paralogNBR1,NDP52, T6BP, and optineurin
for the association with LC3/GABARAP on phagophores [14, 70]. The generation
of ubiquitin “eat-me’”signal is PRR signaling-dependent [64]. More interestingly,
Beclin-1/Bcl-2 complex is a toggle switch regulating autophagy/apoptosis. Beclin-1,
a Bcl-2 homology 3 (BH3) domain only protein [120], can initiate autophagy through
recruiting other autophagic proteins and forming Beclin-1-Vps34-Vps15 core com-
plex [51]. Also, the interaction of Beclin-1 with anti-apoptotic Bcl-2 familymembers
prevents Beclin-1-mediated initiation of autophagy [91].

Most PRRs can affect autophagy directly or indirectly. TLRs, NLRs, RLRs,
and cGAS-STING can induce autophagy directly through Beclin-1 or LC3-
dependent pathway, but the interactions with RAGE/HMGB1, CD91/Calreticulin,
and TLRs/HSPs are achieved by protein, Ca2+, and mitochondrial homeostasis.
Through the close interaction with PRRs, autophagy presents antigens to PRRs that
helps in destroying pathogens. Also, autophagy-mediated PRR inflammation pre-
vents the over-reaction of the immune response. Therefore, the focus of this write-up
is to discuss the association between PRRs and autophagy which is a promising
therapy in the management of infection concerning the inflammatory response.

6.2 Pathogen-Dependent PRR Signaling and Autophagy

6.2.1 TLRs

The TLRs are integral transmembrane proteins with N-terminal ectodomain of
leucine-rich repeats (LRRs) and intracellular Toll/IL-1 receptor (TIR) domain. It
contains 6 members (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) located on the
plasma membrane and 4 (TLR3, TLR7, TLR8, and TLR9) in the lumen of endo-
cytic compartments that uptake microbial components [161]. Extracellular LRRs
of different TLRs with diversity in length, number, and N-linked glycosylation can
form a horseshoe-shaped structure for pathogen recognition and shape the recog-
nition specificity. The TLR heterodimers can also regulate the recognition speci-
ficity or versatility of PAMPs. TLR4 and TLR5 recognize LPS from Gram-negative
bacterial and bacterial flagellin from flagellated bacteria, respectively, but TLR10
can sense the influenza virulence from influenza A virus. However, TLR2/TLR10
heterodimers can sense Listeria proteins. TLR2 combined with TLR1 or TLR6 can
recognize most of extracellular PAMPs such as lipopeptides, peptidoglycans, lipote-
ichoic acid, zymosan, and mannan. In endocytic compartments, endocytic TLRs
mainly recognize RNA, TLR3 for viral dsRNA and siRNAs, TLR7/8 for both viral
and bacterial single-stranded RNA (ssRNA), TLR9 for unmethylated CpG DNA
motif from bacteria [161].
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6.2.1.1 TLRs Signaling Pathway

Upon binding with PAMPs, intracellular TIR domain recruits adaptor proteins to
activate NF-κB, MAPK signaling for the production of pro-inflammatory cytokines
and type I IFNs [118]. Although there are several adaptor proteins reported in TLRs
pathways including MyD88, TRIF, MyD88 adapter-like (Mal/TIRAP), Trif-related
adaptor molecule (TRAM), and sterile α and armadillo motif-containing protein
(SARM). TRIF is recruited by TLR3 and TLR4, and for the rest TLRs, MyD88 is
commonly used.

6.2.1.2 TLRs and Autophagy

Cytosolic TLRs such as TLR7/8 and TLR9 exist in the endosome. How endosomal
TLRs recognizes cytosolic viral components remains unclear. Endosomal TLRsmay
“find” and “eat” the viruses through autophagy. For instance, TLR7 recognizes the
replicating vesicular stomatitis virus (VSV) in the cytosol of plasmacytoid dendritic
cells (pDCs) that are delivered in the lysosomes through autophagy for activating
TLR7 signaling [87]. The essential role of autophagy in activating TLR7/9 signaling
is confirmed in autophagy-deficientmice or cells. Atg5-deficientmice are susceptible
to systemic VSV infection. Without Atg5, pDCs does not secrete IFN-α and IL-12,
which are downstream pro-inflammatory cytokines of TLRs signaling [163].

Autophagy does not just passively deliver the PAMPs to TLRs. It also utilizes
TLR signaling to promote phagosome maturation, which is observed by the co-
occurrence of TLR activation and fusion with lysosomes. Phagocytosis of the fungal
cell wall component zymosan can induce Atg proteins-dependent LC3 recruitment
to phagosomes and fusion with lysosomes [147].

In the case of extracellular TLRs, they do not need the help of the autophagy
to “find” the PAMPs but induce the autophagy for “eating” pathogens. Autophagy
inducement is firstly observed in TLR4 [184], then in various TLRs including TLR1-
7, which enhanced the microbial clearance. Interestingly, this process is mediated
by a relatively conserved mechanism through the TRIF/MyD88 axis. TRIF/MyD88
can be recruited to TLRs after TLR binding with its ligand for the activation of
AP-1/IRF3/NF-κB mediated pro-inflammatory cytokines and IFNs as well as regu-
lating Beclin-1/Bcl-2 interaction for the induction of autophagy [152] (Fig. 6.1).

6.2.1.3 TLRs and Autophagy in Autoimmune Disease

The cooperation between autophagy and endosomal TLRs is not always favorable for
health but contribute to autoimmune disease. The recruitment of TLR9-containing
endosomes to the autophagosomes with DNA-containing antigens through BCR
signals can result in B cells hyper-responses [23]. Another study reports different
mechanism for TLR9 and non-canonical autophagy-mediated systemic lupus ery-
thematosus, which is caused by uncontrolled production of type I IFNs. Recruitment
of TLR9 and LC3 in response to DNA immune complexes results in LC3-associated
phagocytosis, thus producing IFN-α [52].
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Fig. 6.1 TLRs and autophagy. TLR4 induces autophagosome formation via TRIF-mitogen-
activated protein kinase (MAPK)/RIP signaling axis. TLR4 also triggers the myeloid differentiation
primary response gene 88 (MyD88)-dependent signaling pathway to activate the transcription factor
nuclear factor κB (NF-κB), and promotes pro-IL-1β expression. These processes facilitate fusion of
the autophagosomes with the lysosomes, which in turn finally results in the killing of intracellular
bacteria

6.2.2 NLRs

Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are intra-
cellular sensors of PAMPs and DAMPs including ATP, mtDNA, and ROS that are
primarily expressed in macrophages and other professional antigen-presenting cells
(APCs). NLRs are signal transduction ATPases with three domains, including a
C-terminal leucine-rich repeat (LRR) domain for ligand sensing, a central NATCH,
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telomerase-associated protein 1 that mediates self-oligomerization and is essential
for activation of NLRs, and an N-terminal effector domain for adapter recruitment
[80]. NLRs are classified into three subfamilies according to the nature of the
N-terminal domains: NLRC subfamily such as NOD1, NOD2, NLRC3, NLRC4,
and NLRC5 with caspase activation and recruitment domain (CARD), NLRP sub-
family with pyrin domain including NLRP1-10 for inflammasome assembly, and
NAIP subfamily with three baculovirus inhibitors (BIRs) of the apoptosis protein
repeat domain such as NAIPs [79, 115].

6.2.2.1 NLR Signaling Pathway

NLR signaling can regulate the production of pro-inflammatory cytokines, and
assembly of inflammasomes. NOD1 and NOD2 can sense bacterial peptidoglycan
in epithelial cells of the gastrointestinal tract for recruitment of receptor-interacting
protein kinase 2 (RIP2), leading to activation of NF-κB and AP-1 signaling for
the production of type I INFs and pro-inflammatory cytokines [129]. Unexpectedly,
some NLR members such as NLRP4, NLRP6, and NLRP12 can also inhibit NF-κB
signaling cascades, although the mechanism is unclear. NLRC3 are reported to
inhibit NF-κB signaling through cross talk with TLR4-mediated NF-κB signaling
[149]. In addition, NLRs are essential for the assembly of inflammasomes, which
can mediate the activation of caspase-1 for the maturation of inactive cytokine from
pro-inflammatory stimuli [108, 150]. Upon the detection of PAMPs with NLRs, self-
oligomerization occurs followed by recruitment of apoptosis-associated speck-like
protein containing a CARD (ASC) as an adaptor for caspase-1 activation. Currently,
NLR inflammasomes are reported to mediate the inflammatory response of differ-
ent DAMPs or PAMPs, e.g., NLRC4 inflammasomes for flagellin, T3SS and T4SS
[45, 155, 195], NLRP1 for anthrax lethal toxin [113] and NLRP3 for ATP, amyloid,
monosodium urate crystals and silica [16]. Interestingly, these cytosol PAMPs might
be generated by IFN inducible protein IRGB10, which can damage the bacterial
membrane for the release of DNA and LPS [106].

6.2.2.2 NLRs and Autophagy

NLRs are very important to clear the cytosol-dwelling bacteria. NLRs can also
directly induce autophagy in response to bacterial invasion [23, 171]. Different from
TLRs, RIP2, and ATG16L1 play an essential role in the inducement of autophagy.
Atg16L1 is recruited to the plasma membrane by NOD2 at the first site of bac-
terial invasion for bacterial trafficking to the autophagosomes and fusion with the
lysosomes [171]. NOD2 mutation and Atg16L1 SNPs are associated with Crohn’s
disease, which is likely to be inflammatory bowel disease due to immunodeficiency.
RIP2 is essential for NOD2-dependent autophagy through recognition of muramyl
dipeptide from Gram-positive bacteria [57].
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NLR inflammasomes can reciprocally regulate autophagy in cell context and
antigen-dependent manner. NLRP4 signalosome can induce autophagy in phago-
somes in response to group A Streptococcus infection through dissociation from
Beclin-1 [71]. NLRP3 inflammasome can trigger autophagy for the promotion of
Pseudomo aeruginosa phagocyte destruction [29]. However, TLR2/TLR4 can acti-
vate autophagy but degrade NLRP3 and reduce IL-1β production [21] (Fig. 6.2).

Fig. 6.2 NLRs and autophagy. Activation of NOD2 by bacteria induces autophagosome forma-
tion. NOD2 is activated by muramyl dipeptide (MDP) which is found in both Gram-negative and
Gram-positive bacteria. In this process, autophagy proteins such as Atg5 and Atg16L1 are required.
Autophagy also regulates NLRP3 inflammasome-induced inflammatory responses. MDP released
by bacterial infection regenerates ROS, leading to NLRP3 inflammasome activation, which finally
activates caspase-1 and results in the maturation and secretion of pro-IL-1β and pro-IL-18
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6.2.3 cGAS-STING Pathway

6.2.3.1 The cGAS-STING Pathway of Cytosolic DNA Sensing

cGAS-STING is a cytosolic DNA sensing pathway for triggering immune responses.
cGAS can sense the cytosolic DNA and catalyze the formation of second messen-
ger cGAMP which is an endogenous high-affinity ligand for the adaptor protein
STING [65]. Upon the binding with cGAMP, the conformation of STING changes
and translocates from the endoplasmic reticulum (ER) to the Golgi apparatus for pro-
teinmodification [145]. Themodified STING can recruit and activate TANK-binding
kinase 1 (TBK1) and IFN regulatory factor 3 (IRF3) [165]. In addition, STING
also activates NF-κB for the production of type I IFNs and other pro-inflammatory
cytokines.

6.2.3.2 cGAS Activation

cGAS can bind to the sugar–phosphate backbone of dsDNA and is activated upon
binding with dsDNA [159]. Therefore, oxidation of DNA bases caused by ultraviolet
irradiation does not change the binding ability with cGAS [43]. ssDNA can also
activate cGAS through the formation of internal duplex or Y-shaped structure [53].
Although short dsDNA with 15 bp can activate cGAS, long DNA is more essential
for cGAS activation. dsRNA can not activate cGAS although it can bind with cGAS
[193].

6.2.3.3 Functions of the GAS-STING Pathway

The cGAS-STING pathway can sense DNA released from microbial pathogens
including DNA viruses, retroviruses, endogenous retroviruses and retroelements,
and DNA producing bacteria. In cGAS-deficient mice, IFN induction is absent in
response to the infection of several DNA viruses including herpes simplex virus,
vaccinia virus, adenovirus, cytomegalovirus and Kaposi’s sarcoma-associated her-
pesvirus (KSHV) [92, 101, 125, 182, 192]. Retroviruses HIV-1 and HIV-2 might
also be detected by cGAS [85]. HIV can reversely transcribe viral RNA into cDNA
and inject the cDNA into the nucleus for the integration to the host genome. How-
ever, if the cDNA leak into the cytoplasm due to broken viral capsid, the cDNA
can be sensed by cGAS for triggering the induction of IFNs and other inflammatory
cytokines. cGAS-deficient mice also cannot respond to multivalent antigens such as
bacterial capsular polysaccharides that activate the transcription of endogenous retro-
viral RNA and is reversely transcribed to DNA by the RNA helicase RIG-I for cGAS
sensing [190]. Many intracellular bacteria includingMycobacteria, Legionella, Lis-
teria, Shigella, Francisella, Chlamydia, Neisseria, group B Streptococcus and so on
induce IFNs through the cGAS-STING pathway although it is unclear how bacterial
DNA might gain access to the cytoplasm [4, 5, 22, 48, 157, 194].
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6.2.3.4 cGAS-STING Pathway in Autoimmune Diseases

Self-DNA that released or leaked from the nucleus and mitochondria into cytoplasm
can activate cGAS and trigger autoimmunity. In Aicardi-Gourtieres syndrome, a
collection of monogenic autoimmune disease, the mutation in TREX1 which is an
exonuclease of dsDNAand ssDNAorRNaseH2which degradesRNA inRNA–DNA
hybrid leads to elevated expression of type I IFNs. Mice lacking TREX1 or RNase
H2 activates cGAS-STINGpathway and exhibits elevated expression IFNs [46, 102].
In patients with early-onset vasculopathy and pulmonary inflammation, gain-of-
function mutations of the gene encoding STING are identified, which can render
the protein constitutively active and result in IFN production [95]. These genetic
studies support the role of the cGAS-STING pathway in autoimmune diseases.

6.2.3.5 cGAS-STING Pathway in Cancer

Self-DNA from dying tumor cells can also trigger the cGAS-STING path-
way to induce IFNs [24]. Interestingly, STING mediates multiple types of
tumor killing effects. STING is required for priming CD8+ T cells against
tumor-associated antigens and is also essential for the anti-tumor effects
of radiation. CD47 antibody, a phagocytosis-inhibitory protein, exerts STING-
dependent anti-tumor effects [28, 94]. The anti-tumor effect mediated by STING
probably through tumor-derived DNA, which delivers to the cytoplasm of DCs and
facilitates the activation of CD8+ T cells. Therefore, activation of the cGAS-STING
pathway is applied in anti-tumor therapy. One common strategy is the combination of
cGAMPwith irradiation or immune system-checkpoint inhibitors [25, 27]. However,
in some cases, activation of STING facilitates tolerogenic response and metastasis
[18, 63]. Optimal combination of different treatments may be essential to achieve a
good clinical outcome.

6.2.3.6 cGAS-STING and Autophagy

The cytosolic DNA sensor cGAS can sense cytosolic DNA from bacteria or virus and
activate ubiquitin-mediated autophagy for microbe clearance. DuringM. tuberculo-
sis infection, the STING-dependent cytosolic pathway can recognize mycobacterial
DNA, which exposed to the host through extra-embryonic spermatogenic homeobox
1 (ESX-1) secretion system, resulting in the recruitment of ubiquitin chains, LC3-
binding autophagic adaptors p62 and NDP52 for targeting the mycobacteria to the
selective autophagy pathway [179]. Also, cGAS-STING can interact with Beclin-1
to promote PI3 KC3-induced autophagy [159]. Autophagy can also repress STING-
dependent IFN responses through Atg9a [145]. Lack of Atg9a induces overactiva-
tion of type I IFN through promoting the interaction between STING and TBK1.
In the cGAS sensing pathway, the negative feedback control by autophagy occurs
through the release of Rubicon, which enhances the autophagy-mediated degradation
of pathogen DNA [90] (Fig. 6.3).
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Fig. 6.3 cGAS-STINGsignalingandautophagy. cGAS-STINGpathwaymediates anti-microbial
innate immunity by inducing the production of type I IFNs and inflammatory cytokines upon
recognition of microbial DNA. During bacterial clearance, bacterial extracellular DNA, which is
exposed to the host through ESX-1-mediated permeabilization of the phagosomal membrane, is
recognized by the STING-dependent cytosolic pathway. The ubiquitinated bacterial DNA, which
binds to the autophagosome-associated protein LC3 via adaptor protein p62 and NDP52, is targeted
to the selective autophagy pathway

6.2.4 RIG-I-like Receptors (RLRs)

Retinoic acid-inducible gene (RIG-I)-I-like receptors (RLRs) are cytoplasmic sen-
sors of viral RNA [122]. RLRs includes three members: RIG-I, melanoma differ-
entiation associated factor 5 (MDA5), and laboratory of genetics and physiology
2 (LGP2). They are a family of DExD/H box RNA helicases with the capacity to
hydrolyze ATP, bind and possibly unwind RNA. RIG-I and MDA5 have two addi-
tional domains, an N-terminal region consisting of tandemCARDs, and a C-terminal
repressor domain embedded within the C-terminal domain for autoregulation. How-
ever, LGP2 can only work as a regulator of RIG-I and MDA5 signaling due to lack
of N-terminal CARDs [188].
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6.2.4.1 RLRs Signaling Pathway

Upon the detection of viral RNA, RLRs are recruited to a membrane-associated
CARD-containing adaptor protein MAVS through homotypic CARD interactions
[78]. The interaction with MAVS can accumulate the downstream signaling
molecules to form a MAVS signalosome, which can drive IRF3, IRF7, and NF-κB
mediated IFN production [55]. In another study, IRF3, IRF7, NF-κB, ATF-2, c-Jun,
and transcriptional enhancer CBP-p300 can form a complex to enhance the expres-
sion of IFN-β [127]. However, IRF3 and NF-κB might play an essential role in
inducing the complex formation, as in most cases, IRF3 and components of the
NF-κB activation program constitute MAVS signalosome [55]. The secreted IFN-β
can amplify the IFN response by inducing the ISGF3-dependent expression of IFN-
stimulated genes for increasing the expression of IFN-α subtypes in a positive feed-
back loop [97, 133]. In addition to IFN-α/β, RLRs also induce the expression of IFN-λ
following the infection of a paramyxovirus Newcastle disease virus through IRFs and
NF-κB binding [123]. RIG-1 also associates with ASC protein and triggers caspase-
1-dependent inflammasome activation for promoting the mature of pro-IL-1β
and pro-IL-18, which involves a MAVS independent signaling [133].

6.2.4.2 Cross talk with Other PRRs Signaling

RLR signaling intersects with TLR signaling probably through the shared compo-
nents such as IRF3, IRF7, and NF-κB. RLRs can also apply STING as a cofactor,
which passes RLR-mediated immune response to virus RNA and STING-mediated
immune response to virus DNA [65]. RLR and NLR signaling have direct inter-
actions in terms of regulation of inflammasome signaling. NLRX1 can disrupt the
interaction between MAVS and RLR and inhibit the RLR-mediated IFN induction.
NLRX1 depletion can rescue the RLR-mediated elimination of virus [114]. Another
NLR member, NLRC5 can directly interact with RIG-I and MDA5 and disrupt the
RLR-mediated activation of NF-κB. Knockdown of NLRC5 gene can enhance IFN
production and antiviral response [26].

6.2.4.3 RLRs and Autophagy

RLR signaling is also reported to induce autophagy but through cross talk with
STING[141] (Fig. 6.4).Autophagy can also inhibitRLRsignaling [37, 69, 183].Atg5
deficiency leads to the overproduction of type I IFNs in RIG-I/MDA-5-mediated pro-
inflammatory response to VSV infection. On the other hand, with the overexpression
of Atg5, the IFN signaling is also suppressed [72]. There are different explanations
for how Atg5 can inhibit RLR signaling. One study showed that Atg5 can interact
directly with RIG-I for repression of RLR signaling. Another study has emphasized
the indirect role of autophagy in the regulation of RLR signaling. Atg5 deficiency
causes more dysfunctional mitochondria and ROS production, which can enhance
RLR signaling [164].
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Fig. 6.4 RLRs and autophagy. RIG-1and MDA5 can be activated by bacteria and virus via the
adaptor protein MAVS located at mitochondria, leading to the activation of IRF-3 and NF-κB, and
promoting pro-IL-1β and IFN expression. Atg5, the autophagy protein, can interact with RIG-I for
repression of RLR signaling

6.3 Non-pathogens-Associated PRRs and Autophagy

In addition to PAMPs from pathogens, DAMPs has been identified as ligands of
PRRs which induce inflammatory response and autophagy. DAMPs are cell-derived
molecules that can initiate non-pathogen-driven immunity such as in response to
trauma, ischemia, cancer or other tissue damage. These DAMPs come from vari-
ous cell components, including cell-derived HMGB1 and S100, heat shock proteins
(HSP) from exosomes, hyaluronic acid from the extracellular matrix, in plasma com-
ponents such as complement, and non-protein ATP, heparin sulfate, RNA and DNA.
DAMPs can interact with TLRs and RAGE for activating downstream inflamma-
tion through mitogen-activated protein kinases (MAPKs), NF-κB, and PI3K/AKT.
Increased serum levels of these DAMPs are associated with inflammatory diseases,
including sepsis, arthritis, atherosclerosis, systemic lupus erythematosus, Crohn’s
disease, and cancer. Several DAMPs such as HMGB1, ATP, S100, and host DNA
have been well-characterized [12, 15, 44, 162].
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6.3.1 RAGE/HMGB1

RAGE is a multiligand member of the immunoglobulin superfamily. It is first
described as a receptor for the products of non-enzymatic glycation and oxidation
of proteins or advanced glycation end products (AGE) [67]. However, in addition
to AGEs, RAGE can bind with a variety of DAMPs such as HMGB1, S100 [156]
as well as in vitro dsDNA and dsRNA [128]. Ligands-RAGE interaction activates
MAPK, p38, JNK signaling [89, 186], JAK/STAT pathways, rho and rac GTPases,
and p21ras [3, 88, 116].

HMGB1 is chromatin-associated proteins, which is released from the nucleus
or the cell in response to various stress, such as bacterial products [66, 177], virus
infection [17], inflammatory stimuli [169] or apoptotic cells [139], necrotic cells
[148]. Release of HMGB1 is closely associated with autophagy induction through
positive feedback regulation. On one hand, HMGB1 localization and release can
be regulated by autophagy through ROS [166, 167]. On the other hand, HMGB1
is a direct regulator of Bcl2-Beclin-1 complex for competing Bcl2 or promot-
ing Bcl2 phosphorylation for induction of Beclin-1-dependent autophagy [167].
In colorectal cancer, cytosolic p53 or HMGB1 competes to regulate apoptosis or
autophagy [96]. In contrast, in the nucleus, histone deacetylase (HDACs) regu-
late the nuclear location of HMGB1, which might suggest HMGB1 is linked to
HDAC-autophagy pathway [143]. HMGB1 may also regulate mitophagy [168]
throughHSPB1 aswell asmediating PAMP-induced autophagy [10]. These pieces of
evidence suggest HMGB1 acts as a universal factor for inducement of autophagy.

6.3.1.1 RAGE/HMGB1 and Autophagy

RAGE/HMGB1 can activate autophagy through increasing Beclin-1-PI3KC3 inter-
action and decreasing mTOR phosphorylation, which limits apoptosis thus promot-
ing tumor cell survival [73, 74]. Knockdown of RAGE diminishes HMGB1-induced
autophagy in cancer cells [166]. In Lung ischemia-reperfusion injury, HMGB1 and
HSP60 aggravate lung tissue damage through triggering inflammatory cytokine pro-
duction and activation of the autophagy flux. However, autophagy inhibition by
knockdown of Atg7 or Beclin-1 can markedly reduce the inflammatory cytokine
production, which dependents on ubiquitination of TRAF6 [93].

Another mechanism for RAGE/HMGB1-mediated autophagy is through the
modulation of mitochondrial activity. Knockdown of RAGE decreases mitochon-
drial respiratory chain complex I activity and ATP production through IL-6/STAT3
[74]. It is also reported that HSPB1, a cytoskeleton regulator critical for dynamic
intracellular trafficking during autophagy and mitophagy, is required for HMGB1-
dependent mitochondrial homeostasis [168]. In addition to HMGB1, other ligands,
S100 are also reported to induce autophagy [44]. In macrophages, RAGE can
enhance phagocytosis-dependent clearance of apoptosis through binding with phos-
phatidylserine receptor.
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In addition to RAGE, other DAMPs receptors are also reported to induce pro-
inflammation response but whether the mediated innate immune response depends
on autophagy remains unclear. For instance, AIM2-like receptors (ALR) can sense
the vaccinia virus and induce the processing of pro-IL-1β into the mature IL-1β form
[58].

6.3.2 CD91/Calreticulin

Endoplasmic reticulum (ER) chaperones such as calreticulin and oxidoreductases can
be exposed on the plasma membrane in stressed, damaged or dying cells and tumor
cells, thus work as one type of DAMP [42, 144]. Calreticulin on plasma membrane
promotes an “eat” me signal in tumor cells [119]. In the tumor, chemotherapeutic
stimuli, e.g., cisplatin and anthracyclines doxorubicin, idarubicin, and mitoxantrone
can trigger calreticulin exposure on plasma membrane [119, 185]. The calretic-
ulin receptor CD91 on DCs and other APCs can recognize calreticulin and induce
phagocytotic signal [119]. The Calreticulin-CD91 complex activity could be inter-
fered by CD47 [39, 140]. Injection of Calreticulin coated cancer cells can activate
tumor-specific immune response [181]. Interestingly, overexpression of calreticulin
is observed in tumor tissue and is associated with the development and progression
of pancreatic cancer [151]. In hepatocellular carcinoma, high levels of circulating
anti-calreticulin antibodies have been found [132]. In bladder cancer, serum anti-
calreticulin autoantibodies can mark cancer progression [111]. These pieces of evi-
dence suggest calreticulin can be an indicator of tumor immunogenicity and may
provide avenues of cancer treatment.

In addition to calreticulin, immunoglobulin binding protein (BiP/GRP78), amajor
ER-lumenal chaperone, can regulate protein folding and ER stress by triggering the
unfolded protein response (UPR) to activate the transcription of other ER chaper-
ones and oxidoreductases [40]. Therefore, surface BiP/GRP78 indicates inhibition of
tumor cell apoptosis and immunorecognition.High expressionofBiP/GRP78 inhibits
apoptosis not only through repression of UPR [99] but also through sequestering pro-
apoptotic Bcl2 family proteins [196]. In addition, pro-apoptotic Ca2+ transfer from
ER to mitochondria is also inhibited by BiP/GRP78 [50, 124]. Overexpression of
BiP/GRP78 is observed in various cancers and associated with tumor proliferation
and invasion as well as therapeutic resistance [86].

6.3.2.1 Cell Surface Calreticulin-Mediated Autophagy

Cell surface calreticulin can induce “eat” me signal for phagocytic uptake and
immunogenicity of cells [119]. Several mechanisms have been proposed to explain
the escape of calreticulin from ER and exposure on the cell surface. One mecha-
nism suggests that calreticulin needs to bind with phosphatidylserine to expose in a
calcium-dependentmanner [1, 39, 170]. In cells exposed to anthracycline chemother-
apeutics, calreticulin-ERp57 complexes are exposed on cell surfacewith activation of



6 The Interplay Between Pattern Recognition Receptors … 95

pancreatic ER kinase (PERK), leading to the induction of ROS, pro-apoptotic cleav-
age of caspase-8, activation of pro-apoptotic molecules such as Bcl-2-associated
X protein (BAX) and Bcl-2-homologous antagonist/killer (BAK), and ER calcium
efflux [126]. In addition, ERp57-independent secretory pathway might contribute
to calreticulin cell surface expression in cells through the inactivation of SERCA-2
and disruption of ER calcium homeostasis [41]. Therefore, ER stress can perturb
Ca2+ homeostasis and glucose transport and may be a key factor for cell surface
calreticulin-mediated autophagy [75].

6.3.2.2 ER Chaperones in Cancer Treatment

Cell surface ER chaperones as critical hallmarks of cancer cells which insights the
development of new drugs for cancer treatment. Modulation of UPR is a common
approach with a diversity of drugs attempting to prevent the pro-survival role of UPR
in preclinical studies [54]. These drugs can prevent cancer growth in the myeloma
xenograft model [158], especially combined with bortezomib, an inducer of ER
stress through blocking proteasome [110]. In addition to UPR, interference of ER
Ca2+ content by SERCA inhibitor can promote calreticulin escape of ER reten-
tion for enhanced tumor immunity, and at the same time promote tumor growth
through increasing surface BIP/GRP78 [34, 137, 178]. Mitoxantrone, an anthracy-
cline with promising potential to promote calreticulin plasma membrane exposure,
is currently in clinical trials against lymphoma [174]. In contrast, the oncogenic
role of BiP/GRP78 makes it an inhibitory target for testing cancer drug. Antibody-
based experimental therapies targeting BiP/GRP78 is under development [142, 173].
In addition, inhibitory agents targeting BiP/GRP78 has been developed. One strat-
egy is the application of bacterial toxin subAb to selective destruction of surface
BiP/GRP78 [131], which inhibits the cancer xenografts in mice [7]. BiP/GRP78
ATPase inhibitor such as epigallocatechin gallate can also work as tumor repressor
[30]. BiP/GRP78-binding peptides also obstruct Xenograft growth of tumors [103].

Autophagy is a basic catabolic process, serving as an internal engine during
responses to various cellular stresses.As regards cancer, autophagymayplay a tumor-
suppressive role by preserving cellular integrity during tumor development and by
possible contribution to cell death. However, autophagy may also exert oncogenic
effects by promoting tumor cell survival thereby preventing cell death. Autophagy
modulation might be promising in anticancer therapies, however, it is a context-
dependent matter if inhibition or activation of autophagy leads to tumor cell death.

6.3.3 TLRs/HSPs

HSPs are functional molecular chaperones which facilitate the synthesis and folding
of proteins, induce proteasomal degradation, and prevent apoptosis. In addition to
maintaining protein homeostasis, HSPs can be released in response to cell stress
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and injury for promoting pro-inflammatory cytokine and APC activation. HSPs is
upregulated in various tumors and correlated with tumor proliferation, lymph node
metastases, and drug resistance to chemotherapies. Conversely, knockdown of HSPs
inhibit tumor growth and increase drug response. HSPs are recognized by TLR4,
TLR2, CD40, CD91, and CCR5, facilitating intracellular antigen processing and
presentation with the exertion of immunoregulatory effects [59].

6.3.3.1 TLRs/HSPs and Autophagy

More importantly, HSPs can cooperate with autophagy to protect protein homeosta-
sis, which can be disrupted by intracellular problems such as translational errors
as well as extracellular stressors such as radiation, toxic chemicals, endotoxins,
and osmotic pressure through altering the folding capacity [105]. Dysregulation of
homeostasis is associated with diseases such as Huntington, amyloidosis, Alzheimer,
Parkinson, and cancers [134, 60, 100]. Cells employ several systems to ensure pro-
tein homeostasis, including cellular chaperones, the ubiquitin-proteasome system,
and autophagy. Interestingly, autophagy is ubiquitous in eukaryotic cells, but the
HSP chaperone system is available for both prokaryotes and eukaryotes [49, 81].
Although HSPs and autophagy represent the distinct system of protein homeostasis,
the cooperation between HSP and autophagy can be shown in a type of autophagy
called chaperone-mediated autophagy [19, 33]. In chaperone-mediated autophagy,
HSPA8/HSC70 can recognize cytosolic proteins with signature exposed pentapep-
tide motif (KFERQ) and target them to undergo unfolding and translocation into
lysosomal lumen for degradation [76]. In mouse embryonic fibroblasts, HSP70 is
required for panobinostat-induced autophagosomes formation [187]. HSF1 knock-
down prevents a chemotherapeutic agent carboplatin-induced autophagy [32]. In
addition, rapamycin activated autophagy also accompany with activation of HSF1
and HSP expression in brain and improvement of protein homeostasis [32].

Some recent studies provide evidence that in certain stress conditions,HSP inhibits
autophagy, which might reflect the priority of the HSP response over autophagy
by certain conditions. For instance, overexpression of the HSP70 protein inhibits
starvation- or rapamycin-induced autophagy [35], heat-induced autophagy [61],
and pro-apoptotic agent OSU-03012-induced autophagy in colorectal cancer cells
[130]. In contrast, inhibition of the HSP70-dependent proteasomal pathway induces
autophagy [176].Mechanism study reveals that downregulation ofAKT-TSC-mTOR
pathway may be responsible for the repression role of HSPs system in the regulation
of autophagy [138].
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6.4 Conclusions and Perspectives

In the light of the afore evidence, PRRs are sensors of “danger” signals, while
autophagy responds to these signals to maintain homeostasis. Therefore, PRRs and
autophagy have close cooperation to enhance mycobacterial clearance as autophagy
presents antigens to PRRs and helps to clean the pathogens while PRRs promote
autophagy mature. Their roles in innate immunity are quite distinctive and best illus-
trated by the negative feedback regulation of PRR-mediated inflammation.

Autophagy deficiency such as Atg16L1 deficiency results in enhanced produc-
tion of pro-inflammatory cytokine secretion [146]. In Crohn’s disease, Atg16L1-
deficiency is present with endotoxin-induced inflammasome activation suggesting
the negative feedback regulation of inflammasomes by autophagy. Increasing stud-
ies reveal the mechanism of how autophagy regulates cytokine secretion. A study
reveals blocking mitophagy leads to the activation of NLRP3 inflammasome with
the accumulation of ROS but the inhibition of mitochondrial activity suppresses
inflammasome activation [197]. In another report, depletion of autophagic proteins
increases dysfunctionality of mitochondria, cytosolic translocation of mitochondrial
DNA(mtDNA)andLPS, thereby activatingNLRP3 inflammasome [117]. From these
studies, autophagy can regulate inflammasome in a quantitively negative feedback
mechanism via the manipulation of mitochondrial integrity.

Another way that autophagy limits the inflammatory response is ubiq-
uitination of inflammasomes. Autophagic adaptor p62 can recognize ubiq-
uitinated inflammasomes into autophagy pathways, which limits IL-1β pro-
duction [153]. In RIG-I/MDA5-mediated pro-inflammatory response to VSV
infection, Atg5 deficiency results in overproduction of type I IFNs follow-
ing VSV infection, while IFN signaling is suppressed when overexpressing
Atg5 [72]. There are different explanations for how Atg5 inhibits RLR signaling.
A study revealed that Atg5 can interact directly with RIG-I for repression of RLR
signaling. Another study emphasized the indirect role of autophagy in the regula-
tion of RLR signaling. With Atg5 deficiency, more dysfunctional mitochondria and
ROS production are generated which may enhance RLR signaling [164]. In addition,
autophagy can also repress STING-dependent IFN responses through Atg9a [145].
Also, lack of Atg9a induces overactivation of type I IFN through the promotion of
STING and TBK1 assembly. In cGAS-mediated DNA sensing signaling, Rubicon
is released to establish negative feedback controlled by autophagy by enhancing the
autophagy-mediated degradation of pathogen DNA [90].

Autophagy induced by PRR activation can negatively regulate the PRR signal-
ing through various mechanisms depending on the configuration of PRRs and cell
contexts. The activation of the negative feedback regulation of inflammation helps
to maintain homeostasis and prevent excessive inflammation. There are also other
reports which are inconsistent with the above regulatory relation between PRRs and
autophagy. Exploring the distinctive roles of PRRs and autophagy will promote the
understanding of microenvironment-dependent regulatory relations between PRRs
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and autophagy. Also, investigating interactions between PRRs and autophagy in spe-
cific disease microenvironments, e.g., specific cancers will benefit drug development
for immunotherapy.

As a key to maintain homeostasis, autophagy can respond to almost all the
“danger” signals from PAMPs or DAMPs, with the aid of various types of PRRs.
Almost all PRRs can induce autophagy directly for PRRs/PAMPs, but indirectly
for PRRs/DAMPs. TLRs, NLRs, RLRs, and cGAS-STING can induce autophagy
directly through Beclin 1 or LC3-dependent pathway, while the interactions with
RAGE/HMGB1, CD91/Calreticulin, and TLRs/HSPs are achieved by protein, Ca2+,
mitochondrial or ROS homeostasis. As autophagy already existed before the emer-
gence of PRRs/PAMPs, it might regulate PRRs/DAMPs through indirect response
to “host-danger” signals more efficiently than the direct interaction response to
PRRs/PAMPs. However, before the presence of PRRs/PAMPs, autophagy may
already attend to host defense against pathogens, which contributes to the forma-
tion of the interaction with PRRs/DAMPs. Mitochondria is supposed to derive from
autophagy of a Rickettsia-like α-Protobacterium [84]. In addition, mitochondria are
prime autophagic targets and eliminating the damaged or dysfunctional mitochon-
drial occurs in all cells at all times [172]. This hypothesis also suggests that although
autophagy is the oldest and conserved system, it may be easily regulated by various
environmental signals probably due to its role in maintaining homeostasis, which
is also supported by the increasing number of new types of autophagy identified.
However, a more difficult question is how the autophagy coordinate various signals
for its action. Further studies should be conducted to investigate these mechanisms,
which can ultimately unravel the rebuilding of homeostasis to cure the disease and
therapeutic purposes.
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Chapter 7
Regulation of Inflammasome
by Autophagy

Tao Liu

Abstract Inflammasome is a molecular platform that mediates the activation of
caspases, maturation of interleukin-1 (IL-1) family members, and leads to inflam-
matory cell death called pyroptosis. It is vital for innate immune responses, provid-
ing protection against infectious agents, sterile environmental insults, and host cell
damages. Aberrant activation of inflammasome is closely correlated with numerous
hereditary and acquired inflammatory disorders. Therefore, a better understanding
of how inflammasome is regulated may provide more promising therapeutics for
controlling inflammasome-associated diseases. In recent years, it becomes appar-
ent that autophagy, a cellular machinery essential for the recycling of intracellular
components and maintenance of cellular homeostasis, acts as a key player in
the activation and regulation of inflammasome, and ameliorates symptoms of
inflammasome-related diseases. This review will discuss the recent insights into
inflammasome activation and regulation mediated by autophagy.

Keywords Inflammasome · Autophagy · Pyroptosis · Autophagic degradation ·
Inflammasome-related disorders

7.1 Introduction

In the early 1980s, attention had been paid to interleukin-1 beta (IL-1β), which plays a
critical role in host defense and has a determining effect on the inflammatory process.
IL-1β is a 17.4-kilodalton hormone derived from a 33-kilodalton inactive precursor
cleaved by caspase-1 in various cell types [43]. In 2002, Emad S. Alnemri and his
colleagues observed apoptosis-associated speck-like protein (ASC), an activating
adaptor, which interacts specifically with pro-caspase-1 via caspase activation and
recruitment domain (CARD)–CARD interactions and induces caspase-1 activation
for IL-1β processing [60]. At the same year, Jürg Tschopp and colleagues identified
the caspase-activating complex and first coined the concept of the inflammasome that
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comprises caspase-1, caspase-5, ASC, and Nod-like receptors (NODs) to mediate
IL-1β production. Depletion of ASC in differentiated THP-1 cells showed a loss
of pro-inflammatory caspase activation and pro-IL-1β processing [39]. Since then,
inflammasome has been proved very fruitful which largely expand our knowledge
for the molecular basis of innate immune responses and inflammation.

7.2 Mechanisms of Inflammasome Activation

To date, at least 11 receptor proteins have been identified to assemble inflamma-
some, including the nucleotide-binding oligomerization domain (NOD), leucine-rich
repeat (LRR)-containing protein (NLR) family members such as NLRP1, NLRP3,
NLRP6, NLRP7, NLRP9b, NLRP12, and NLRC4, as well as the proteins absent in
melanoma 2 (AIM2), retinoic acid-inducible gene I (RIG-I), interferon-γ (IFNγ)-
inducible protein 16 (IFI16), and pyrin. Besides, noncanonical signaling, which con-
sists of caspase-11 in mice and caspase-4 and/or caspase-5 in human cells, acts as
a complement for inflammasome signaling [3, 46]. In respect to activating stimuli,
these different receptors trigger a distinct mechanism of inflammasome activation:
(1) the maturation of inflammatory cytokines including IL-1β and IL-18 and (2)
pyroptosis (Fig. 7.1).

7.2.1 NLRP1 Inflammasome

NLRP1 is the first described receptor for inflammasome activation [39]. It is
present in diverse mammalian species including primates, rodents, ungulates, and
even marsupials. Within these species, NLRP1 has evolved with extensive diver-
sity [5]. For instance, humans harbor a single NLRP1 gene, whereas mice express
three NLRP1 paralogs (Nlrp1a, b, c) [41]. For humans, NLRP1 protein con-
tains an amino-terminal pyrin domain (PYD), a nucleotide-binding oligomerization
domain (NACHT) domain, a leucine-rich repeat domain (LRR) domain, a func-
tion to find domain (FIIND), and a CARD domain on the C-terminus [34]. Among
them, FIIND domain undergoes posttranslational auto-cleavage and CARD domain
bypasses the requirement for ASC and mediates homotypic interactions with other
downstream CARD-containing proteins, leading to activation of the NLRP1 inflam-
masome.Nevertheless, ASCassociation in the complex still enhances humanNLRP1
inflammasome activity [5, 8]. Comparedwith humanNLRP1,murineNlrp1 ortholog,
especially Nlrp1b, lacks functional PYD domain and is not dispensable to inter-
act with ASC to activate caspase-1. Nlrp1b is activated via proteasome-mediated
degradation upon the stimulation of lethal factor (LF) protease secreted by Bacillus
anthracis. Thus, proteasome inhibitors stabilize cleaved Nlrp1b and prevent NLRP1
inflammasome activation [53]. Dysfunctions of NLRP1 have been associated with
increased risk of many diseases. In mice, increased activity of NLRP1 accelerates
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Fig. 7.1 Mechanisms of inflammasome activation. Different inflammasomes respond to vari-
ous stimulations. K+ efflux, lysosomal rupture, ROS, and mtDNA are thought to activate NLRP3
inflammasome. The presence of bacterialmight be detected by caspase-4/5/11 andNLRC4.AIM2 is
activated by various DNA, such as mtDNA, genomic DNA, and pathogen-associated DNA. NLRP1
is activated by the presence of lethal factor. Upon stimulation, NLRP3 (human and murine) and
AIM2 (human and murine) interact with ASC to mediate caspase-1 processing, IL-1β/18 matura-
tion, and cleavage of GSDMD. NLRC4 (human and murine) and NLRP1 (murine) bypass ASC and
directly interact with caspase-1 for downstream cascade activation. However, for human NLRP1,
ASC is not required for inflammasome activation. Nevertheless, ASC association in the complex
still enhances human NLRP1 inflammasome activity. Additionally, caspase-4/5/11 work dependent
or independent on caspase-1. It directly cleaves GSDMD for pyroptosis and also targets NLRP3
for inflammasome activation

DSS-induced experimental mouse colitis by limiting beneficial, butyrate-producing
Clostridiales in the gut [68]; In humans, upregulation of NLRP1 inflammasome in
primary keratinocytes from patients shows a severe skin inflammation and epider-
mal hyperplasia [80]. However, for obesity and metabolic syndrome, NLRP1 plays a
protective role as deletion of Nlrp1 in mice leads to obesity and metabolic syndrome.
In contrast, mice with an activating mutation in Nlrp1 have a higher IL-18 secretion
level and are resistant to diet-induced metabolic disorder [42].
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7.2.2 NLRP3 Inflammasome

Among the NLR family, pyrin domain-containing 3 (NLRP3) inflammasome is the
most extensively characterized inflammasome which consists of a sensor (NLRP3),
an adaptor (ASC), and an effector (caspase-1) that promote the maturation of
pro-inflammatory cytokines as well as inflammatory cell death called pyroptosis
[1]. NLRP3 belongs to NLR family that also contains a PYD, a central NACHT
domain, and a carboxy-terminal LRR domain [54]. It can be activated by a broad
range of danger signals that derive not only from microorganisms but also from
endogenous danger signals and environmental irritants [67]. Upon stimulation,
NLRP3 interacts with NEK7 and then NACHT domain binds to ATP to undergo
conformational transition and become activated. Next, activated NLRP3 forms
oligomerization through interactions between NACHT domains and thereby recruits
ASC through homotypic PYD–PYD interactions, triggering nucleates helical ASC
filament formation. Assembled ASC filament interacts with caspase-1 through
CARD–CARD interactions and mediates caspase-1 auto-cleavage and activation
[55, 66]. Furthermore, the recruitment of NLRP3 to dispersed trans-Golgi net-
work (dTGN) via phosphatidylinositol-4-phosphate (PtdIns4P) is also required for
ASC polymerization and downstream signaling cascade activation [6]. Nevertheless,
mechanisms of NLRP3 inflammasome activation are largely unknown. For instance,
what’s the role ofNEK7 forNLRP3’s function? Is it a direct sensor for inflammasome
activator?

To activate NLRP3 inflammasome, two steps are required. The first step, also
called priming step, nuclear factor-kappa B (NF-κB) signaling activation induces
the expression of NLRP3 and pro-IL-1β. The second step, also called activating
step. For this step, at least three working models of NLRP3 inflammasome activa-
tion are proposed: (1) The phagocytosis of crystals such as MSU, silica, asbestos,
amyloid-β, and alum, leading to lysosomal rupture and release of the proteinase
cathepsin B, which activates NLRP3 through an unclear mechanism [22]; (2) Loss
of mitochondrial integrity leads to NLRP3 inflammasome activation. Mitochondrial
damage induces mitochondrial reactive oxygen species (mtROS) release. Then, the
increased production of mtROS converts mtDNA to an oxidized form and thereby
the cytosolic oxidized mtDNA associates with NLRP3 for its activation [81]; (3)
ATP triggers the efflux of K+, resulting in NLRP3 inflammasome activation. With
ATP stimulation, the purinergic receptor P2X7 cooperates with TWIK2, an ATP-
responsive K+ efflux channel protein, triggering NLRP3 inflammasome activation
[9, 54]. Nonetheless, whether NLRP3 acts as a direct sensor for cathepsin B and K+

is unclear. Thus, future studies are required to determine detailed mechanisms of
NLRP3 inflammasome activation.
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7.2.3 NLRC4 Inflammasome

NLRC4 inflammasome is a critical player of the host to defense against gram-
negative bacteria including Legionella pneumophila, Salmonella enterica serovar,
Typhimurium (Salmonella), and Shigella flexneri [15]. With bacteria stimulation,
NLR family apoptosis inhibitory proteins (NAIPs) bind to bacterial protein and
undergo conformation changes. Then, the ligand-boundNAIPs use its nucleating sur-
face to associate with the inactive NLRC4 and overcome NLRC4’s auto-inhibition.
The active NLRC4 utilizes the catalytic surface to catalyze more inactive NLRC4,
self-propagating its active conformation to form thewheel-like architecture for down-
stream signaling [25, 78]. LikeNLRP1,NLRC4 share a common three-domain struc-
ture: an N-terminal CARD, a central nucleotide-binding domain, and a series of C-
terminal LRRs. Among them, CARD helps NLRC4 directly to activate caspase-1
without ASC recruitment [11].

7.2.4 AIM2 Inflammasome

Absent inmelanoma 2 (AIM2) is a critical sensor for inflammasome activationwhich
mediates the recognition of cytoplasmic and nuclear double-strand DNA including
pathogen-associated DNA as well as the aberrant presence of host DNA includ-
ing genomic and mitochondrial DNA [4, 14, 21, 24]. It is structurally defined
with hematopoietic interferon-inducible nuclear antigens with 200-amino acid
repeat (HIN200) domain and pyrin domain (PYD) [4]. HIN domain is responsible
for DNA recognition and PYD mediates the signaling transduction. In quies-
cent conditions, HIN domain associates with PYD in an auto-inhibition state.
Upon DNA stimulation, AIM2’s conformation changes lead to the liberation of
its auto-inhibited state. Subsequently, PYD interacts with ASC for pro-caspase-1
processing and inflammatory cytokines production [28].

7.2.5 Noncanonical Inflammasome

Canonical inflammasomes are mediated by sensors (NLRP1, NLRP3, NLRC4,
AIM2, and so on), and mediator (caspase-1) with or without the adaptor (ASC)
for pro-inflammatory cytokines IL-1β and IL-18 secretion during the innate
immune responses. However, facing with infection of bacteria such as Escherichia
coli, Citrobacter rodentium, Shigella Flexneri, Salmonella typhimurium, Legionella
pneumophila, and Burkholderia thailandensis, caspase-4, 5, and 11 directly bind to
bacterial lipopolysaccharide (LPS) and orchestrate both caspase-1-dependent and
independent pathway for inflammasome activation. In mice, loss of caspase-11 pro-
tects host from bacteria-induced lethal sepsis [30, 58, 62].
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Besides, in intestine, NLRP6 and NLRP9b have been reported to interact with
ASC and caspase-1 to form inflammasome, regulating colonic microbial ecology
and restricting rotavirus infection, respectively [13, 83]. In endothelial cells, inter-
feron gamma-inducible protein 16 (IFI16) interacts with the ASC and pro-caspase-1
to form inflammasome in the nucleus to mediate Kaposi sarcoma-associated her-
pesvirus (KSHV) genome recognition [31]. In macrophages, NLRP7, NLRP12,
and pyrin are identified to assemble inflammasome to specifically mediate bacte-
rial recognition and clearance [32, 70, 75]. Furthermore, RNA helicase RIG-I, a key
antiviral sensor for RNA-mediated interferon signaling, engages the CARD9–Bcl-10
module for NF-κB activation and triggers ASC for inflammasome activation in an
NLRP3-independent manner [47].

7.3 Autophagy Regulates Inflammasome Activation

Numerous studies have shown that inflammasome activation is critical for
homeostasis. The aberrations of inflammasome activation lead to a variety of dis-
eases such as infectious disease, metabolic syndrome, neurodegenerative disease,
liver injury, and autoinflammatory disease [63, 69]. Hence, the precise activation of
inflammasome is definitely important.

As we described in our previous chapter, autophagy is a ubiquitous cellular mech-
anism for a host to mediate superfluous or potentially dangerous cytosolic entities
degradation. It has been implicated in inflammasome inactivation from the clearance
of inflammasome inducers to the sequestration and removal of inflammasome com-
ponents. Loss of the components of the autophagic machinery, such as Atg16L1,
Atg7, and Beclin-1, results in increased production of IL-1β and pyroptosis, consis-
tent with enhanced inflammasome activation and tissue damage [23, 48, 52]. This
section will review the involvement of autophagy in inflammasome activation and
regulation (Fig. 7.2).

7.3.1 Autophagy Degrades Inflammasome Components
for Inhibition

Autophagy has been considered as an unselective nutrient recycling process. It is
essential for the degradation of long-lived proteins and organelles [16]. Emerging evi-
dence shows that inflammasomeespeciallyNLRP3 inflammasomecould be delivered
to autophagosomes for degradation. For example, Tim4, a phosphatidylserine (PS)
receptor, induces the degradation of NLRP3 inflammasome components through
activating AMPKα mediated autophagy, hereby ameliorating the release of IL-
1β and IL-18 [37]. TNFAIP3, also named A20, induces autophagy to restrict
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Fig. 7.2 Regulation of inflammasome via autophagy. Autophagy suppresses inflammasome
activation by two strategies: (1) Stimuli such as ROS, damaged mitochondria, and bacteria could be
delivered to autophagosome for degradation. Ubiquitination of damaged mitochondria and bacteria
is required for its recognition (left). (2) The over-activated components of inflammasome could
be recognized by selective autophagic receptors and recruited to autophagosome for degradation
(right)



116 T. Liu

NLRP3 inflammasome activation to the early stage of LPS stimulation [77]. Death-
associated protein kinase 1 (DAPK1) co-localizes with the Beclin-1 and Atg7 to
induce noncanonical fungal autophagy and restrains NLRP3 inflammasome activa-
tion in response to IFN-γ [44]. In contrast, Glycogen synthase kinase 3β (GSK-3β)
inhibits autophagic activity (ratio of LC3B-II/LC3B-I and p62/SQSTM1) to upreg-
ulate NLRP3 inflammasome activation [71]. Furthermore, the autophagic degra-
dation of NLRP3 depends on NLRP3’s phosphorylation. Only phosphorylated,
but not dephosphorylated NLRP3, is found in autophagosomes. Therefore, protein
tyrosine phosphatase, nonreceptor type 22 (PTPN22), an important phosphatase
responsible for NLRP3’s dephosphorylation, promotes inflammatory response by
blocking NLRP3’s autophagic degradation. In cells lacking PTPN22, more NLRP3
proteins are present in the autophagosome-enriched fraction upon NLRP3 activation
[59]. Besides, Parkinson’s disease-associated mitochondrial serine protease HTRA2
restricts the activation of ASC-dependent NLRP3 and AIM2 inflammasomes by
upregulating autophagy to prevent prolonged accumulation of the inflammasome
adaptor ASC [51].

At present, autophagy is thought to be a highly regulated and specific degrada-
tion pathway for removal of aggregate-prone or misfolded proteins. Its selectivity is
achieved through autophagy receptors such as p62, NBR1 (next to BRCA1 gene 1
protein), NDP52, optineurin (OPTN), and TAX1BP1/CALCOCO3. They associate
with autophagy modifier proteins of the LC3/GABARAP family, delivering cargoes
to autophagosomal membrane through LC3-interacting regions (LIRs) [38, 56, 61].
Among those five known autophagy receptors, p62 is the only receptor reported to
regulate the stability of inflammasome components. Upon stimulation, inflamma-
some sensors like AIM2 and NLRP3 induce G protein RalB and autophagosome
formation. Then, ASC undergoes ubiquitination and p62 recognizes ubiquitinated
ASC, assisting inflammasome delivery to the autophagy pathway for degradation
[57]. In autophagy-deficient ATG4B mutant (ATG4B C74A) or ATG5 knockout
cells, inflammasome components and p62 accumulate on membrane remnants, lead-
ing to exacerbation of cytokine response [12]. As the expression level of p62 can be
upregulated upon NF-κB activation in LPS-primed macrophages, NF-κB signaling
can promote autophagy and negatively regulate NLRP3-inflammasome activation
to orchestrate a self-limiting host response that maintains homeostasis of immu-
nity and favors tissue repair [82]. Although we have known that p62 is critical
for various cargoes recognition, the mechanism for specificity and selectivity of
p62-mediated autophagic degradation in mammalian cells is unknown. Jun Cui and
his colleagues have identified a series of secondary receptors for cargoes recognition
in innate immune responses. For example, LRRC25 acts as a secondary receptor to
assist RIG-I delivery to autophagosomes for degradation in a p62-dependent manner.
Furthermore, LRRC59 specifically interactswith ISG15-associatedRIG-I and blocks
its association with LRRC25, restraining the p62-mediated autophagic degradation
of pattern recognition receptor RIG-I [10, 73]. For inflammasome regulation, they
also identified that E3 ligase TRIM11 inhibits AIM2 inflammasome by degrading
AIM2 via p62-dependent selective autophagy [36]. Recently, Santosh Chauhan and
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his colleagues also have identified a Crohn disease (CD) risk factor, IRGM, directly
interacts with NLRP3 and ASC, restraining NLRP3 inflammasome activation by
mediating its p62-dependent selective autophagy [40].

7.3.2 Autophagy Inhibits Inflammasome Activation
by Targeting Damaged Mitochondria Clearance

Mitophagy is an essential quality control process, mediating engulfment and destruc-
tion of damaged mitochondria by the cellular autophagy apparatus for autophagic
degradation [16]. The phosphatase and tensin homologue (PTEN)-induced putative
kinase 1 (PINK1)-parkin pathway is mainly responsible for mitophagy to ensure
elimination of defective organelles [45]. Following membrane potential dissipa-
tion, PINK1 transports from inner mitochondrial membrane (IMM) to the outer
mitochondrial membrane and activates the E3 ligase parkin and poly-ubiquitin sub-
strates via phosphorylation. Then, parkin localizes on mitochondria and cooperates
with PINK1 to amplify ubiquitination of mitochondria, mediating ubiquitin-labeled
mitochondria into autophagosomes through selective receptors like OPTN, p52, and
NDP52 [19, 45]. As discussed in the section of inflammasome activation, mitochon-
drial dysfunction is the main inducer for inflammasome activation. Thus, mitophagy
might be a key player for control of inflammasome activation. Indeed, depletion of
PINK1 and parkin upregulates mitochondrial iron accumulation, leading to inflam-
masome activation [29]. In addition, several regulators of mitophagy are reported to
control inflammasome activation such as ESN2 (sestrin 2), a stress-inducible pro-
tein which induces mitophagy in macrophages by facilitating aggregation of p62
and its binding to lysine 63 (Lys63)-linked ubiquitin chains on the mitochondrial
surface, suppresses prolonged NLRP3 inflammasome activation [33]. In addition,
FUN14 domain-containing 1 (FUNDC1), a well-characterized mitophagy receptor,
suppresses inflammasomeactivation bypromoting dysfunctionalmitochondria clear-
ance in response to hypoxia and mitochondrial stresses. What’s more, Src kinase is
able to phosphorylate FUNDC1 to prevent its binding with light chain 3 (LC3) and
subsequent mitophagy, thus upregulating inflammasome activation [35].

7.3.3 Autophagy Manipulates ROS Clearance to Regulate
Inflammasome Activation

As we know, mitochondrial dysfunction also induces ROS production for inflam-
masome activation. Thus, the clearance of ROS could largely affect inflammasome
activation. For instance, Fanconi anemia complementation groupC (FANCC) protein
is reported to interact with parkin, formtROS clearance and inflammasome inhibition
[64]. General controlled nonrepressed (GCN2), a modulator for cellular metabolism
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in response to amino acid starvation, suppresses inflammasome activation by target-
ing ROS for autophagic degradation. Knockout of GCN2 in CD11c+APCs or intesti-
nal epithelial cells results in enhanced intestinal inflammation. Consistently, the
blockade of ROS and IL-1β results in reduced inflammation in GCN2–/– mice [50].
Furthermore, the potential therapeutic intervention has been implicated against
inflammatory diseases by targetingGCN2. Smallmolecule halofuginone (HF) results
in significant inhibition of production of IL-1β dependent on general control of
GCN2 [2]. In addition, Atp6v0d2, xanthine oxidoreductase, and prohibitin 2 are
also reported to regulate inflammasome activation by manipulating autophagy
[26, 72, 74].

Other than damaged mitochondria and ROS, autophagy is also functional for
the clearance of other activators to regulate inflammasome activation. For example,
mitochondrial DNA binds specifically to NLRC4which contributes to Pseudomonas
aeruginosa activation of the inflammasome and is downregulated by autophagy
[27]. Additionally, phagocytosis of extracellular β-amyloid fibrils by microglia act-
ing through its receptor OPTN decreases the secretion of IL-1β, thereby affecting
neuronal survival [7].

7.4 The Pharmacological Regulation of Inflammasome
by Autophagy

Upon activation, inflammasome produces highly pro-inflammatory cytokines and
accelerates various inflammatory diseases. Fortunately, our host system devel-
ops a great tool of autophagy to control the over-activation of inflammasome.
Notably, at present, several small molecules have been implicated to manipu-
late autophagy to inhibit inflammasome activation. For instance, kaempferol (KA)
promotes autophagy in microglia, leading to reduced NLRP3 protein expres-
sion, which inhibits LPS- and SNCA-induced neurodegeneration in mice [20].
Andrographolide attenuates chronic unpredictable mild stress (CUMS)-induced
depressive-like behavior in mice by the upregulating autophagy [18]. Metformin
treatment improves NLRP3 inflammasome-induced diabetic cardiomyopathy via
AMPK/mTOR-dependent effects [76]. Similarly, α-Mangostin, astragaloside IV,
kynurenic acid, purple sweet potato color, and melatonin ameliorate NLRP3
inflammasome-induced sepsis, liver and kidney injury, colitis, endothelial senes-
cence, and atherosclerosis by targeting autophagy, respectively [17, 38, 49, 65, 79].
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7.5 Conclusion

In response to distinct activators, various receptors cooperate with or without
adaptor ASC to mediate inflammatory caspases processing and produce inflam-
matory cytokines, which in turn induces macrophages activation and neutrophils
recruitment for stimulation clearance. However, over-activation of inflammasome
leads to severe inflammatory diseases. Thus, inflammasome activity should be strin-
gently controlled. Autophagy is a fundamental and conserved degradation system in
events of nutrient starvation ormetabolic stress. It regulates inflammasome activation
by manipulating multiple precise mechanisms, targeting inflammasome com-
ponents, damaged mitochondrial, ROS, and diverse stimulations for clearance.
Previously, autophagic degradation is thought to be nonspecific. However, recent
studies haveoffered anewnotion that autophagy is selective.Moreover, the selectivity
of autophagic degradation is achieved through cargo receptors and secondary
cargo receptors. Autophagy-deficient cells show robust inflammasome activation
in immune or nonimmune cells, leading to development of inflammatory diseases.
Therefore, deployment of small molecules to target autophagy for inflammasome
inhibition is a potential approach to control inflammation and inflammation-related
diseases. Although it is just a beginning for clinic trial, it would be a promising
therapeutic strategy for inflammatory diseases which are associated with aberrant
inflammasome activation in future.
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Chapter 8
The Cross-Regulation Between
Autophagy and Type I Interferon
Signaling in Host Defense

Shouheng Jin

Abstract The production of type I interferons (IFNs) is one of the hallmarks of
intracellular antimicrobial program. Typical type I IFN response activates the Janus
kinase (JAK)–signal transducer and activator of transcription (STAT) pathway, which
results in the transcription of plentiful IFN-stimulated genes (ISGs) to establish the
comprehensive antiviral states. Type I IFN signaling should initiate timely to pro-
voke innate and adaptive immune responses for effective elimination of the invad-
ing pathogens. Meanwhile, a precise control must come on the stage to restrain
the persistent activation of type I IFN responses to avoid attendant toxicity.
Autophagy, a conserved eukaryotic degradation system, mediated by a number of
autophagy-related (ATG) proteins, plays an essential role in the clearance of invading
microorganism and manipulation of type I responses. Autophagy modulates type I
IFN responses through regulatory integration with innate immune signaling path-
ways, and by removing endogenous ligands of innate immune sensors. Moreover,
selective autophagy governs the choice of innate immune factors as specific cargoes
for degradation, thus tightly monitoring the type I IFN responses. This review will
focus on the cross-regulation between autophagy and type I IFN signaling in host
defense.

Keywords Type I interferon · Autophagy · ISG · Selective autophagic degradation

8.1 Introduction

Innate immune responses, initiated by germline-encoded pattern-recognition
receptors (PRRs), provides the first line of host defense against invadingmicroorgan-
isms [62]. PRRs, including Toll-like receptors (TLRs), retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs), Nod-like receptors (NLRs), and several nucleic acid
sensors, detect microbial components termed as pathogen-associated molecular pat-
tern (PAMPs) to provoke the innate immune responses [100]. Upon recognition of
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foreign molecular components, PRRs activate the NF-κB, IRF3/IRF7, and inflam-
masome signaling pathways to trigger the production of type I interferons (IFNs)
and pro-inflammatory cytokines, which are essential for host defense [47]. Type I
IFNs are polypeptides that are secreted from infected cells, known for their roles in
antivirus, anti-proliferation, and immunomodulation. IFNα and IFNβ are the most
well-defined type I IFNs [39]. Most cell types synthesize IFNβ, while hematopoietic
cells, particularly plasmacytoid dendritic cells (pDCs) predominantly produce IFNα.
A single IFNB gene encodes IFNβ, whereas various IFNα isoforms are encoded by
more than a dozen of distinct genes [103].

Secreted type I IFNs are capable of binding to their heterodimeric transmembrane
receptors named as IFNα receptor (IFNAR), which consists of IFNAR1 and IFNAR2
subunits [68]. The canonical type I IFN-mediated innate immune responses rely on
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2)-mediated signaling cascade to
phosphorylate signal transducer and activator of transcription 1 (STAT1) and STAT2
[51]. Activated STAT1 and STAT2 form dimers and translocate to the nucleus, which
in turn interactwith IFN regulatory factor 9 (IRF9) to constitute trimolecular complex
IFN-stimulated gene factor (ISG3), thereby leading to the transcriptional activation
of hundreds of interferon-stimulated genes (ISGs) [79, 103]. The expression of
numerous ISGs establishes an antiviral state of infected cells by directly suppressing
the viral proliferation and manipulating the immune signaling pathways. To sculpt
immune responses that are appropriate for host defense and survival, type I IFN
responses must be tightly controlled to initiate and terminate timely against viral
infection.

Immune system has evolved a sophisticated mechanism to strictly regulate
type I IFN production at multilayers, such as transcriptional activation and suppres-
sion, posttranscriptional regulation mediated by m6A (N6-methyladenosine) RNA
modification, post-translational modifications (PTMs) including phosphorylation,
ubiquitination, and other unconventional forms of PTMs [36, 60, 61, 89, 96]. Increas-
ing attention has been paid to the indispensable roles of autophagy in regulation of
the initiation, activation, and termination of type I IFN signaling and maintains the
strength of type I IFN response during viral infection [14, 16]. Autophagy may
serve as a primordial form of eukaryotic innate immune system to directly eliminate
the invading pathogens [17]. Moreover, the principal functions of autophagy have
evolved drastically and have been well integrated with innate and adaptive immunity
at multilevels [78].

8.2 Autophagy is a Regulatory System of Eukaryotic
Innate Immunity

Autophagy mediated by a number of autophagy-related (ATG) proteins, is a
highly conserved lysosomal degradation system that delivers substrates to double-
membrane vesicles termed as autophagosomes [55]. Autophagy is controlled
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by mammalian target of rapamycin (mTOR) and AMP-activated protein kinase
(AMPK), both function as upstream factors to influence autophagy through direct
phosphorylation of ULK1 [31]. The ULK1 serine–threonine kinase complex, consti-
tuted by ULK1, FIP200, ATG13, and ATG101, plays an essential role in the initia-
tion of autophagy through phosphorylating a list of downstream proteins involved in
autophagy flux [15]. The Beclin-1 complex (involving Beclin-1, VPS34, andVPS15)
binds to ATG14L or UVRAG to generate phosphatidylinositol 3-phosphate (PI3P)
to act in autophagosome nucleation or endolysosomal and autophagolysosomal mat-
uration. The vesicle containing ATG9A is the only transmembrane core ATG protein
that provides the membrane for autophagosomes [19]. WIPI serves in early stage of
themembrane extension at the PI3P production sitewithATG2AorATG2B [55]. The
expansion and completion of the autophagosome membrane contains two ubiquitin-
like protein coupling systems: ubiquitin (Ub)-like ATG12 conjugates with ATG5 and
ATG16L1, and Ub-like LC3/GABARAP conjugates with phosphatidylethanolamine
(PE) resided on the membrane [13]. LC3/GABARAP family proteins are attached to
the autophagosomemembrane after proteolysis byATG4, and bind to cargo receptors
such as p62,NDP52, orOPTN toparticipate in cargo recognition,which subsequently
delivers the substrates to lysosomes for degradation [3, 26, 37].

Although autophagy is considered as a high-throughput degradation system,
accumulating evidence has demonstrated that autophagy plays an important role
in type I IFN responses [98]. Given that microorganisms invading and replication
cause cell stress, autophagy process accompanies microbial infection [14]. However,
since a major function of autophagy is to eliminate cytoplasmic components, the
innate immune system potentiates autophagy to degrade and dispose of invading
pathogens [17]. Furthermore, at the later phase of infection, autophagy collabo-
rates with adaptive immunity through delivering virus-derived antigens for presen-
tation to T lymphocytes [14, 16]. In particular, selective autophagy is specifically
capable of clearing intracellular components, such as protein aggregates and dam-
aged or unwanted organelles, and deficiency of these processes may cause abnormal
type I IFN responses [98]. Meanwhile, numerous evidence suggests that microbial
pathogens have evolved diversified strategies to either fight with or take advantage
of autophagy to promote their proliferation [14]. The exact roles and detailed mech-
anisms of ATG proteins that govern autophagy during microbial infection remain
largely a black box to be further clarified.

8.3 Autophagy Orchestrates Type I IFN Production

Type I IFNs are multifunctional cytokines that produced by diverse PRRs, DNA and
RNA sensors, confer antiviral, antiproliferative, and immunomodulatory activities in
cells [75]. Endosomal TLRs, including TLR3, TLR7, TLR8, and TLR9, sense viral
RNA and unmethylated CpGDNA [42]. RLR family, consisting of RIG-I, melanoma



128 S. Jin

differentiation associated gene 5 (MDA5), and the laboratory of genetics and physi-
ology 2 (LGP2), all harbor a central helicase domain and a carboxy-terminal domain,
which are both required for RNA binding, while only RIG-I and MDA5 have a tan-
dem caspase activation and recruitment domain (CARD) at the amino terminus to
enable them to transfer the signal through mitochondrial antiviral signaling protein
(MAVS) [12]. Several cytosolic DNA and RNA sensors such as cyclic GMP-AMP
synthase (cGAS), IFNγ-inducible protein 16 (IFI16), DNA-dependent protein kinase
(DNA-PK), and the probable ATP-dependent RNA helicases DDX41 and DDX60,
recognize intracellular DNA or RNA and converge on stimulator of interferon genes
(STING) to drive the production of type I IFNs [7]. Mounting evidence has revealed
the participation of autophagy in orchestrating type I IFN responses. In the follow-
ing section, the potential roles of autophagy in mediating the type I IFN signaling
triggered by diverse PRRs will be discussed.

8.3.1 TLR Signaling

TLR3 recognizes double-stranded RNA (dsRNA), TLR7/TLR8 senses single-
stranded RNA (ssRNA), and TLR9 recognizes unmethylated CpG DNA [100].
TLR13 (mice only) functions as a sensor for the bacterial 23S ribosomal RNA
[42]. These endosome-resident receptors respond to pathogen-derived nucleic acids
and function via two distinct signaling pathways: TLR3 activates TRIF while
TLR7/TLR8,TLR9, andTLR13 activateMyD88.Both of the two adaptors induce the
activation of transcription factor nuclear factor κ-light-chain enhancer of activated
B cells (NF-κB), whereas IFN regulatory factor 3 (IRF3) is activated through the
TRIF pathway and IRF7 through the MyD88 pathway [42, 62]. The phosphorylation
of inhibitor IκB by the IκB kinase (IKK) complex is required for NF-κB activation.
After phosphorylation, IκB undergoes poly-ubiquitination and subsequent proteaso-
mal degradation, thus releasingNF-κB to the nucleus and turning on the transcription
of downstream genes. IRF3 and IRF7 are phosphorylated by IKK-related kinases,
TBK1/IKKε, which in turn form homodimers to translocate into the nucleus and
form an enhanceosome complex together with NF-κB and other transcription factors
to activate the transcription of type I IFN genes [12, 100].

In the recognition of viral RNA by TLR7, autophagy participates in transmission
of the cytosolic viral replication intermediates to lysosomes and regulates the pro-
duction of IFNα in pDCs [52]. The RNA of vesicular stomatitis virus (VSV) can
be captured by autophagosomes and be delivered to endosomes, where to facilitate
type I IFN signaling activation [24]. Upon human immunodeficiency virus type 1
(HIV-1) infection, pDCs synthesize IFNα via TLR7 signaling pathway in an
autophagy-dependent manner [99]. In response to DNA-containing immune com-
plexes (DNA-IC), IFNα production depends on LC3-associated phagocytosis (LAP).
LAP contributes to TLR9 trafficking into a specialized IFN signaling compartment
by amechanism that involves ATG proteins, but not the conventional autophagic pre-
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initiation complex, or adaptor protein-3 (AP-3) [34]. Under the activation of TLR9
by CpG DNA, LC3 and IKKα are recruited into endosomes to form the LC3-IKKα

complex, which provokes IRF7-mediated type I IFN activation [32]. Collectively,
these studies reveal that autophagy process plays an essential role in the initiation of
TLR signaling pathway.

Meanwhile, autophagic degradation has also been reported to inhibit TLR-
triggered type I IFN production. Enterovirus 71 (EV71) and coxsackievirus A16
(CA16) can suppress the TLR7-mediated type I IFN signaling pathway by promot-
ing the degradation of endosome through autophagy [80]. Furthermore, selective
autophagy is indispensable for the termination of TLR signaling. During Salmonella
typhimurium infection, Tripartite motif-containing 32 (TRIM32) functions as a sup-
pressor of TLR3/4-mediated type I IFN signaling by targeting TRIF for TAX1BP1-
mediated selective autophagic degradation [94]. ATG16L1 deficiency promotes the
accumulation of TRIF and enhances downstream signaling in macrophages. Mice
lacking Atg16l1 in myeloid cells succumb to lipopolysaccharide-mediated sepsis
but increase their elimination of intestinal Salmonella typhimurium in an inter-
feron receptor-dependent manner. Human macrophages with the Crohn’s disease-
associated with ATG16L1 variant T300A, exhibit more production of IFNβ and
IL-1β. An elevated IFN response gene signature is observed in patients with IBD
who are resistant to treatment with an antibody to the cytokine TNF [74]. Following
the treatment of poly(I:C), autophagy cargo receptor NDP52 prompts the inactiva-
tion of IRF3 by accelerating the autophagic degradation of adopter proteins TRIF
and TRAF. Under normal conditions, ubiquitin-editing enzyme A20 restrains this
autophagy process [38]. These findings indicate selective autophagy coordinates
with innate immune system to shape the host defense. During viral infection, TLR
activation tends to induce autophagy to improve IFN production, whereas the nega-
tive regulation of autophagy helps terminate TLR signaling.

8.3.2 RLR Signaling

Based on their unique features, RIG-I and MDA5 detect distinct viral RNA PAMPs.
RIG-I exhibits a preference for ligands that are short (10–300 bp) dsRNA, which
contains 5′-triphosphate ends with regions enriched in poly-U/UC or AU sequences
(32–35 bp). By contrast, the precise natural RNA PAMP ligands of MDA5 remain
poorly characterized. It is generally acknowledged that MDA5 binds internally to
long dsRNA (greater than 1000–2000 bp) organized in higher ordered structures
with no end specificity. PAMPs recognition induces conformational changes of RIG-
I and MDA5 by releasing their N-terminal CARD. The exposed CARD is then
ubiquitinated and interacts with MAVS CARD for signaling. MAVS recruits TBK1,
which further phosphorylates and activates IRF3, resulting in IRF3 dimerization and
transcription activation of type I IFN genes [95].
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ATG5–ATG12 conjugation suppresses the production of type I IFN by binding to
the CARDof RIG-I, which disrupts its associationwithMAVS and inhibits the RIG-I
signaling [41].Moreover,Beclin-1 plays a negative regulatory role inRIG-I-mediated
type I IFN production by targeting the CARD of MAVS, hence blocking the RIG-
I-MAVS interaction in an autophagy-independent manner [44]. Hepatitis C virus
(HCV)-induced autophagy suppresses RIG-I signaling and type I IFN production,
which also occurs during the Dengue virus (DENV) infection. Since HCV-induced
autophagy up-regulates the ATG5 and Beclin-1 expressions [47, 48], which are neg-
ative regulators of type I IFN production. It can explain why autophagy induced by
some species of viruses inhibits the host defenses. IRF3 is also a target of autophagy.
Rubicon, an autophagy inhibitor, is involved in suppressing RLR-mediated type I
IFN responses by inhibiting IRF3 dimerization via interacting with its IRF associa-
tion domain [43]. Altogether, these findings indicate that ATG proteins function as
regulators in RIG-I signaling.

Besides affecting type I IFN signaling by directly interacting with key immune
factors, autophagy also plays an essential role in shutting down the type I IFN signal-
ing activation by selective degradation. The leucine-rich repeat-containing protein
25 (LRRC25) binds with ISG15 (a product encoded by ISG) associated RIG-I, which
facilitates the recognition of RIG-I by autophagy cargo receptor p62, thereby down-
regulating type I IFN production via autophagic degradation of RIG-I [22]. Human
parainfluenza virus type 3 (HPIV3) infection induces mitophagy to degrade MAVS
and interfere with the RIG-I-mediated type I IFN signaling [21]. ATG5 absence leads
to the deficiency of autophagy process, thus resulting in the accumulation of dysfunc-
tional mitochondria,MAVS, andmitochondrial ROS to augment RLR-mediated type
I IFN signaling. Autophagy is required for the clearance of dysfunctional mitochon-
dria to keep the RLR-mediated type I IFN production in balance [85]. IFN-induced
Tetherin/BST2 recruits the E3 ubiquitin ligase MARCH8 to catalyze K27-linked
ubiquitin chains on MAVS at lysine (K) 7, thus providing a recognition signal for
the NDP52-directed autophagic degradation of MAVS and preventing the persistent
activation of type I IFN signaling [40].

Atg16l deficiency in mice causes a resistance to intestinal bacterial pathogen
Citrobacter rodentium infection and a phenotype with protection against chemical
injury of the intestine in a type I IFN-dependent manner. Therefore, autophagy pro-
teins prevent a spontaneous type I IFN activation to microorganism that is beneficial
in the presence of infectious and noninfectious intestinal hazards [67]. Mitochon-
drial nucleotide-binding, leucine-rich repeats (NLR)-containing protein, NLRX1
attenuates type I IFN production but promotes autophagy upon viral infection.
NLRX1-interacting partner, mitochondrial Tu translation elongation factor (TUFM)
associates with ATG5-ATG12 and ATG16L1 to increase the activation of type I
IFN and decrease autophagy [54]. Cytochrome c Oxidase (CcO) complex sub-
unit COX5B specifically suppresses MAVS-mediated antiviral pathway by targeting
MAVS. Mechanistically, MAVS activation induces the enhanced ROS production
and COX5B expression, while COX5B negatively regulates MAVS signaling by
inhibitingROSproduction.COX5Bcoordinateswith the autophagy process to tightly
control MAVS aggregation, hence balancing the antiviral immune responses [97].
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TRIMproteins are important regulators of both autophagy and antiviral immunity.
Through a targeted RNAi screening assay the relevance of selected TRIM proteins
in autophagy induced various viruses, TRIM23 is identified to mediate autophagy-
induced restriction of multiple viruses in both RING E3 ligase and ADP ribosylation
factor (ARF) GTPase activity-dependent manner. K27-linked auto-ubiquitination of
theARFdomain is essential for theGTPhydrolysis activity ofTRIM23and activation
of TBK1 by facilitating its dimerization and ability to phosphorylate the selective
autophagy receptor p62. TRIM23 has dual E3 ubiquitin ligase and GTPase activities,
which is a core component of the selective autophagic machinery [81].

8.3.3 cGAS/STING Signaling

The cGAS-STING signaling pathway is critical for sensing viral DNA and trig-
gering type I IFN production [25]. The activity of cGAS is restrained by TTLL6-
mediated mono-glutamylation modification. Cytosolic carboxypeptidase5 (CCP5)
and CCP6 hydrolyze the mono-glutamylation and poly-glutamylation of cGAS,
respectively, which subsequently restores cGAS activity [91]. Following viral DNA
treatment, cGAS catalyzes the synthesis of cyclic guanosine monophosphate–adeno-
sinemonophosphate (cGAMP), the secondmessenger to phosphorylate and dimerize
STING, thus recruiting TBK1 to activate IRF3-directed type I IFN gene expres-
sion [20]. Upon herpes simplex virus-1 (HSV-1) infection, Beclin-1 inhibits the
DNA stimulation by targeting cGAS, suppressing the cGAMP synthesis and sub-
sequent type I IFN production. Additionally, autophagic degradation of cytosolic
pathogen DNA recognized by cGAS, hence indirectly attenuating the activation of
cGAS-STING signaling [59]. ATG9A also negatively regulates dsDNA-mediated
immune responses by suppressing the assembly of STING and TBK1 [73]. Further-
more, cGAMP leads to the dissociation of ULK1 from AMPK complex, and induces
the phosphorylation of STING by ULK1 and subsequently degradation of STING,
thereby inhibiting the production of type I IFNs [46].

Selective autophagic degradation of key immune factors also contributes to reg-
ulate the cGAS-STING signaling. cGAS can be attached with K48-linked ubiquitin
chains and recognized by autophagy cargo receptor p62 for degradation, leading to
the inhibition of cGAS-STING signaling [11]. Persistent activation of the cGAS-
STING signaling pathway leads to the K63-linked ubiquitination and elimination
of STING, thus mediating the selective autophagic degradation of active STING by
p62 to avoid the excessive type I IFN production [71]. TRIM21, also functions as
selective autophagy receptor to direct the autophagic degradation of IRF3 dimers
and suppress cGAS-STING signaling pathway [45].

In summary, so far at least two major mechanisms are involved in the crosstalk
between autophagy/autophagy-related proteins and type I IFN responses: the
immune-regulatory role played by ATG proteins and the degradation of immune
factors directed by selective autophagy. Autophagy strikes up an elegant and flexible
system in shaping the regulatory network of PRR-mediated type I IFN signaling
(Fig. 8.1).
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Fig. 8.1 Autophagy influences type I IFN responses. Autophagy-related proteins can directly
interact with key immune factors in type I IFN signaling pathway, thus negatively regulating the
production of type I IFNs. Moreover, viral infection can promote the recognition of innate immune
factors by cargo receptors for selective autophagic degradation, which in turn shuts down the
persistent activation of type I IFN responses

8.4 Autophagy Affects Type I IFN Responses

Once synthesized by the activation of PRR signaling, type I IFNs are released from
the infected cell in a paracrine or autocrine manner, which in turn binds to IFNAR
to stimulate downstream JAK-STAT pathway, thus activating the transcription of
ISGs. The level of extracellular membrane IFNAR determines the activity of type I
IFN responses. Diverse viruses have developed the strategies to mediate the degra-
dation of IFN receptors to evade antiviral responses [90]. Currently, endocytosis and
ubiquitination-mediated lysosomal degradation are considered the major pathways
to control the IFNAR level [48, 49]. HCV infected Huh-7.5 cells when cultured
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with free fatty acids (FFA), the intracellular lipid accumulation induces the endo-
plasmic reticulum (ER) stress response and down-regulates IFNAR1 level to shut
down the JAK-STAT pathway [30]. HCV and FFA-induced autophagy promotes
the expression of LAMP2A and its association between IFNAR1 to mediate the
chaperone-mediated autophagic of IFNAR1 [50].Moreover, HCV-induced ER stress
and autophagy selectively degrade the IFNAR1 rather than type II (IFNγ) or type III
(IFNλ) IFN receptors, which is crucial for the resistance of HCV against IFNα and
ribavirin [8]. Altogether, these researches not only illustrate the interplay between
chaperone-mediated autophagy and IFNAR expression but also indicate that type III
IFN possesses a stronger antiviral activity than type I IFN in inhibiting HCV infec-
tion, and that the suppression of HCV-induced ER stress and chaperone-mediated
autophagy is a potential strategy to reduce HCV resistance to type I IFNs.

8.5 Type I IFN Signaling Modulates Autophagy

Type I IFNs play an immune-regulatory role rather than a direct antiviral role in
building up an antiviral state by the activation of numerous downstream ISGproducts.
In addition to mediating the transcription of ISGs, IFNα/β also utilizes autophagy to
combat against viral infection. IFNα/β induces the autophagic degradation of viral
components and facilitates the delivery of PAMPs from the cytoplasm to TLR3-
containing endosomes [18, 84].Additionally, the antiviralmechanisms of several ISG
products are associated with autophagy. Autophagy regulates type I IFN production
and type I IFN signal transduction, and type I IFNs and ISG products eliminate
viral particles by activation of autophagy as well, suggesting that there is a tight
cross-regulation between autophagy and type I IFN signaling (Fig. 8.2).

8.5.1 Type I IFN Signaling Affects Autophagy

Autophagy has been implicated in innate immune responses against various intra-
cellular pathogens. Recent studies have reported that autophagy can be triggered by
pathogen-recognizing sensors, including TLRs and cGAS, to participate in type I
IFN responses [53]. STING induces autophagy via a mechanism that is not depen-
dent of the activation of TBK1 and IFN signaling. Through binding to cGAMP,
STING translocates to the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC) and the Golgi in a COP-II complex and ARF GTPases dependent man-
ner. STING-containing ERGIC functions as a membrane source for LC3 lipidation
to promote autophagosome biogenesis. cGAMP mediated LC3 lipidation through a
pathway that is dependent on WIPI2 and ATG5, but not ULK1 and VPS34-Beclin-1
kinase complexes. The cGAMP-induced autophagy is essential for theDNAandvirus
clearance in the cytosol. Intriguingly, STING from the sea anemone Nematostella
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Fig. 8.2 The cross-regulation between autophagy and type I IFN signaling. Viral infection
prompts the activation of autophagy, whereas some species of viruses suppress autophagy initiation.
The primordial role of autophagy in antiviral immunity is to degrade the viral constituents, however,
other viruses can subvert and exploit multiple steps of the autophagy process to evade type I IFN
responses and promote their proliferation. Autophagy coordinates with type I IFN responses at
multilayers, thus shaping the host defense against invading pathogens

vectensis activates autophagy but not IFN production in response to cGAMP stim-
ulation, which suggests that induction of autophagy is a primordial function of the
cGAS-STING signaling [29].

Moreover, STING harbors classic LC-3 interacting regions (LIRs) and medi-
ates autophagy through its direct interaction with LC3. Upon stimulation, STING
undergoes autophagic degradation immediately after TBK1 activation. The non-
canonical autophagy induced by STING does not depend on ATG5, whereas other
autophagy regulators such as ULK1, Beclin-1, ATG9, and p62 are dispensable. LIR
mutants of STING abolished its interaction with LC3 and its activation of autophagy.
Also, mutants that abolish STING dimerization and cGAMP binding diminished the
STING-LC3 interaction and subsequent autophagy, suggesting that STING activa-
tion is indispensable for autophagy induction [63].

Transfection of poly(I:C) into the cytoplasm, or Sendai virus (SeV) infection,
significantly induces autophagy in normal cells but not in RIG-I-depletion cells.
Poly(I:C) transfection or SeV infection-induced autophagy in the cells lacking type I
IFN signaling as the effect is not due to IFN production. The RIG-I-MAVS-TRAF6
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signaling axis is crucial forRIG-I-induced autophagy.UponRIG-I activation,Beclin-
1 translocates to the mitochondria and interacts with TRAF6. Moreover, Beclin-1
undergoes K63-linked ubiquitination mediated by TRAF6 following RIG-I activa-
tion, thus triggering the initiation of autophagy. Since autophagy deficiency enhances
type I IFN signaling, the induction of autophagy by the RIG-I pathway might also
contribute to preventing excessive IFN productions through a negative-feedback loop
[53].

8.5.2 Type I IFN Downstream Signaling Regulates
Autophagy

Type I IFN signaling transduction includes the activation of JAK-STAT, phos-
phoinositide 3 kinase (PI3K)/AKT/mTOR, and mitogen-activated protein kinase
(MAPK)pathways,which are critical for antiviral immunity bydriving the expression
of ISGs andprovokingdownstreamevents. These pathways are involved in autophagy
process during starvation, inflammation, and antitumor immunity [4, 33, 75].
Type I IFN-induced immune responses may also be involved in virus-induced
autophagy.

The JAK-STAT pathway is a canonical signaling pathway mediated by type I
IFNs. Recent studies have indicated that type I IFN induces autophagy in multiple
cancer cell lines and that several molecules of the JAK-STAT pathway are involved
in this process [2, 57, 76, 102]. In human Burkitt lymphoma Daudi cells, type I IFN
triggers autophagy in a STAT2-dependent manner [76]. IFNα induces autophagy
in chronic myeloid leukemia cells and the activation of JAK1 and STAT1 facilitate
the generation of Beclin-1, a critical ATG protein participates in VPS34 complex
formation and recruits additional proteins, such as ATG14L, AMBRA1, UVRAG,
Bcl-2, andRubicon, tomodulate the activity of VPS34 [102]. InMCF-7 breast cancer
cells, IFNβ also initiates autophagy in an ATG7- and STAT1-dependent manner [2].

STAT1 also functions as a transcriptional suppressor of autophagy genes and
autophagic activity. STAT1 deficiency up-regulates the mRNA and protein levels of
ULK1, as well as promotes autophagy flux. STAT1 bounds a putative regulatory
sequence in the ULK1 5′-flanking region to function as a repressor of transcription
activation of ULK1, thus negatively regulating autophagy flux [27].

The MAPK pathway is another important pathway activated by type I IFNs.
JAK1 activation leads to the phosphorylation of VAV protein, which subsequently
activates the downstream regulator Rac1 to phosphorylate and activate the MAPK-
kinase kinase (MAPKKK). Therefore, MAPK kinase (MAPKK) is activated, thus
resulting in the activation of MAPK [58]. MAPK is a number of highly conserved
serine/threonine kinase family, including c-Jun N-terminal kinase 1/2/3 (JNK1/2/3),
extracellular signal-related kinase 1/2 (ERK1/2), ERK3/4, ERK5/BMK1, ERK7/8,
and p38MAPK [101]. p38MAPK activates the inflammatory responses by phospho-
rylating ULK1 and inhibiting autophagy in microglial cells [33]. JNK is involved in
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triggering autophagy in cancer cells via up-regulating the expression of ATG5 and
Beclin-1, and facilitating the dissociation of the Bcl-2/Beclin-1 complex [5, 56, 88].
Resveratrol (RSV) enhances the autophagic cell death of chronic myelogenous
leukemia cells by elevating the p62 yields in a JNK-dependent manner [72]. Palmi-
tate (PA) induces apoptosis in bone marrow mesenchymal stem cells by activating
the JNK and p38 MAPK [64]. All together, these researches provide vital evidence
for the crucial role of the MAPK pathway in inducing autophagy.

Type I IFNs also trigger the PI3K/AKT/mTOR pathway and mTORC1 servers as
a direct negative regulator in autophagy initiation. Type I IFNs initiate autophagy via
the PI3K/AKT/mTORpathway in cancer cells. In human glioma cells, IFNβ-induced
autophagy is dependent on the PI3K/AKT/mTOR and ERK1/2 signaling pathways
[57]. Type I IFNs decrease the mTORC1 activity in human Burkitt lymphoma Daudi
cells and further limit the PI3K/AKT/mTOR pathway, leading to the activation of
autophagy [76].

The JAK-STAT, PI3K/AKT/mTOR, and MAPK signaling pathways are pivotal
antiviral pathways. A great deal of studies have indicated that these pathways affect
the initiation of autophagy in cancer and inflammation, and type I IFNs triggered
autophagy in response to HCV has also been confirmed [18]. Key molecules of the
type I IFN signaling pathway are also involved in virus-induced autophagy [70]. The
roles of type I IFN and its downstream signaling pathways in autophagy activation
upon viral infection is crucial. Recently, research on type I IFN-induced autophagy
in cancer cells provides benefits for the study of antitumor [2, 102]. Therefore, it
is important for exploiting new antiviral immune targets to further elucidate the
interplay of the type I IFN responses and autophagy during viral infection.

8.6 ISG Products Participate in the Regulation
of Autophagy

ISGs encode proteins that directly restrict viral infection and server as immune regu-
lators. ISG products modulate autophagy and manipulate its crosstalk with antiviral
immune responses. ISG products not only regulate virus-induced autophagy flux
but also target key immune factor in type I IFN signaling for selective autophagic
degradation, thereby influencing antiviral immunity.

IFN-induced and dsRNA-activated protein kinase (EIF2AK2/PKR) binds to
Beclin-1 within the VPS34 complex, which initiates the formation of autophago-
somes. PKR-mediated phosphorylation of the eukaryotic translation initiation factor
2 subunit 1 (EIF2S1/eIF2α) also induces autophagy [86, 87]. IFNβ-inducible protein
SCOTIN transports HCV nonstructural 5A (NS5A) to autophagosomes for degra-
dation to exert a vital role in repressing the HCV proliferation [44]. PML (also
named as TRIM19) can be induced by IFNα/β/γ, which inhibits EV71-mediated
autophagy to control viral replication [9, 10]. Tudor domain containing 7 (TDRD7)
restrains the proliferation of paramyxovirus [83]. Additionally, TDRD7 inhibits the
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paramyxovirus-triggered autophagy by suppressing the activity of AMPK, which
is a positive factor upstream of autophagy initiation via activating ULK1 and sup-
pressing mTORC1 [23, 35]. Ribonuclease L (RNase L), encoded by an ISG, cleaves
viral RNA to produce small dsRNA, thus suppressing viral replication via activation
of autophagy during early viral infections [6, 77]. RNase L initiates virus-induced
autophagy by triggering the activation of JNK and PKR [1]. RNase L-induced
autophagy can restrain the viral proliferation in early infection, however, in later
stages, autophagy promotes the replication of the virus. Plenty researches support
autophagy in promoting the replication of certain viruses, due to hijacking autophagy
for their replication at the late stage of infection, which subverts the RNase L-induced
antiviral autophagy.

ISG products manipulate selective autophagic degradation of immune factors in
type I IFN signaling to regulate antiviral immune responses. TRIM14, induced by
type I IFNs, can recruit USP14 to remove the K48-linked ubiquitin chains of cGAS,
hence suppressing the p62-directed selective autophagic degradation of cGAS [11].
Ubiquitin-like modifier, ISG15 conjugates with target molecules, which is a process
termed as ISGylation. Type I IFNs facilitate the ISGylation of Beclin-1 and inhibit
the formation of VPS34 complex, therefore blocking autophagy flux [93]. ISG15 can
also interact with histone deacetylase 6 (HDAC6) and p62 tomediate the degradation
of ISG15-conjugated proteins through autophagy [69]. ISG15 is involved in the
LRRC25-mediated degradation ofRIG-I through p62-dependent selective autophagy
[22]. Moreover, LRRC59 targets ISG15-associated RIG-I to inhibit the association
between LRRC25 and RIG-I, thus disrupting the recognition of RIG-I by p62 [92].
These studies indicate that ISG15 works as a degradation signal for p62-mediated
autophagy recognition of RIG-I.

TRIM5α, an IFN-inducible intercellular antiviral restriction factor, acts as
autophagy receptor by recognizing viral proteins as cargoes, which is initially dis-
covered as an antiviral restriction factor that recognizes the HIV capsid protein
[28, 82]. TRIM5α initiates autophagy through recruitment of ULK1 and Beclin-1,
then recognizes the HIV-1 capsid via the SPRY domain of TRIM5α, thus leading
to premature capsid disassembly and autophagic degradation [15]. Another TRIM
family member, TRIM22, is also up-regulated by viral infection. TRIM22 regu-
lates virus-induced autophagy via theNF-κB/Beclin-1 pathway. TRIM22-augmented
autophagy prevents intracellular virus to evade autophagic clearance, hence inhibit-
ing the persistence of viral infection [65].

Tetherin (also referred to asBST2 orCD317) is an IFN-inducedmembrane protein
that inhibits the release of diverse enveloped viral particles from infected cells [40].
Autophagy process andATGproteins are hijacked byHIV-1Vpu to circumvent Teth-
erin restriction of viral release. Tetherin and Vpu are presented in LC3-positive com-
partments. Vpu selectively interacts with LC3C and antagonizes Tetherin restriction.
LC3Cexpression favors the removal ofTetherin from theHIV-1budding site, and thus
HIV-1 release in Tetherin-expressing cells. Moreover, ATG5 and Beclin-1, but not all
the components of autophagy, act with LC3C to facilitate Vpu antagonism of Teth-
erin restriction. LAP contributes to Vpu counteraction of Tetherin restriction [66].
Tetherin not only functions as a cargo of autophagy but itself regulates the activation
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of autophagy. Tetherin associates with the autophagy/mitophagy suppressor LRP-
PRC and suppresses LRPPRC from forming a complex with Beclin-1-Bcl-2, thus
activating autophagy through releasing Beclin-1 to bind with VPS34 [104]. More-
over, Tetherin promotes the NDP52-mediated selective autophagic degradation of
MAVS, therefore restraining the persistent type I IFN production [40].

8.7 Conclusion

Autophagy, a highly evolutionarily conserved process for the degradation and
recycling of cytoplasmic constituents, has evolved comprehensive and multilevel
mechanisms to regulate type I IFN responses. The primordial role of autophagy in
innate immunity is to eliminate microbial infection through destructing the invading
pathogens. Type I IFNs and IFN-stimulated gene products can harness autophagy
to achieve the clearance of microbial infection, which strengthens the ability of
immune system. Moreover, autophagy process integrates with the innate immune
signaling pathway. ATG proteins directly govern type I IFN responses during viral
infection, and selective autophagic degradation of immune factors andmicrobial con-
stituents also contributes to the suppression of type I IFN signaling. Nevertheless,
some invading microorganisms manipulate autophagy to elude host defense. The
dominant function of autophagy in type I IFN responses remains as the suppression
of type I IFNproduction,which represents that autophagymaintains the antimicrobial
role and type I IFN signaling in a balance, thus avoiding harmful immunopathology.
The accurate roles of ATG proteins and the detailed mechanisms underlying micro-
bial infection-induced autophagy still remain elusive. Understanding the interplay
between autophagy and type I IFN responses will help us identify novel diagnostic
markers and develop strategies for clinical therapy of certain pathogen infections in
future.
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Chapter 9
Selective Autophagy
Regulates Innate Immunity Through
Cargo Receptor Network

Yaoxing Wu and Jun Cui

Abstract Autophagy, an evolutionarily conserved cargo degradation process, is
responsible to remove superfluous and unwanted cytoplasmicmaterials andmaintain
cellular homeostasis. Autophagy can be highly selective and target specific cargoes
by utilizing multiple cargo receptors, which bind both ubiquitinated cargoes and
autophagosomes. Mounting evidence has revealed the deep involvement of selec-
tive autophagy in innate immunity upon pathogen invasion, including eliminating
microbial pathogens, initiating the anti-microbe responses, and inhibiting excessive
immune responses. Given the importance of selective autophagy in innate immunity,
howcargo receptors deliver pathogens and intracellular host constitutes to autophago-
somes during infection remains to be elucidated. In this review,we summarize current
evidence for the regulation of innate immunity by selective autophagy and try to elu-
cidate the mechanisms employed by cargo receptor network in mediating diverse
innate immune responses.

Keywords Selective autophagy · Cargo receptor · Ubiquitination · Immune
response

9.1 Introduction

Macroautophagy, thereafter referred to as autophagy, is an evolutionarily conserved
cargo degradation process,whichmaintains cellular homeostasis and provides energy
substrates when facing various stress factors, including starvation, pathogenic infec-
tion, proteotoxic, and oxidative stress [41, 57]. Autophagy initiates with the seques-
tration of cellular substrates into a double-membrane structure termed as phagophore.
The immature phagophore grows to envelop the engulfed contents and form an
autophagosome. Autophagosome subsequently becomes its mature form by fusing
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with endosome or lysosome. After fusion, the inner membrane and the cytosolic con-
tents undergoes degradation by lysosomal acid hydrolases and the resultant degra-
dation products can be reused for nutrient recycling [8, 57].

Autophagy used to be regard as a nonselective bulk degradation system for
amino acid and nutrients recycle [10, 35], however, accumulating evidence reveal
that autophagy can be highly selective and target specific substrates for degrada-
tion [38]. Selectivity of autophagy is mediated by specialized autophagic adaptors,
termed as cargo receptors [38], which physically bridge cellular cytosolic materials
and autophagy components [90]. In selective autophagy, cargoes usually undergo
ubiquitination and the ubiquitinated cargoes are recognized by cargo receptors for
subsequent delivery to autophagosomes for degradation. Due to the diversity of the
potential cargoes recognized by cargo receptors, selective autophagy is involved
in various cellular processes, including balancing cellular homeostasis, regulating
inflammation, removing invading pathogens, and eliminating damaged organelles
[90]. Mounting evidence has suggested the involvement of selective autophagy
during pathogenic microbial infection, including the elimination of microbial
pathogens, generation of anti-pathogen factors and materials, microbial antigen pre-
sentation, initiation of anti-microbe responses, and inhibition of excessive immune
responses [8, 82]. During the process of selective autophagy, a great deal of sub-
strates, including invading pathogens, cytosolic microbial components, damaged
organelles, and key molecules in type I interferon and inflammatory signaling path-
ways can be targeted by cargo receptors to autophagosomes [82]. Poly-ubiquitin
chains serve as the most common signals for the recognition of cargoes destined
for autophagy, while a part of cargoes are sensed by selective autophagic receptors
through ubiquitin-independent mechanism, such as employing protein–protein asso-
ciation domains or utilizing ubiquitin-like, sugar- or lipid-based signals [35, 40].
However, the precise mechanisms employed by a limited amount of cargo receptors
in targeting broad and diverse kinds of intracellular cargoes remain to be elucidated.
Specifically, the question about how cargoes are tagged and how the modified car-
goes are discriminated by cargo receptors when multiple potential targets exist in
the cytosol during infection remains unexplored. One convincing explanation is that
there are a number of host regulators, which serve as secondary autophagic receptors
or co-receptors for the post-translational modification or protein–protein interaction
of particular cargoes, which assists the recognition by cargo receptors. Diverse sec-
ondary receptors/co-receptors work synergistically to support a network for selective
cargo receptors in targeting different kinds of substrates, which leads to modulate
innate immune responses during pathogenic invasion. In this review, we summarize
available evidence for selective autophagy in innate immunity and try to elucidate the
mechanisms employed by selective autophagy in mediating diverse innate immune
responses from three different levels: autophagic cargoes, cargo receptors, and recog-
nition signals.
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9.2 Selective Autophagy-Dependent Cargo Recognition
and Degradation in Innate Immunity

9.2.1 Selective Autophagy Affects Microbial
Pathogen Invasion

Invading pathogens are one of the specific targets for selective autophagic
degradation. Autophagy machinery is used as a defensive system against microbial
infection, which is referred to as xenophagy [11, 44]. Xenophagy targets and elimi-
nates intracellular invading pathogens, including viruses, bacteria, and fungi, which
serves as a critical part in innate immune responses [20]. Several pathogenic bacteria,
including Mycobacterium tuberculosis, Salmonella enterica, and Listeria monocy-
togenes are shown to be involved in autophagic degradation [40]. One of the well-
studied examples of autophagic degradation targeting invading bacteria is Salmonella
enterica serovar Typhimurium (S. typhimurium). During invasion, S. typhimurium
resides and replicates in the intracellular Salmonella-containing vacuoles (SCVs),
but it can also leak out to the cytosol and be targeted by host ubiquitin conjugation
system. The ubiquitinated S. typhimurium is subsequently recognized by autophagy
cargo receptors and delivered to autophagy [31]. At least three different autophagy
receptors, p62 [106], NDP52 [94], and OPTN [101] participate in the reorganiza-
tion of ubiquitinated S. typhimurium by autophagosome in nonredundant manners.
Individual silencing of these three cargo receptors is sufficient to enhance bacterial
replication during infection in Drosophila melanogaster, Caenorhabditis elegans,
mice, and human cell lines [42, 101]. Research fromVojo Deretic’s group shows that
p62 can also bring specific cytosolic proteins of M. tuberculosis to autolysosomes
where they are processed from bacterial precursors into novel antimicrobial peptides,
which reveals a different role of p62 in autophagic pathogen defense [73]. In addition
to ubiquitin-dependent pathogen recognition, damaged vesicle can also be targeted
by host protein galectin 8, which recruits NDP52-dependent autophagosome and
promotes antibacterial autophagy [95].

During viral infection, selective autophagy also participates in the recognition and
degradation of viral components and viral particles. Accumulating researches have
shown the indispensable roles of selective autophagy during host innate defenses and
tried to reveal the detail mechanism by autophagy in viral removal. Several studies
reveal that autophagy can protect Sindbis virus (SINV)-mediated encephalitis [68].
p62 is shown to target SINV capsid protein and deliver viral capsid to autophagosome
[68]. Host E3-ubiquin ligase, SMURF1, and host protein Fanconi anemia group C
protein (FANCC) are necessary for the association and colocalization between p62
and SINV capsid protein [69, 92]. Selective autophagy can also restrict the infection
of picornaviruses, such as poliovirus [8]. When the viral particle of poliovirus rup-
tures the endosomal membrane and releases its genome to cytosol, the exposure of
β-galactosidases will be targeted by galectin 8, which results in the detection of dam-
aged endosomes and autophagic degradation of viral RNA genome [89]. Hepatitis C
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virus (HCV) has been demonstrated to induce autophagy for its own benefit, however,
it has been demonstrated that host protein SHISA5 (also named SCOTIN) restricts
HCV replication by associating with HCV nonstructural protein 5A (NS5A) and
promoting its autophagic degradation [1, 36]. Histone deacetylase 6 (HDAC6) coop-
erates with HIV-1 restriction factor APOBEC3G and facilitates autophagic degrada-
tion of the virion infectivity factor Vif [53, 98]. p62 can selectively target the host
trans-activator Tat, which is kidnapped by HIV for viral transcription, for autophagic
degradation [78].

Collectively, selective autophagy not only directly promotes the autophagic degra-
dation of invading pathogens, pathogens components, and host factors required for
pathogens life cycle, but also facilitates microbial antigen presentation and the gen-
eration of antimicrobial peptides [8], and therefore initiating autophagy-mediated
immune responses and defending against the invasion of multiple pathogens.

9.2.2 Selective Autophagy Regulates Inflammatory
Cellular Process

During bacterial infection, several Toll-like receptors (TLRs) recognize pathogen-
associated molecular patterns (PAMPs) and recruit their adaptor proteins, including
MyD88 and IRAK family [34, 58]. Subsequently, IRAKs are activated to promote the
oligomerization and ubiquitination of TRAF family proteins. Ubiquitinated TRAFs
serve as a platform to recruit and activate TAK1 and IκB kinase (IKK) complex
[67]. IKK complex then phosphorylates IκB and facilitates its degradation, which
leads to the translocation of NF-κB to nucleus and subsequent production of pro-
inflammatory cytokines [23]. Extensive studies have revealed the involvement of
autophagy in regulating the activation of NF-κB in a selective manner. Early stud-
ies on p62 reveal its involvement in activation of NF-κB. Speckles of p62 can pro-
mote the oligomerization and ubiquitination of TRAF6 and the subsequent activation
of NF-κB [59]. p62 can be induced by lipopolysaccharide (LPS) and promote the
aggregation ofMyD88. However, several recent studies show the negative regulatory
roles of selective autophagy in NF-κB pathway [31]. Upon S. typhimurium infec-
tion, TAX1BP1 can target TRIF, a critical adaptor protein for TLR3/4, which results
in its autophagic degradation and reduction of NF-κB signaling [103]. OPTN not
only binds to RIPK1 and competes with NEMO, but also cooperates with CYLD to
deubiquitinate NEMO, which leads to the inhibition of NF-κB activation [62, 108].
p62 can target activated IKKβ and lead to its degradation via selective autophagy,
therefore reducing the activation of NF-κB [47].

Upon activation, several NOD-like receptors (NLRs) form large molecular
platforms, called inflammasomes. After components assembly, inflammasomes can
trigger caspase-1 to process the maturation and secretion of IL-1β and IL-18 [54].
Mature IL-1β and IL-18 can be sensed by different receptors and activate a series
of inflammatory responses [13]. Multiple reports have revealed the involvement of
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selective autophagy in suppression of inflammasome activation [12]. For instance,
macrophage-specific deletion of p62 leads to the enhancement of damaged mito-
chondria and excessive inflammasome-related inflammation [107]. In addition to
removing damaged mitochondria, p62 is also shown to directly regulate inflamma-
some [12]. During the activation of AIM2 inflammasome, ASC undergoes poly-
ubiquitination and is subsequently targeted by p62, which results in the delivery of
ASC to autophagosome and the inhibition of inflammasome [85]. Host E3 ubiqui-
tin ligase, TRIM20 can target pro-caspase-1, NLRP1, and NLRP3, to promote their
autophagic degradation [37]. TRIM11 serves as a receptor of AIM2 through its auto-
poly-ubiquitination and facilities p62-dependent selective autophagic degradation of
AIM2 [48].

In general, selective autophagy mainly serves as an anti-inflammatory factor and
prevents excessive or overexuberant inflammation and inflammatory responses trig-
gered by diverse agents of endogenous or infectious origin.

9.2.3 Selective Autophagy Regulates Antiviral Type I
Interferon Responses

Upon the invasion of pathogenicmicrobe, RLRs, including RIG-I,MDA5, and LGP2
sense viral RNA in the cytosol, while a number of viral DNA sensors including
DDX41, IFI16, and cGAS are responsible for recognizing intracellular viral DNA.
Upon viral nucleic acid recognition, these sensors mediate the recruitment of their
adaptor proteins, MAVS and STING. MAVS and STING then activate the kinase
TBK1 to promote the phosphorylation of IRF3, which results in the transcriptional
activation of type I interferon (IFN) signaling. The production of type I IFN can
be released into the extracellular environment and induce a large spectrum of IFN-
stimulated genes (ISGs) via the JAK-STAT pathway [80].

Recently, several studies have revealed the involvement of selective autophagy in
regulating antiviral type I IFN responses. During RNA viral infection, p62 specif-
ically targets to ISG15-associated RIG-I, therefore promoting the degradation of
RIG-I in a selective manner [14]. In the resting state, cGAS undergoes K48-linked
poly-ubiquitination at its lysine 414 site. Ubiquitinated cGAS is recognized by p62
and delivered to autophagosome for degradation [7]. Selective autophagy also par-
ticipates in regulation of the adaptor proteins in IFN signaling pathway. NDP52
recognizes virus-triggered K27-linked ubiquitination on MAVS, and therefore lead-
ing to selective degradation of MAVS to suppress excessive activation of antiviral
immune response [30]. During DNA viral infection, p62 can also target ubiquitinated
STING and mediate its autophagic degradation in a TBK1-dependent manner. After
the activation of cGAS-STING signaling, TBK1 is activated to phosphorylate p62,
which stimulates the traffic of STING to autophagy-associated vesicles and degrada-
tion [74]. The transcription factor of IFN signal, IRF3 is also reported to go through
selective degradation. TRIM21 can specifically target activated IRF3 and deliver the
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IRF3 dimers to autophagosome, thus attenuating type I IFN signaling [37]. Taken
together, selective autophagy functions at different levels of type I IFN responses by
degrading receptors, adaptor proteins and transcription factors.

9.3 Selective Autophagy Mediated by Diverse Cargo
Receptor Proteins During Infection

A simplified model to illustrate cargo receptor-mediated selective autophagy can be
proposed: First, the cargoes need to recruit their molecular chaperones, such as E3
ubiquitin ligases, after receiving their degradation signals. Second, the autophagy
cargoes get post-translational modification by their chaperones and the modified
cargoes are recognized by diverse cargo receptors. The ubiquitin chains are the most
common targets for the cargo receptors. Lastly, the substrates are trafficked to the
autophagosomes for degradation by cargo receptors. During the selective autophagic
degradation, autophagic cargo receptors function as a bridge to connect the autophagy
substrates and the autophagosomes [90]. In this case, three domains of cargo receptors
are always needed for their integrity—LC3-interacting region (LIR) domain (which is
used to interactwith the autophagosomedecorated byLC3), dimerization domain and
cargo recognizing domain (which is usually used to bind to the ubiquitin chains) [82].
Given the importance of cargo receptors and cargo receptors-mediated autophagic
degradation during infection, we will discuss several key cargo receptors in the
following sections.

9.3.1 p62

p62 is the first identified and studied mammalian autophagy cargo receptor. Since
initially identified as a autophagy adaptor in 2005, p62 has been extensively studied
about its binding partners, cellular localizations, domain structures as well as cellar
functions [38]. p62 has multiple functional domains, including Phox and Bhem 1
(PB1) domain, a zinc finger domain, a TRAF6-binding (TB) motif, LIR domain, a
KEAP-interacting region, and ubiquitin-associated (UBA) domain (Fig. 9.1) [79].
p62-mediated selective autophagy is reported in removal of invading pathogenic
microbe [82]. Several bacterial species such as S. typhimurium, Shigella flexneri and
M. tuberculosis can be selectively targeted by p62 and trafficked to nascent LC3-
decoratedmembranes for degradation [18, 60, 106]. p62 is also reported to participate
in removing the viral components during viral infection. For example, p62 targets
SINV capsid and delivers capsid protein to the autophagosome for degradation [68].

In addition tomediating the elimination of invading pathogen, p62 is also involved
in controlling pathogen-induced inflammation. Through interacting with TRAF6
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Fig. 9.1 Domain structure of autophagy cargo receptors and their functions in innate immunity

using the TRAF6-binding motif, p62 is shown to participate in TRAF6 oligomer-
ization and promote the K63-linked ubiquitination of NEMO [109]. Moreover, p62
can also capture A20, an NF-κB inhibitor, and sequester it to autophagosome, thus
enhancing NF-κB signaling [32]. During the activation of NF-κB pathway, p62 is
up-regulated and phosphorylated by activated TAK1 and TBK1, which creates a pos-
itive feedback loop [22, 46]. On the contrary, recent studies reveal that p62 is also
involved in restricting excessive inflammatory responses by selectively promoting
the autophagic degradation of keymolecules in NF-κB pathway. F-box protein SKP2
can promote the interaction between p62 and IKKβ, which leads to the p62-dependent
autophagic degradation of IKKβ [47]. LRRC25 interacts with the Rel homologous
domain (RHD) of p65/RelA and promotes p65 recognition by p62, which results
in the p62-dependent autophagic degradation of p65 [16, 105]. p62 also affects the
assembly and the activation of inflammasomes, and therefore regulating inflam-
matory response. The macrophage-specific loss of p62 results in enhancement of
damaged mitochondria and inflammasome-dependent production of IL-1β [107].
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In addition to removing damaged mitochondria, p62 can also directly mediate the
autophagic degradation of the components of inflammasomes. Upon the activation of
AIM2 inflammasome, AIM2 molecular partner TRIM11 undergoes ubiquitination
and is recognized by p62. Subsequently, p62 transportsAIM2 andASC to autophago-
somes, which leads to the inhibition of inflammasomes activation [48, 85].

p62 is also reported to be involved in the regulation of viral-triggered type I IFN
immune responses. During RNA viral infection, cytosol RNA sensor RIG-I binds to
free ISG15, which is a recognition signal to recruit p62 and mediate the autophagic
degradation of RIG-I with the help of LRRC25 [14]. Upon the activation of cGAS-
STING signaling, STING is ubiquitinated and targeted by p62 to autophagosome
[74]. Collectively, involvement of p62-mediated selective autophagy in host micro-
bial defense affects various intracellular signaling pathways,which generates optimal
anti-microorganism innate immune responses.

9.3.2 NDP52

NDP52, also known as CALCOCO2, was initially identified as another ubiquitin-
associated and LC3-binding cargo receptor from Felix Randow’s group in
2009 (Fig. 9.1). NDP52 was shown to be associated with ubiquitin-labeled S.
typhimurium and restricted the replication of this pathogen [94]. Subsequent
studies reveal that NDP52 can target various pathogens including Shigella, Liste-
ria,M. tuberculosis and Streptococcus pyogenes to autophagosomes for their selec-
tive degradation [52, 60, 82, 100], which confirms the indispensable involvement of
NDP52 in xenophagy. Although xenophagy is reported to be mediated by several
different cargo receptors, it seems that the recruitment of different adaptors is inde-
pendent of each other and the mechanism in targeting diverse microbes is different.
For instance, p62 and NDP52 can deliver Shigella to autophagosomes dependently
of actin-septin, while they can target Listeria to autophagosomes in an actin-septin-
independentmanner [60]. Galectins is another recognition signal for NDP52. NDP52
targets Galectin 8 and promotes autophagic degradation of Salmonella [95]. Several
host proteins are also shown to facilitate the NDP52-dependent xenophagy. For
instance, Parkin, the E3 ligase of NDP52, recruits NDP52 to M. tuberculosis to
autophagosomes for degradation in aTBK1phosphorylation-dependentmanner [25].
GFP-bound Rab35 accumulates on the bacteria-containing endosomes and recruits
NDP52 to promote xenophagy of Group A Streptococcus (GAS) [56].

NDP52 also participates in reducing inflammation and IFN signaling. NDP52
is capable of reducing excessive NF-κB signaling by targeting TLRs downstream
adaptors for autophagic degradation [15, 96]. V248A mutants of NDP52, which
affects its binding capacity of ubiquitinated cargo, results in high level of NF-κB
activity, thereby causingmore inflammatory responses inCrohndisease (CD)patients
[15, 96]. NDP52 is also involved in the regulation of virus-triggered induction of
IFN signaling. Upon viral infection, MAVS undergoes K27-linked ubiquitination
by MARCH8. Ubiquitinated MAVS is subsequently targeted by NDP52 and goes
through autophagic degradation, thus restricting excessive activation of type I IFN
signaling [30].
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9.3.3 OPTN

Another cargo receptor involved in xenophagy is optineurin (OPTN). Dikic group
demonstrates the role ofOPTN in restricting the growth ofS. enterica during infection
[101]. During this process, TBK1, which serves as a key factor in OPTN-mediated
xenophagy and mitophagy, phosphorylates OPTN at S177, S473, and S513, which
promotes recruitment of OPTN to ubiquitinated S. enterica and damaged mitochon-
dria and enhances the association of OPTN and LC3 [76, 101]. Besides OPTN, p62,
and NDP52 are also shown to be recruited to S. typhimurium and restrict bacte-
rial replication in a nonredundant manner [94, 106]. One of the possible reasons is
that their UBD domains can recruit diverse E3 ligases to mediate different types of
ubiquitin chains of S. typhimurium [81].

OPTNalsomodulates inflammation by negatively regulatingNF-κBpathway. The
C-terminal of OPTN contains UBD, which shows striking homology to the UBD of
NEMO [108]. UBDs facilitate the binding of OPTN and NEMO to K63- and linear
(M1-linked) ubiquitin chains, but not theK48-linked ubiquitin chains [19]. Due to the
similar UBDs, OPTN competes with NEMO for binding to RIPK1 upon TNFα stim-
ulation, and thus dampening downstream activation of NF-κB signaling [91, 108].
Structural studies reveal that the capability of OPTN for linear ubiquitination binding
is also critical for suppression of NF-κB activation [64]. OPTN can also associate
with CYLD and promote the deubiquitination of NEMO and RIPK1, which further
inhibits NF-κB activation [62]. Moreover, OPTN also binds to interleukin-1 (IL-1)
receptor-associated kinase 1 (IRAK-1) and prevents the ubiquitination of TRAF6,
thereby inhibiting the IL-1β-triggered NF-κB signaling [93]. On the contrary, in vivo
studies show that OPTN mutants or OPTN deficiency does not affect NF-κB activa-
tion upon TNF or TLR stimulation, which proposes a controversial role of OPTN in
NF-κB pathway [61, 87].

N-terminal of OPTN contains a TBK-1-binding domain, which indicates the
potential involvement of OPTN in type I IFN pathway [55, 86]. OPTN mutants
lacking UBD or TBK1-binding region or OPTN deficiency leads to the diminished
phosphorylation of TBK1 and IRF3 and decreased secretion of IFN productions
upon LPS and poly(I:C) treatment [19, 55, 61]. Subsequent studies show that OPTN
mutants in UBD (D477N) results in the reduced phosphorylation of TBK1 upon LPS
or poly(I:C) treatment, which indicates the capability of binding to ubiquitin chains
of OPTN is required for the activation of OPTN-TBK1 complex and the downstream
induction of IFN signaling [2, 86].

9.3.4 TAX1BP1

TheNDP52 close homolog TAX1BP1was also shown in 2015 to associatewith ubiq-
uitinated S. typhimurium and participated in the bacterial removal through xenophagy
[97]. In addition, TAX1BP1 is also reported to affect the viral replication [82]. Both
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TAX1BP1 and NDP52 are required for the replication of Measles Virus (MeV).
Although the physical interaction between cargo receptor proteins and MeV pro-
teins is reported, the mechanism by how MeV utilizes TAX1BP1 and NDP52 to
promote its replication remains unknown [71].

Several studies reveal the multiple roles of TAX1BP1 in regulating inflamma-
tion and IFN response upon infection [82]. TAX1BP1 can assist several negative
regulators, including A20, RNF11, and Itch to control NF-κB pathway and inflam-
mation upon LPS and TNF stimulation [83, 84]. TAX1BP1 is recruited by TRIM32
tomediate the autophagic degradation of TRIF, an important adaptor for TLR3/4, and
inhibits TLR3/4-mediated activation of NF-κB and IFN signaling [103]. TAX1BP1
can also translocate to mitochondria and promote the degradation of MAVS, thereby
inhibiting virus-triggered apoptosis [9]. TAX1BP1 cooperates with A20 to remove
the K63-linked ubiquitination of TBK1 and IKKi, thus blocking virus-mediated acti-
vation of IRF3 [70]. Collectively, TAX1BP1 associates with A20, and assists A20
to restrict excessive IFN production and inflammation.

9.3.5 Involvements of Other Cargo Receptors
During Infection

Besides the well-known cargo receptors described above, p62-like receptors were
reported to mediate the innate immune response during infection. p62 homolog
NBR1 is believed to interact with p62 via their PB1 domains and functions as a
cofactor of p62 (Fig. 9.1) [39, 43]. In some cases, NBR1 can function indepen-
dently and mediate viral infection. For instance, NBR1 targets the capsid proteins
of cauliflower mosaic virus (CaMV) in plant and promotes their autophagic degra-
dation in a selective way, which restricts the establishment of CaMV infection [21].
However, the independent involvement of NBR1 in mammalian during infection
needs to be elaborated. Tollip is the mammalian homolog of Cue, the first identified
aggrephagy receptors in yeasts [38]. Tollip was reported to have dual functions in
regulating TLR-mediated immune responses [6]. On one hand, Tollip interacts with
IL-1R, TLR2, and TLR4 and reduces the TLR-mediated signaling [4]. On the other
hand, Tollip binds to IRAK1 and inhibits the autophosphorylation of IRAK1 [5, 45].
Interestingly, following TLR stimulation, activated and auotphosphorylated IRAK1
and IRAK4 can promote the phosphorylation of Tollip, which leads to its dissocia-
tion with IRAK1 and initiation of downstream signaling [5]. Mitochondrial protein
NIX was the first identified mammalian cargo receptor for ubiquitin- and Parkin-
independent mitophagy [38, 66]. NIX can mediate mitophagy by directly connecting
to ATG8 family protein on autophagosome [33, 66]. NIX-mediated selective
autophagy is also involved in regulating innate immune response [49, 75]. For exam-
ple, full-length MAVS tends to aggregate in spontaneous condition and goes through
NIX-mediated mitophagic degradation. Interestingly, N-terminally truncated forms
of MAVS can stabilize full-length MAVS by inhibiting NIX-mediated mitophagy,
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thereby inducing the downstream expression of type I IFN [75]. In addition, NIX
can also promote the activation of NF-κB signaling in gliomas, however, the detailed
mechanism requires further investigation [49].

9.4 Recognition Signals for Selective Autophagy in Innate
Immunity

Ubiquitin, a small and highly conserved protein with 76 amino acids, can repeat-
edly be attached to the internal lysine residues of itself to form chains with various
topologies and functions [29]. Modification of a substrate with diverse topological
ubiquitin chains results in different cellular fates, including activation, proteasomal
degradation, lysosomal degradation, and autophagic degradation, etc. [40]. During
the formation of autophagosome, ubiquitin chains on the surface of cargoes provide
the most common signals that can be targeted by diverse cargo receptors and lead to
the autophagosome formation [40]. Besides, the ubiquitin-like modification is also
involved in cargo recognition and degradation. Collectively, based on the type of
cargo receptor and the cargo recognition system, selective autophagy can be divided
into ubiquitin-dependent, ubiquitin-like-dependent, and ubiquitin-independent path-
ways [35].

9.4.1 Ubiquitin-Dependent Signals for Selective Autophagy

Amajority of recent studies have revealed the fundamental roles of ubiquitination in
selective autophagy [35, 40, 77]. During autophagy, autophagic cargoes are modi-
fied with ubiquitin and subsequently targeted by the ubiquitin-binding domain of the
cargo receptors to transport them to autophagosome [28]. Upon pathogenic micro-
bial invasion, ubiquitin-dependent signal serves as an indispensable role in innate
immune system [26, 35]. Upon infection, it is an effective way to remove the cytoso-
lic microbes by detecting the ubiquitinated microbes and mediating their degrada-
tion through autophagosome. Several E3 ubiquitin ligases were reported to combat
microbial infection by mediating xenophagy of pathogens and recruiting autophagic
adaptor proteins, including RNF166 on S. enterica, Smurf1, and Parkin onM. tuber-
culosis and Smurf1 on SINV [17, 24, 52, 69]. Several other E3 ligases, including
LRSAM1, LUBAC, and ARIH1 are reported to directly attach ubiquitin chains to
intracellular pathogens [26, 35]. LRSAM1 senses Salmonella, Listeria, autophagy-
susceptible Shigella, and Escherichia coli through its LRR domain and promotes
their K6- and K27-linked ubiquitination through RING domain [27]. ARIH1 and
LUBAC recognize Salmonella and catalyze K48- and M1-linked ubiquitin chains
on the outer surface of Salmonella, respectively [65, 72]. Upon Salmonella infec-
tion, LRSAM1, LUBAC, and ARIH1 work synergistically to target Salmonella for
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ubiquitination [72]. Once Salmonella is ubiquitinated by these host E3 ligases, the
pathogens and their ubiquitin chains are targeted by diverse cargo receptors including
p62, NDP52, TAX1BP1, and OPTN to the autophagosome [35, 60, 94, 97, 101, 106].
In addition, M1- and K63-linked ubiquitin chains presented on cytosolic Salmonella
also serves as a signaling platform to trigger the activation ofNF-κBpathway, thereby
promoting the secretion of pro-inflammatory cytokines and restricting the bacterial
proliferation [65, 99].

In addition to directly mediating autophagic degradation of pathogens, ubiquitin
modification system also participates in regulating microbe-triggered innate immune
response in an autophagy-dependent manner. Cytosol DNA sensor cGAS undergoes
K48-linked ubiquitination and can be recognized by p62 for autophagic degradation
[7], and thus restricting the basal level of IFN induction. Upon DNA viral infec-
tion, TRIM11 binds to AIM2 and undergoes auto-ubiquitination. Cargo receptor p62
targets ubiquitinated TRIM11 and delivers AIM2-TRIM11 complex to autophago-
some, thereby inhibiting AIM2 inflammasome [48]. During RNA viral infection,
virus-triggered K27-linked ubiquitination of MAVS mediated by Tetherin (also
known as BST2) and MARCH8 can be targeted by NDP52 for autophagic degrada-
tion, thus avoiding the excessive activation of IFN signaling [30]. Taken together,
tight control of ubiquitin signal is indispensable for proper activation of host innate
immune response and effective elimination of invaded intracellular pathogenic
microbes [26].

9.4.2 Ubiquitin-like Signals

Ubiquitin-like (UBL) proteins FAT10 and ISG15 are induced by type I IFN, which
indicates the potential involvement of these UBLs during innate immune responses
[35]. In fact, FAT10 is shown to decorate cytosolic S. Typhimurium, which promotes
the subsequent recruitment of p62 and NDP52. Although FAT10 depletion or over-
expression in cells can barely affect the bacterial replication, Fat10 deficiency in
mice leads to a higher susceptibility to S. Typhimurium, which suggests the involve-
ment of FAT-10 in autophagic defense against pathogens [88]. ISG15 binds to p62
and HDAC6 and promotes the autophagic degradation of aggregated proteins [63].
Absence of intracellular ISG15 leads to the enhancement and amplification of IFN
response, which is possibly due to the decrease of USP18, the negative regulator
of IFN signaling [3, 104]. Recent studies reveal that LRRC25 specifically binds to
ISG15-associated RIG-I and recruits p62, which leads to the autophagic degradation
of RIG-I and the reduction of RIG-I-mediated type I IFN signaling [14].
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9.4.3 Ubiquitin-Independent Selective Autophagy

In addition to ubiquitin- and UBL-dependent selective autophagy, cytosolic cargo
proteins can be delivered to autophagy independent of ubiquitin. Two major mecha-
nisms are involved in controlling selective autophagy independent of ubiquitin during
pathogen microbial invasion [35].

First of all, several cargo receptors have been identified, which can directly bind
their substrates to autophagy under certain circumstances without the participation
of the ubiquitin system [35]. During HIV infection, IFN-inducible restriction factor
TRIM5α serves as a selective autophagy receptorwhich targets capsid protein ofHIV
to autophagosome and facilitates the assembly of autophagy-activating complexes
[50, 51]. Host endoplasmic reticulum (ER) transmembrane protein SCOTIN can
associatewith hepatitis C virus (HCV) nonstructural protein 5A (NS5A) and promote
its autophagic degradation of NS5A without affecting the overall flow of autophagy
[8, 36].NIXcan target full-lengthMAVSwhich aggregates spontaneously to selective
autophagy, and thus avoiding spontaneous induction and accidental activation of IFN
signaling [75].

Another mode of ubiquitin-independent autophagy involves sensing of diverse
signals exposed to targets. Cytosol-exposed glycans is considered as the recognition
signaling for antibacterial autophagy for galectin 8, a cytosolic lectin. By binding
host glycans exposed to damaged Salmonella-containing vacuoles, galectin 8 recruits
other autophagy factors such asNDP52 and delivers bacteria and damaged lysosomes
for autophagic degradation [95].

Collectively, specialized autophagy receptors can regulate ubiquitin-dependent
or ubiquitin-independent selective autophagy by sensing diverse recognition signals
(Fig. 9.2), which suggests precise regulation of autophagy during innate immune
responses.

Fig. 9.2 Schematic overview of the participation of selective autophagy during pathogenic
microbial invasion. Upon infection, various intracellular contents, including pathogens, host anti-
microbe, and inflammatory factors become the targets for selective autophagy (Right). These
autophagic cargoes will be decorated by diverse modification signal and targeted by specific cargo
receptors to autophagosome (Middle). As a result, selective autophagy upon infection can lead to
multiple cellular process, including removing the pathogens and avoiding excess immune responses
(Left)
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9.5 Regulation of Innate Immune Signaling
by Manipulating Cargo Receptor Network

Accumulating evidence has revealed the involvement of selective autophagy as well
as its cargo receptors in recognizing the degradation signals andmediating the degra-
dation of a variety of substrates [35, 82]. However, themechanisms about howdiverse
substrates are modified, and how specific cargo receptors target the particular sub-
strates in the presence of multiple potential targets in the cytosol, are the major
questions existing at the moment. To address these questions, we propose a sec-
ondary autophagic receptor/co-receptor models employed cargo receptors to assist
their recognition of multitudinous cargoes. The secondary receptors/co-receptors are
kinds of host proteins whichmediate the modifications of the autophagic cargoes and
promote the recognition of specific cargo receptors. Upon stimulation, the cargoes
are first recruited to the secondary receptors/co-receptors, such as E3 ligases, and
go through the post-translational modification with the assistance of the secondary
receptors. As the secondary receptors/co-receptors generally lack LC3 interacting
regions, which lead to their incapability to transport the cargoes to autophagosome.
Instead, secondary receptors/co-receptors and themodification on the cargoes recruit
specific cargo receptors, which results in the delivery of cargoes to autophagosome
and their degradation (Fig. 9.3). The participation of various secondary receptors/co-
receptors leads to the precision cargo recognition during selective autophagy and the
coordination between them generates the cargo receptor network in manipulating
diverse cellular processes.

During the invasion of pathogens, manipulation of cargo receptor network by
secondary receptors/co-receptors also contribute to the regulation of innate immune
response. The most common example is the manipulation of cargoes’ ubiquitina-
tion by E3 ligases. Various E3 ligases, such as LRSAM1, LUBAC, MARCH8, and
ARIH1 are shown to mediate the ubiquitin chains of the cargoes and promote the
recognition of the cargo receptors [35]. On the contrary, host factors also reverse the
ubiquitination process to block selective autophagy, therefore enhancing the innate
immune signaling. For instance, cGAS undergoes K48-linked ubiquitination which
is targeted by p62 to autophagy in the resting state. Upon HSV-1 infection, TRIM14
is up-regulated as an ISG product and recruits USP14 to cGAS for deubiquitina-
tion, therefore inhibiting the p62-mediated degradation of cGAS and enhancing
anti-HSV-1 immune response [7].

Besides regulating the ubiquitin chains on the substrates, secondary receptors
alsomediate innate immune responses through auto-ubiquitination. UponDNAvirus
infection, TRIM11 binds to AIM2 and undergoes auto-poly-ubiquitination, which is
targeted by p62. TRIM11 acts as a secondary receptor to deliver AIM2 to autophagy
for degradation in a p62-dependentmanner, thereby inhibiting the activation ofAIM2
inflammasome [48].

In addition to the ubiquitin signals, secondary receptors/co-receptors also assist
cargo receptors to recognize the UBL signals. LRRC25 functions as a secondary
receptor in recognizing ISG15-associated RIG-I following with the recruitment of
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Fig. 9.3 Schematic overview of cargo receptor network. During activation, autophagic cargoes
first recruit secondary receptors/co-receptors and undergoes post-translational modification. Sub-
sequently, the secondary receptors/co-receptors assist cargo receptors to recognize the substrates
and the degradation signals. Cargo receptors then deliver the substrates to autophagosomes for
degradation
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p62, which leads to the autophagic degradation of RIG-I and inhibition of excessive
type I IFN response [14]. Interestingly, LRRC59, the homolog of LRRC25, com-
petitively binds to RIG-I and blocks the association between RIG-I and LRRC25,
thereby leading to the stronger antiviral immune responses [102].

Collectively, various secondary receptors/co-receptors help specific cargo recep-
tors in recognizing particular substrates, which support a cargo receptor network to
provide the precise control and cargo selection of selective autophagy. Manipulation
of cargo receptor network contributes to the diverse cellular processes, including the
restriction of innate immune signaling.

9.6 Conclusion and Perspective

As a major catabolic pathway in mammals, autophagy monitors and controls the
invasion and replication of cytosolic pathogenic microbes by direct degrading
pathogens or pathogenic components, regulating IFN and inflammatory responses
and promoting antigen presentation. Utilizing a set of specialized cargo receptors,
autophagy can be selective, and target specific substrates, including aggregated pro-
teins, damaged organelles, and invading pathogens. During the microbial infection,
broad and diversemechanism is employed by selective autophagy inmediating innate
immunity. With the examples discussed in the above section, the mechanism used by
cargo receptors can be divided into several clusters (Fig. 9.2): (i) host factors, such as
E3 ubiquitin ligases or antibacterial restriction factors, promote the ubiquitination of
the cargoes under certain circumstances and the ubiquitinated substrates are targeted
by cargo receptors to the autophagy; (ii) several secondary receptor/co-receptor pro-
teins bridge the substrates and their specific cargo receptors, thereby leading to the
selective autophagic degradation of the cargo proteins; (iii) several modifications of
the cargoes, such as glycans, can be directly sensed by cargo receptors to autophago-
some. For instance, cytosol-exposed glycans from ruptured Salmonella vacuoles can
be targeted byNDP52 to xenophagy; (iv) substrates can be directly recognized by spe-
cialized receptor proteins in a ubiquitin-independent manner. Selective autophagy
of host and pathogenic cargoes leads to diverse cellular functional outcomes dur-
ing microbial infection, including elimination of microbial pathogens, inhibition
of excessive immune response, and even transition of different cellular processes.
However, the exact functions of selective autophagy and the detailed mechanisms
that govern autophagy during pathogenic infection are still being elucidated. More
autophagic cargoes, cargo receptors, and recognition signals involved in selective
autophagy during infection are still required further investigation in future.
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Chapter 10
Autophagy and Immune-Related
Diseases

Peng Tan, Youqiong Ye, Jingrong Mao and Lian He

Abstract Autophagy is an intracellular degradation and recycling machin-
ery by which cellular materials are delivered to the lysosome for
disposal. Beyond lysosomal degradation, autophagy genes play addi-
tional roles in secretion and membrane-trafficking pathways. Ranging
from cell-intrinsic and cell-type-specific regulation of innate inflamma-
tory signaling pathways to intercellular cross talk through secretion of
soluble factors (e.g., shaping the MHC immunopeptidome for T cell response,
etc.), autophagy exerts multiple functions in driving inflammation and modulating
the pathological progression of immune-related disorders such as neurodegenerative
diseases, inflammatory bowel diseases, autoimmunity, and metabolic diseases.
Notably, owing to the complexity of autophagy process involving multiple proteins
and stepwise assembly of protein complexes, noncanonical forms of autophagy or
autophagic proteins, which function beyond autophagy, are equally important in the
maintenance of cellular homeostasis and pathogenesis. This chapter summarizes the
most up-to-date findings of autophagy proteins in the regulation of immune-related
diseases. Understanding of the autophagy machinery offers therapeutic strategies
for treating inflammatory diseases.
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10.1 Introduction

Autophagy, in general cytoprotective, is critical for resolving the internal and envi-
ronmental challenges such as oxidative stress, nutrient starvation, accumulation of
damaged proteins, and organelles. In selective autophagy, the proteins or organelle
substrates either contain an LC3-interacting (LIR) motif that directly binds LC3
on the forming phagophore or labeled with a ubiquitin signal which then binds
to adaptor proteins (e.g., p62) to bridge them with LC3-conjugated phagophore
membrane are determined as cargoes to be degraded in autophagosome (TRIM-
mediated autophagy, ER-phagy, mitophagy, micronuclei, lipophagy, xenophagy,
etc.). Besides, autophagy-related (ATG) genes contribute to the secretion of inflam-
matory cytokines, granules, or antimicrobial peptides through exocytosis in intestinal
Paneth cell and the release of pathogenic protein-containing exosomes [37].

Autophagy is closely related to immune function and inflammation. It orches-
trates innate and adaptive immune responses and shapes T cell immunity through
the delivery of peptides tomajor histocompatibility complex (MHC) class IImolecule
[48, 59]. Intrinsic or environmental perturbation or dysfunction of autophagy results
in accomplice of cellular homeostasis and induction of disease-prone inflammation
[76]. For instance, malfunction of ATG genes are considered to be responsible for the
immune cell death and failure to generate immune memory [9, 31, 53, 71], changes
of cell state or cell fate during viral infection and in the tumor microenvironment [12,
43], differentiation defects [46], ER stress [20], impaired antigen presentation [18],
metabolic reprogramming [61], failure to clear pathogen or dying cells (e.g., through
LC3-associated phagocytosis) [26], and accumulation of damagedmitochondria con-
tributed to inflammation-induced multiple aging-associated pathologies [19].

Genome-wide association studies (GWAS) and experimental models have linked
risk alleles and anomalous expression in ATG genes with tissue-destructive inflam-
mation and the pathogenesis of several autoimmune and inflammatory disorders
[21, 30, 39, 42, 54, 76, 77] including systemic lupus erythematosus (SLE), rheuma-
toid arthritis (RA), inflammatory bowel disease (IBD), neurodegenerative disease,
metabolic disease, pancreatitis, aging, and cancer. Therefore, autophagy is an attrac-
tive therapeutic target to modulate the effector and memory functions of immune
cells as well as to treat patients with immune disorders.

In this chapter,we summarize and discuss this network of communication between
autophagy and immune-related diseases, butwith less focus on inflammation-induced
cancer that is recently reviewed [76]. We also discuss herein molecular mechanisms
regulating phenotypic and functional profile through immune-modulating programs
(microbiome, metabolism, and cell–cell interplay), and present recent single-cell
technology for interrogating complex human disease and mapping risk variants to
cell types and pathways.
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10.2 Autophagy in CNS Autoimmunity

Multiple sclerosis (MS), is a common axonal demyelination and neurodegeneration
led by dysfunction and apoptosis of oligodendrocytes (OLs) in central nervous sys-
tem (CNS), correlates with the involvement of autoreactive CD4+ T cells that invade
across the compromised blood–brain barrier, reactivated and accumulated through
myelin antigen presentation by dendric cells (DCs) within the CNS [14]. Experi-
mental autoimmune encephalomyelitis (EAE) is a model for MS, where expanded
CD4+ T cells in CNS are largely specific for myelin oligodendrocyte glycoprotein
(MOG) immunogenic peptide 35–55 (MOG35–55). Induction of pathogenic CD4+-
and IL-17-producing γδ+ T cells in EAE triggers the immune suppression by clonally
expanded regulatory CD8+ T cells [55].

Autophagy is essential for the maintenance of T cell survival and development
as well as the functional integrity under activating environment. Becn1-deletion in
CD4+ T cells (CD4-Cre) are prone to cell death (less susceptible in Th17 cells) with
elevated expression of apoptotic proteins such as caspase-8 upon TCR stimulation,
without affecting the CD4+CD8+ thymocytes development (similarly found in CD4-
Cre Atg7-deficient mice, whereas thymic iNKT cell development is blocked and
mature iNKT cells are absent in secondary lymphoid organs) [31, 56]. Mice with the
Becn1-deficiency in CD4+ T cells, therefore, fail to mount autoimmune responses in
EAE [31]. Autoimmune disease often exhibits loss of immunosuppressive Treg cells.
In regulatory T (Treg) cells, autophagy is highly activated.Atg5 orAtg7 is essential in
maintaining Foxp3 expression of Treg cells and immune homeostasis and supporting
the survival fitness ofmature Treg cells that are activated by peripheral environmental
cues as exemplified in Foxp3-Cre conditional knockout mice. Autophagy deficiency
in Treg cells upregulates PI3K-PDK1-mTORC1 signaling and c-Myc-mediated gly-
colytic metabolism (increase in cell size, CD71 and CD98 expression, suppressed
Foxp3, Foxo3, and Bach2), leading to defective Treg function [70].

Absence of Atg5 in conventional DC attenuates the myelin peptide presentation
following phagocytosis of damaged and dying OLs. Atg7 or Atg16l deficiency in DC
also ameliorates the onset and severity of EAE by reducing the priming of CD4+ T
cells. In vivo treatment of CNS-penetrating Na+ and K+ pump inhibitor, cardiac gly-
coside neriifolin that also targetsBeclin-1 and phagocytosis or autophagy (e.g., LAP),
or autophagy–lysosomal fusion inhibitor chloroquine (CQ), reduces EAE severity
[2, 5, 30]. Consistent with the importance of autophagy found in the DC-mediated
EAE, the cytotoxic T-lymphocyte-associated protein 4 (CTLA4) on Foxp3+ Treg
cells suppressesDC-mediated EAE response by suppressing autophagymachinery in
DCs. Binding of CTLA4 toDC promotes the activation of PI3K/Akt/mTOR pathway
and subsequent FoxO1phosphorylation and cytoplasm retention.As the transcription
target of FoxO1, the transcript of autophagy component microtubule-associated pro-
tein 1 light chain 3β (Lc3b) is diminished and autophagosome-mediated antigen
processing is abolished. Treating human DCs with Abatacept (CTLA4-Ig, marketed
as Orencia), an antibody containing the fusion of Fc region of IgG1 and the extracel-
lular domain of CTLA4, suppresses LC3B expression and autophagosome formation
[2].
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10.3 Autophagy in Neurodegeneration

Autophagy in neuron plays physiologically vital role in the clearance of aggregation-
prone forms of misfolded proteins characteristic of the major late-onset neurode-
generative diseases such as Alzheimer’s disease (AD), amyotrophic lateral scle-
rosis (ALS), Huntington’s disease (HD), and Parkinson’s disease (PD) (e.g., Tau,
β-amyloid, Huntingtin, α-Synuclein, prions) [50]. Suppression of basal autophagy
in mice deficient for Atg5 in neuronal cells (Nestin-Cre) develops axonal swelling
and deficits in motor function as phenotypes of neurodegeneration [24].

AD, for example, clinically distinguished by memory loss and cognitive dysfunc-
tions, is characterized by aggregation and accumulation of extracellular β-amyloid
(Aβ) plaques and intracellular tau protein neurofibrillary tangles. Aβ peptide is
formed by sequential cleavage of a larger Aβ precursor protein (APP) through β-
and γ-secretases. Aβ comprises a set of 40–43-residue polypeptides and is progres-
sively built up in the brains of AD, leading to synaptic dysfunction, inflammation,
and neuronal cell death. Soluble Aβ dimersmediate the glutamatergic neuronal firing
and blockade of the reuptake of synaptically released glutamate by astrocytes and
neurons, leading to cycles of neuronal hyperactivation (a key feature of early stages
of AD and before the plaque formation) [78]. Autophagy mediates the secretion of
Aβ and Aβ plaque load. Autophagy deficiency leads to intracellular accumulation
of neurotoxic Aβ and neurodegeneration can be exacerbated by Aβ amyloidosis in
a mouse model where Atg7 was conditionally deleted (CamKII-Cre) in forebrain
excitatory neurons [49]. Besides neuronal autophagy, inflammation is increasingly
recognized as a critical factor driving the progression of neurodegenerative diseases.
Dysfunction of neuronal immune cells drives the disease-prone inflammation (e.g.,
inflammasome-induced apoptosis-associated speck-like protein containing a CARD
(ASC) specks in Aβ aggregation) [68, 69] and accumulation of Aβ plaques and
tau aggregates including astrocytes, microglia, perivascular macrophages, invaded
peripheral macrophages [10]. Multiple variants associated with an increased risk of
developingADare in genes related to immune functions including triggering receptor
expressed onmyeloid cells-2 (TREM2),CR1,CD33,ABCA7,EPHA1 [77]. Arginine-
to-histidine hypomorphic variants at position 47 (R47H) or 62 (R62H) of TREM2 in
human as well as TREM2 deficiency in mouse increase the risk for AD by impeding
the accumulation of microglia around Aβ plaques and phagocytosis of Aβ plaques.
In AD mouse model 5xFAD (Four familial Alzheimer disease), which mimics AD
pathology due to the expression of AD-associated mutant APP (K670N/M671L,
I716V,V717I) and presenilin 1 (PS1;M146L,L286V) under neural-specific elements
of the mouse Thy1 promoter, TREM2-deficiency in microglia or microglia with
TREM2 R47H alleles display markedly increased autophagy, impaired microglia
fitness, and capacity to clear Aβ plaques, through inhibiting mTOR activation and
anabolic metabolism. While studies demonstrate a beneficial role of autophagy in
AD neurons, autophagy induced by TREM2-deficiency in microglia is detrimental
to the microglia function in AD [67]. Also, loss of plaque-associated microglia (with
TREM2 R47H) facilitates the formation of tau aggregates [38].
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Parkinsondisease (PD) is a neurodegenerative disorder characterized by the loss of
dopamine-containing neurons (DNs). The underlyingmechanisms regarding the loss
of DNs include mitochondrial dysfunction, impairment of autophagic degradation
machinery, and neuroinflammatory processes associated with glial cell activation.
Mutation in the lysosomal enzyme glucocerebrosidase (encoded by GBA1; E326K,
T369M,N370S,L444P) has emerged as the risk factor associatedwith PD.Decreased
glucocerebrosidase activity, which metabolizes glucosylceramide to ceramide and
glucose, is associatedwith the autophagy–lysosomal pathway andmitochondrial dys-
function aswell as α-synuclein accumulation [3, 60]. Several other risk genes in path-
ways of secretory autophagy and mitophagy, such as TMEM230, PINK1 (PARK6),
Parkin (PARK2), SMPD1, ATP13A2 (PARK9), LRRK2, SNCA, and MAPT, have
also been linked to PD [47]. Absence of T cells in Rag1−/− and Tcrb−/− mice attenu-
ate the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminer-
gic cell death. This T cell-mediated dopaminergic toxicity requires the expression
of FasL but not IFN-γ, since a reduction of MPTP-induced dopaminergic cell death
can be seen in mice in Rag1−/− mice reconstituted with FasL-deficient but not with
IFN-γ-deficient splenocytes [6].MSDC-0160 targeting the protein complex for trans-
porting pyruvate into the mitochondria, mitochondrial pyruvate carrier (MPC), and
downstream mTOR pathway, improves locomotor behavior and survival of nigral
dopaminergic neurons, normalizes autophagy flux, and reduces neuroinflammation
in glial fibrillary acidic protein (GFAP), ionized calcium-binding adapter molecule
1 (Iba-1), and inducible nitric oxide synthase (iNOS)) in MPTP-treated mice and in
the Engrailed1 (En+/−) mouse model of PD [17].

10.4 Autophagy in Inflammatory Bowel Disease

Inflammatory bowel diseases (IBD) are complex diseases affected by genetic,
immunological, and microbial factors of the gastrointestinal tract, including Crohn’s
disease (CD) and ulcerative colitis (UC). Autophagy has been demonstrated critical
in maintaining the intestinal immune homeostasis, epithelial barrier, and antimicro-
bial function of Paneth cells [4, 33]. The evidence for the implication of autophagy
in the pathogenesis of IBD came from GWAS, which revealed polymorphisms in
the autophagy-related genes as susceptibility factors for CD. ATGL16L1 mutation
(T300A) is the major risk allele for CD, enhancing its susceptibility to caspase
cleavage. T300A knock-in, intestinal organoid deletion, or conditional knockout
mice shows loss of Paneth cells and enhanced enterocyte TNF-α-induced necrop-
tosis through IL-22-cGAS-STING, induce ER stress and an ER-stress sensor inos-
itol requiring enzyme 1 α (IRE1α)-mediated barrier-protective IgA response, aber-
rant Th2 cell expansion and inflammation in response to microbiota antigens, and
decreased Foxp3+ Treg cells in IBD [1, 20, 29, 44]. In addition to the function in
the intestinal immune modulation, ATG16L1, ATG5, and ATG12 are also required
for plasma membrane repair in response to bacterial pore-forming toxins indepen-
dent of autophagy function. ATG16L1 deficiency or cells harboring the ATG16L1
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T300A variant causes lysosomal accumulation of cholesterol and ultimately defec-
tive membrane repair, linking IBD to plasmamembrane integrity [64]. In Salmonella
Typhimurium-infected Paneth cells, antimicrobial protein lysozyme is excluded from
lysosomal degradation, contained in an LC3+ vesicles, and released into the extracel-
lular space via the Rab8α+ secretory autophagy [52]. Crypts from S. Typhimurium-
infectedAtg16L1T300A transgenicmice do not produce lysozyme-filled LC3+ vesicles
and show reduced bacterial killing. ER stress induced by bacteria infection triggers
the secretory autophagy through protein kinase RNA-like endoplasmic reticulum
kinase (PERK)-elongation initiation factor 2α (eIF2α) pathway, which requires IL-
22 produced the type 3 innate lymphoid cells (ILC3) upon interaction with DC
(TLR/MyD88-mediated recognition of bacteria patterns) [52]. Immunity-related
GTPase M (IRGM) plays a critical role in the formation and activation of autophagy
initiation complex by interacting with ULK1 and Beclin-1 and the association with
pattern recognition receptors including NOD2 and ATG16L1, all of which are CD
risk variants, regulating the antimicrobial autophagy response [8, 62]. Moreover,
IRGM appears to have a protective function in anti-inflammation by exerting sup-
pression on the NACHT, LRR, and PYD domains containing protein 3 (NLRP3)
inflammasome-mediated gut inflammation through selective autophagy degrada-
tion of NLRP3 and ASC and protects cells from pyroptosis in DSS-induced colitis
[45, 51]. G protein-coupled receptor 65 (GPR65) maintains the lysosomal pH and
function through H+-sensing. IBD-associated GPR65 I231L missense variant down-
regulates GPR65 signaling and impairs the intracellular bacterial clearance. Mice
lacking Gpr65 increases the susceptibly to Citrobacter rodentium-induced colitis
[34]. Other IBD-associated and autophagy-related risk factors includemyotubularin-
related protein 3 (MTMR3), leucine-rich repeat kinase 2 (LRRK2), protein tyrosine
phosphatase non-receptor type 2 (PTPN2), and SMADSpecific E3Ubiquitin Protein
Ligase 1 (SMURF1).

Autophagy in intestinal epithelial cells (IECs) has a role in the control of
microbiota composition. Impaired autophagy alters the fecal microbiota [35, 66, 73].
IBD-associated risk variants in healthy individuals (NOD2, IRGM, ATG16L1,
CARD9, and FUT2) are associated with bacterial handling, a decrease of the acetate-
to-butyrate converter,Roseburia spp, to produce short-chain fatty acid butyrate essen-
tial for maintaining intestinal epithelial cell homeostasis [13, 27]. Atg7-deficiency
(�IEC) enriches Clostridium leptum, Eubacterium cylindroides, and Bacteroides
fragilis. Similarly, Atg5-deficient mice (�IEC) exhibit an increased number of pro-
inflammatory bacteria, Pasteurellaceae, Candidatus Athromitus, and segmented fil-
amentous bacteria (SFB), which are able to induce pathogenic T cell differentiation
and a reduction ofLachnospiraceae andRuminococcaceae families andAkkermansia
muciniphila. Together, these data highlighted how autophagy in host cells regulates
intestinal microbial communities and limits the expansion of pathobionts and how
the pathobionts have adapted to subvert this process to evade host cells.

Efforts have been made to explore the molecular events in the host–micro-
biome cross talk by which any defect in autophagy could lead to disrupted intesti-
nal epithelial function, gut dysbiosis, defect in antimicrobial peptide secretion by
Paneth cells, ER stress in enterocytes, and aberrant immune responses to pathogenic
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bacteria, which are hallmarks of IBD pathogenesis. Recently, single-cell genomics
have inferred cell-type-specific functions for risk variants (pathways in metabolism,
autophagy, inflammation, epithelial barrier integrity, and cell–cell interactions) that
links to the progression of IBD (including the identification of BEST4+ enterocytes,
microfold-like cells and IL13RA2+IL11+ inflammatory fibroblasts, and CD8+IL17+

cells) [22, 63]. Multi-omics of the gut microbiome and host–microbe interactions
propose the imbalanced microbiome composition, altered metabolites, differential
gene expression in inflamed ileumand rectumbiopsies, and strain-specific gut inflam-
mation in IBD [7, 16, 40, 57, 58].

10.5 Autophagy in Inflammation-Related Metabolic
Diseases

Accumulating evidence suggests the importance of autophagy in metabolic diseases
including obesity, diabetes, nonalcoholic fatty liver disease (NAFLD), or nonal-
coholic steatohepatitis (NASH). Fatty acids are up-taken by liver cells and con-
verted into triglycerides in lipid droplets. Autophagy contributes to the breakdown
of lipids through colocalizationwith the lysosome-associatedmembrane protein type
1 (LAMP1). Hepatocyte-specific deletion of Atg7 (Albumin-Cre) leads to hepatic
lipid accumulation [61]. In obese mouse (ob/ob) and high-fat diet (HFD) models,
obesity induces downregulation of autophagy genes such as Atg7 through calpain
2. β cell-specific deletion of Atg7 (RIP-Cre) impairs glucose tolerance and β cell
functions [28]. Suppression of autophagy shows defective insulin sensitivity and ER
stress that could be reversed by reconstitution of Atg7 expression [72]. Conversely,
Rubicon, a Beclin-1-interacting negative regulator for autophagosome–lysosome
fusion, is upregulated in NAFLD patients. Hepatocyte-specific knockout of Rubi-
con boosts autophagy and displays improvement of liver steatosis and attenuation
of ER stress [65]. A Beclin-1 homolog protein Beclin-2 is involved in two distinct
degradation pathways: the autophagy pathway and the G protein-coupled receptor
(GPCR)-associated sorting protein 1 (GASP1)-dependent, DADLE ([D-Ala2, D-
Leu5]-Enkephalin) agonist-induced endolysosomal degradation ofGPCRs including
DOR, CB1R, and a nonrecycling mutant form of the β-adrenergic (β-Ala) receptor.
Loss of Beclin-2 in mice showed impaired autophagy and increased CB1R-induced
food intake, leading to diabetes and insulin resistance in HFD condition [25]. The
transcription factor EB (TFEB) is an essential component of lysosomal biogenesis
and autophagy flux. TFEB translocates into the myonuclei in muscle during exer-
cise controlling the glucose metabolism [41]. Thus, dietary and exercise lifestyle or
pharmacological modulation of autophagy could be beneficial in the management of
metabolic diseases [75].
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10.6 Autophagy in Organismal Aging and Lifespan

The target of rapamycin (TOR), a suppressor of autophagy, is activated through phos-
phoinositide 3-kinase (PI3K) and the protein kinaseAKTupon binding of insulin and
insulin-like growth factors (IGF) to the cell surface insulin receptor. On the contrary,
adenosinemonophosphate-activated protein kinase (AMPK),which is activated upon
caloric restriction (CR) and energy depletion, is a stress-responsive inhibitor of TOR
that activates autophagy. Prolonged TOR activation is associated with age-related
pathologies such as declined cardiac performance, skeletal muscle degeneration,
mitochondrial dysfunction, and brain atrophy. CR delays age-associated patholo-
gies in primate species possibly through the TOR suppression and induction of
autophagy [11].

Sestrins is induced upon TOR-induced ROS in a feedback manner. Loss of Ses-
trins prompts aging pathologies that could be phenocopied by inhibition of autophagy
in Drosophila [36], hinting an inhibitory role of autophagy in aging and longevity.
Age-related decline in autophagy function (including selective autophagy) could
lead to accumulation of functionally disabled organelles and aging of tissues [23].
Restoration of autophagy could have an antiaging function in maintaining functional
metabolism in viral organs [74]. Indeed, mice with constitutively active autophagy
due to a Phe121Ala mutation in Beclin-1 (Becn1F121A/F121A) abolishing Beclin-1 and
BCL2 interaction, significantly extend the lifespan anddelays age-related pathologies
such as fibrosis and spontaneous cancer development in organs [15].Becn1F121A/F121A

transgenic mice prove the aging phenotypes observed in klotho deficiency [32], indi-
cating Beclin-1 autophagy could be a potential mechanism underlying the antiaging
mechanism of klotho and other longevity-related signal pathways. It will be attractive
to explore the mechanisms of autophagy during aging and pharmacological interven-
tions that induce autophagy with possible effects on longevity and lifespan extension
in humans.

10.7 Conclusions and Perspectives

Up to now, many studies have been performed to explore the cell-type-specific func-
tion of ATG genes in the regulation of diverse biological pathways including those
in the immune responses and tissue homeostasis in health and disease conditions.
Mutations in genes required for autophagy pathways have been implicated in the
pathogenesis of immune-related diseases and cancer. Although these genes were
first discovered in the classical autophagy pathways, those findings have inferred
new functions related to noncanonical autophagy or autophagy-independent mech-
anisms. Further research is needed to define a cell-intrinsic autophagy network and
the function of autophagy in the cell–cell interplay. More specific ways and disease
context-dependent regimens are needed in terms of targeting autophagy.
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Chapter 11
Targeting Autophagy
with Small-Molecule Modulators
in Immune-Related Diseases

Lan Zhang and Bo Liu

Abstract Autophagy, a highly conserved and multistep lysosomal degradation pro-
cess, plays a pivotal role in maintaining cellular and physiological homeostasis. Of
note, autophagy controls intracellular homeostasis and cell responses to stresses by
regulating the self-renewal, maturation, and survival of immune cells. And dysreg-
ulation of autophagy in immune cells may contribute to the inflammatory disorders
and defect in immune responses against invasive pathogens. Accumulating evidence
have indicated that dysregulated autophagy participates in the pathology of immune-
related diseases. Therefore, targeting autophagy might represent a promising thera-
peutic strategy for treatment of immune-related diseases. In this chapter, we focus
on discussing the link between autophagy and pathogenesis of immune-related dis-
eases, as well as the dysregulation of autophagy-related signaling pathways, in dif-
ferent diseases. Moreover, we highlight the therapeutic potential of currently used
small-molecule modulators of autophagy for treatment of immune-related diseases
and illustrate the mechanisms of these small-molecule modulators.

Keywords Autophagy · Small-molecule modulators · Immune-related diseases ·
Targeted therapy · Therapeutic potential

11.1 Introduction

Autophagy is a highly conserved cellular self-digestion process by which cellular
components are targeted for degradation via lysosomes. Autophagy in mammalian
cells can be categorized into threemainways:macroautophagy,microautophagy, and
chaperone-mediated autophagy (CMA) [37, 52, 64], of which, the most intensively
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studied is macroautophagy (hereafter referred to as autophagy). Autophagy is the
major regulated catabolic mechanism that involves the delivery of cytoplasmic cargo
sequestered inside double-membrane vesicles to the lysosome and is highly regulated
by a number of autophagy-related genes (ATGs) [77]. In general, autophagy plays a
Janus role and is implicated in certain human diseases [73, 90]. Moderate autophagy
is regarded as a cytoprotective mechanism. It governs the degradation of damaged,
denatured, aging, and loss-of-function cells, organelles, and biomacromolecules such
as denatured proteins and nucleic acids, which provide raw materials for cell regen-
eration and reparation. Also, autophagy can resist the invasion of pathogens and
protect cells from detrimental cellular components [45, 79].

The immune system is responsible for the surveillance and defense against the
invasiveness of different exogenous pathogens and themaintenance of internal home-
ostasis by maintaining proper immune tolerance and regulation. In fact, immune
surveillance and defense are the main immune responses. Based on the types of
exogenous antigens, immune responses can exert antiviral, antibacterial, and anti-
tumor functions depending on the diverse immunocytes that synthetically construct
the immune defense. Elements, such as the inappropriate exposure to self-antigens,
dysregulation of immune responses, and stimulation of cross antigens, may launch
autoimmunity and promote the generation of certain immune diseases [6, 59]. Of
note, autophagy not only acts as an adaptive supplier of nutrients, to maintain cel-
lular energy metabolism under stress conditions such as nutrients and growth factor
deprivation, but also serves as a functional regulator to maintain cellular integrity
and homeostasis [50]. Accumulating evidence has recently revealed that autophagic
pathways and autophagy-related proteins involved in this process play important
roles in regulating infections, inflammation, and immunity. Autophagy can promote
self-tolerance, an essential component of immune functions. While abnormal self-
tolerance may promote immune-related diseases including Crohn’s disease (CD),
systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and multiple scle-
rosis (MS) [50, 60, 71].

In this chapter, we discuss the role of autophagy and the dysregulation of
autophagy-related signaling pathways in immune-related diseases, and how small-
molecule modulators of autophagy used in the treatment of immune-related diseases
have already been shown to affect autophagy induction as part of their mode of
action.

11.2 Dysregulation of Autophagy in Immune-Related
Diseases

It is well-known that autophagy plays a pivotal role in maintaining intracellular
homeostasis and cell responses to stresses by controlling the self-renewal,maturation,
and survival of immune cells, including T cells and B cells [4, 18]. In addition,
autophagy is also required for the maturation of monocytes into macrophages, which
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is closely associated the intracellular processing of inflammatory cytokines [95].
However, accumulating evidence has indicated that dysregulated autophagy often
contributes significantly to the pathology of immune-related diseases, including CD,
SLE, RA, and MS. Consequently, we discuss the dysregulation of autophagy and
their relationship in each immune disease (Table 11.1).

11.2.1 Crohn’s Disease

Crohn’s disease (CD) and ulcerative colitis (UC) are the two different chronic con-
ditions of inflammatory bowel disease (IBD), mainly characterized by inflammatory
response and immune disorders in gastrointestinal tract [5]. Extensive studies have
suggested that the etiology of CD is implicated with environmental and genetic
factors that result in dysfunction of the epithelial barrier and deregulation of the
mucosal immune response to gut microbiota [10]. Over the past decade, several sus-
ceptibility genes have been identified and linked the pathology of CD to autophagy
by genome-wide association studies (GWAS). For instance, autophagy-related 16-
like 1 (ATG16L1) and immunity-related GTPase family M (IRGM), two autophagy-
related genes, have been identified as genetic risk factors for CD in consideration
of their polymorphisms [24, 54, 63, 70]. In spite such genes are associated with
the pathogenesis of CD, the function of autophagy in chronic inflammation and
susceptibility to CD remains unclear. Studies have shown the genetic variations of
ATG16L1 and IRGM can lead to defect in autophagy, causing prolonged survival
and defective clearance of invasive bacteria [26, 40]. For example, the CD-associated
ATG16L1 (T300A) variant exhibited defective ability of autophagy-mediated intra-
cellular clearance of enteral pathogenSalmonellaTyphimurium in intestinal epithelial
cells [40]. Consequently, Cadwell et al. showed that ATG16L1 may be implicated
in the pathogenesis of CD via a distinct mechanism. In a mouse model with hypo-
morphic ATG16L1 expression (ATG16L1HM), Paneth cells exhibitedmarkable gran-
ule abnormalities with impaired granule exocytosis pathway. Further transcriptional
analysis revealed that the ATG16L1-deficient Paneth cells could raise the expression
of genes associated with peroxisome proliferator-activated receptor (PPAR) path-
ways, adipocytokine signaling, and lipid metabolism.More importantly, CD patients
with homozygous for the ATG16L1 risk allele showed similar granule abnormalities
of Paneth cell to those observed in mice [9]. Another study found that stimulation
of lipopolysaccharide (LPS) resulted in ATG16L1-deficient macrophages to pro-
duce high levels of IL-1β and IL-18. Deficiency of ATG16L1 in mice hematopoietic
cells also leads to high susceptibility with dextran sulfate sodium (DSS)-induced
acute colitis, which is often used as an experimental colitis model to investigate
the pathology of CD. Moreover, treatment with anti-IL-1β and IL-18 antibodies
could ameliorate the mortality and loss of body weight in DSS-treated ATG16L1-
deficient mice, suggesting the important role of ATG16L1 in immune responses
against intestinal inflammation [72]. More recently, Murthy et al. revealed that the
amino acids 296–299 of ATG16L1 contain a caspase cleavage motif and that the
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ATG16L1 (T300A) variant significantly enhances the sensitization to caspase-3-
mediated degradation of ATG16L1, which lead to the impaired autophagy in CD
[57].

IRGM, as a member of p47 immunity-related guanosine triphosphatase family,
is induced by IFN-γ and activates autophagy as a mechanism to eliminate the inva-
sive pathogens. Genetic studies have revealed that there are two polymorphisms of
IRGM including a “silent” SNP within the coding region (c.313C > T) and a 20 kb
deletion upstream of the IRGM gene, which are highly associated with CD risk [54,
63]. Previous studies have revealed the knockdown of IRGM resulted in defective
autophagy and decreased internalized bacteria within autophagosomes in Salmonella
Typhimurium infected HeLa cells, whereas overexpression of IRGM reversed this
phenomenon [54]. Also, the depletion of IRGM increased the intracellular replica-
tion of adherent-invasive Escherichia coli (AIEC) in human intestinal epithelial cells
and macrophages, which was caused by impaired autophagy induction [43, 44].

Nucleotide oligomerization domain 2 (NOD2), the first locus identified as a risk
factor for CD, is a member of the NOD-like receptors (NLR) family, also acts as an
intracellular sensor of pathogen/microbe-associated molecular patterns (P/MAMP),
which play important roles in innate immunity. Until now, three mutations in NOD2
have been found to be strongly associated with CD onset, including two amino acid
substitutions (R702W and G908R) as well as a frameshift mutation (L1007fsinsC)
that results in a truncated NOD2 protein [31, 62]. Thereafter, studies showed that
muramyl dipeptide (MDP)-mediated NOD2 activation could induce autophagy in
dendritic cells. ATG16L1 can be recruited to plasma membrane at the bacterial
entry site by NOD2, thus initiating autophagosome formation to parcel and clear the
invading pathogens. These studies were also the first to link the function of NOD
proteinswith autophagy induction [13, 78]. Furthermore, a recent study demonstrated
that MDP stimulation of epithelial cells, macrophages, and dendritic cells activated
autophagy and the nuclear factor κB (NF-κB) and mitogen-activated protein kinase
(MAPK) signaling pathways, as well as increased the killing of Salmonella. The
expression of ATG16L1 and NOD2 seem to be required in these responses, which
were impaired by CD-associated variants of NOD2. Interestingly, the ATG16L1
(T300A) variant only blocked the antibacterial pathway in epithelial cell lines and
not in primary macrophages or dendritic cells, indicating that is altered in a cell- and
function-specific manner by CD-associated mutations [28].

With the exception of ATG16L1, IRGM, and NOD2 genes, another study has
reported a significant association of CD susceptibility with an intronic polymorphism
in the autophagy geneULK1 [25]. In addition, the Paneth cell ofATG4B−/− micewas
found to display granule abnormalities and increased susceptibility to DSS-induced
colitis. Meanwhile, the ATG4B-deficient mice also exhibit markable increase of pro-
inflammatory cytokines in response to infectious bacteria, which are alleviated by
antibiotic treatments or bone marrow transplantation from wild-type mice. These
findings indicate that ATG4B may serve as a novel protective target in inflammatory
colitis, especially for the treatment of CD [8].
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11.2.2 Systemic Lupus Erythematosus

The systemic lupus erythematosus (SLE) is a chronic autoimmune disease, which
is characterized by dysregulation of B cells, T cells, and mature plasma cells, as
well as increased production of autoantibodies, resulting in systemic inflammation
and multiple organ damage [39, 83, 84]. A large number of studies have shown
that autophagy plays an important role in the pathogenesis and disease progression
of SLE. For instance, the hyperactivation of T cells can enhance the cytokine and
autoantigen associated signaling,whichplay a crucial role in thepathogenesis ofSLE,
and also lead to dysfunction of B cells [67]. Intriguingly, the T cells of SLE patients
displayed notable dysregulated autophagy, accompanied by growing numbers of
autophagic vesicle and reduced autophagic flux. Meanwhile, the CD4+ T cells from
SLE patients also exhibit increased accumulation of LC3-II compared to its levels in
CD4+ T cells from healthy donors, indicating that autophagic flux may be disrupted
in T cells of SLE patients [1, 23]. Recently, IL-21, a pro-inflammatory cytokine, has
been reported to block differentiation and function of regulatory T cells (Treg) in
patients with SLE, through suppression of autophagy via activating mTORC1 and
mTORC2 [34].

Autophagy is dysregulated in both T-cell and B-cell of patients with SLE, but
it seems more significantly abnormal in B cells. For example, suppressor of T-cell
receptor signaling 1 (STS-1), a protein tyrosine phosphatase, was overexpressed in
B cells from patients with SLE, as well as in mouse model (MRL/lpr mice), thereby
upregulating IFN-α-induced autophagy in B cells via activating the JAK1-STAT1
signaling pathway [17]. The researchers also found that B-cell autophagy was acti-
vated in the early stages of disease in SLE mouse model, as well as in patients with
SLE, which is required for the differentiation of B cells into plasma cells [12]. Addi-
tionally, the expression of autophagy-related genes such as BECN1, LC3, and p62
have been reported to be simultaneously increased in peripheral blood mononuclear
cells (PBMCs) of SLE patients, indicating autophagosomes formation might be acti-
vated and their degradation were blocked in SLE [85]. Furthermore, in a toll-like
receptor 7 (TLR7) transgenic mouse model of SLE, B cell-specific abrogation of
autophagy by knockout of ATG5 can eliminate the increased serum level of inflam-
matory cytokine and production of autoantibody, as identified as the hallmarks of
SLE [82]. Orosomucoid-like 3 (ORMDL3), as a key endoplasmic reticulum stress
(ERS)/unfolded protein response (UPR) inducer,was shown to be upregulated both in
PBMCs from patients with SLE and in the spleen of lupusmice. ORMDL3 facilitated
the survival of splenic B cells via suppressing apoptosis and promoting autophagy
via the ATF6-Beclin-1 autophagy pathway, suggesting that it may play a pivotal role
in B cell differentiation and survival in the pathogenesis of SLE [14]. Interestingly,
genetic studies have also revealed theATG5 gene is associatedwith increased suscep-
tibility for developing SLE. For example, a single-nucleotide polymorphism (SNP)
of ATG5 (rs573775) was found to increase the risk of SLE and the production of
IL-10, which is closely related to functional IL-10 genotype [49]. In addition, other
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studies also identified several ATG5 SNPs in Chinese populations as genetic risk fac-
tor for development of SLE [96, 101]. Besides ATG5 gene, a more recent study has
reported the polymorphism of autophagy-related LRRK2 gene (rs2638272) showing
important correlation with susceptibility to SLE in northern Han Chinese population
[97].More recently, it has been found that LRRK2 expression is upregulated in B cells
from SLE patients and has significant association with disease severity. Moreover,
LRRK2 deficiency largely attenuates the pathological symptoms and autoantibody
production in pristane-induced mice model of SLE [94].

LC3-associated phagocytosis (LAP), a non-canonical formof autophagy, has been
found to conduce to the engulfment and clearance of dying cells and pathogens via
an endocytic and lysosomal delivery process. In LAP-deficient mice, dying cells
can be engulfed but not efficiently degraded, leading to increased levels of pro-
inflammatory cytokines and autoantibodies, whichmight accelerate the development
of SLE-like disease.On the contrary, inmice deficient ofFIP200 orULK1, dying cells
are engulfed, macrophages produce IL-10 but not inflammatory cytokines, and no
lupus-like disease is observed [51]. Therefore, defects in LAP, rather than canonical
autophagy, may contribute to the pathogenesis of SLE.

11.2.3 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic and systemic inflammatory autoimmune dis-
ease characterized by cartilage degradation, synovial hyperplasia, and fibroblast-like
synoviocytes (FLS) infiltration, resulting in the progression of bone and joint dam-
age. Extensive studies have demonstrated several mechanisms contributing to the
survival of synovial fibroblasts in RA, including upregulation of antiapoptotic fac-
tors and downregulation of proapoptotic factors, as well as enhanced autophagy [86,
87]. For example, a study shows that the apoptosis ratio of RA-FLS has a negative
correlation to the expression levels autophagy markers such as Beclin-1 and LC3
[87]. Additionally, autophagy is significantly increased in CD4+ T cells from RA
patients, and the increased apoptosis resistance is also observed in CD4+ T cells
from RA patients, which is reversed by autophagy inhibition. Moreover, autophagy
inhibition reduces both arthritis incidence and disease severity in an arthritis mouse
model, indicating that enhanced autophagy may contribute to RA pathogenesis [80].
However, autophagy activation on the survival of RA-FLS is controversial. A study
has been reported that decreased expression of Autophagy-linked FYVE protein
(ALFY) and the aggregation of p62-positive polyubiquitinated protein facilitate cell
death of RA-FLS under ERS, indicating that autophagy plays a promotive role in cell
death of FLS under ERS. Whereas, inhibition of proteasomal activity of RA-FLS
increases LC3-II protein levels and prolongs their survival, suggesting that increased
autophagy can also promote RA-associated synovitis [35]. In addition, researchers
have found that autophagy-related proteins are elevated in the synovial tissues from
patients with active RA, which is strongly associated with the serum levels of several
RA activity-related markers and correlated with disease severity [102]. Moreover,
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IL-17 and IL-17-producing T helper (Th17) cells have been found to impair and show
resistance to apoptosis in RA-FLS through induction of mitochondrial dysfunction
and autophagy [36].

Interestingly, autophagy seems to play different roles in bone homeostasis of
RA. For example, a study has been reported that autophagy is activated by TNF-α in
osteoclasts of patients with RA, as indicated by increased expression of Beclin-1 and
ATG7. And abrogation of autophagy by knockout of ATG7 results in reduced num-
bers of osteoclasts, as well as alleviates TNF-α-induced bone erosion, proteoglycan
loss, and chondrocyte death, indicating that autophagyhas a vital role inTNF-induced
osteoclast differentiation and osteoclast-mediated bone resorption [47]. Conversely,
osteoblast-specific deletion of FIP200 leads to osteopenia in mice through reduced
level of autophagy, suggesting autophagy plays a positive role in osteoblast nodule
formation and differentiation [48].

11.2.4 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS)with characteristics including inflammatory disorder, demyelination, and neu-
rodegeneration, which is mainly caused by autoreactive T cells that attack the myelin
sheath in the CNS [46]. Autophagy is closely associated with autoimmune diseases
such asMS. However, the mechanism of autophagy in the pathogenesis of MS is still
elusive. Previous studies have found that the expression of ATG5 is elevated in exper-
imental autoimmune encephalomyelitis (EAE)micemodel ofMS, aswell as in blood
and brain tissues from MS patients [2]. Another study also found that both ATG5
and Parkin expression levels are increased in blood and cerebrospinal fluid (CSF) of
patients with MS, indicating that autophagy/mitophagy play an important role in the
pathology of MS. In addition, TNF-α concentration in CSF has positive correlations
with bothATG5andParkin levels, suggesting that activation of autophagy/mitophagy
is closely associated with inflammatory stimuli inMS [65]. Distinct from abovemen-
tioned studies, a recent study has been reported that the expression level of ATG5 is
increased in T cells rather than B cells of MS patients compared with control group.
However, this process is not associated with autophagy induction. Additionally, there
is a positive correlation between ATG5 and TNF in mRNA levels, suggesting that
autophagy-independent increase of ATG5 expression might contribute to the pro-
inflammatory capacity of T cells in MS patients [66]. Similar to ATG5, suppression
of autophagy by knockdown of BECN1 obviously enhances the therapeutic effects of
mesenchymal stem cells (MSCs) in EAE, which is mainly dependent on inhibition
of autoreactive CD4+ T cells [15]. Moreover, inhibition of autophagy by conditional
knockout of ATG7 in dendritic cells (DCs), the most potent antigen-presenting cells
(APCs) in the immune system, also has a protective effect in the EAE mice model of
MS [7]. Conversely, ATG16L2, as a component of ATG5–ATG12–ATG16 complex,
has been shown to decrease in blood samples of MS patients compared with healthy
control, indicating the complicated role of autophagy in pathogenesis ofMS [33, 91].
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Thus, further study needs to be conducted to illustrate the interrelation of autophagy
and MS, according to different cell types and different onset stages of MS.

11.3 Small-Molecule Modulators of Autophagy
in Immune-Related Diseases

With the progress of unraveling the relationship between autophagy and
pathogenesis of immune diseases, a large number of small-molecule modulators that
regulate components of the autophagic pathway have been discovered in recent years
(Table 11.2). These agents often directly or indirectly link to the autophagy response
with the modulation of immunoregulatory signaling pathways. Next, we discuss the
currently used small-molecule modulators of autophagy in immune-related diseases
and illustrate the mechanisms of these agents in this section.

11.3.1 Small-Molecule Modulators of Autophagy
for Treatment of CD

In recent years, a number of autophagy-modulating drugs have been identified as
potential therapeutic agents for the treatment of CD. For instance, sirolimus (also
known as rapamycin), which binds FKBP12 and inhibits the mTORC1 complex,
has been used in clinical trials for the treatment of CD. Sirolimus seems to be
effective as rescue therapy with severe refractory CD by modulating autophagy
to improve symptoms and healing in both adult and child patients [53, 58]. CD-
associated genetic variants that regulate bacterial recognition (NOD2, IRGM) and
autophagy (ATG16L1) are involved with reduced clearance of intracellular bac-
teria. Recently, BRD5631, a small-molecule enhancer of autophagy, has been
reported to enhance autophagy through anmTOR-independent pathway to clear inva-
sive bacteria and suppress IL-1β production in cells harboring the CD-associated
allele of ATG16L1 (T300A) [41]. Furthermore, celastrol, a triterpene extracted
from the root bark of the Chinese medicinal plant Tripterygium wilfordii, has
been found to ameliorate DSS-induced colon injury and inflammation in mouse
model of UC, with the mechanism of inhibition of NF-κB signaling, modula-
tion of oxidative stress, inflammatory cytokines, and intestinal homeostasis [75].
A recent study has indicated that celastrol could ameliorate the inflammation of
IL-10 deficient mice, a mouse model of CD with the induction of autophagy by
suppressing the PI3K/AKT/mTOR signaling pathway [99]. Additionally, another
study showed that docosahexaenoic acid (DHA), a long-chain polyunsaturated fatty
acid, could attenuate experimental chronic colitis in IL-10−/− mice by triggering
autophagy via inhibition of the mTOR pathway, as demonstrated by suppression
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of colonic pro-inflammatory cytokines and reduction of inflammatory cells infiltra-
tion [98]. An FDA-approved drug, chlorpromazine, also used as autophagy inducer,
has been identified to overcome bacterial killing defect in Niemann–Pick disease
type C1 (NPC1), whereas mutations in NPC1 predispose to early-onset IBD with
Crohn’s disease phenotype and granuloma formation [74]. Obstruction of intesti-
nal fibrosis is a common complication of CD. Recent studies have demonstrated
that AMA0825, a small-molecule inhibitor of Rho kinases (ROCKs), could prevent
and reverse intestinal fibrosis by diminishing MRTF and p38 MAPK activation and
increasing autophagy in fibroblasts, which would be utilized as a promising add-
on therapy for CD [27]. Furthermore, the immunomodulator azathioprine, widely
used as IBD drugs, has been reported to induce autophagy via mechanisms involv-
ing modulation of mTORC1 and stimulation of the UPR sensor PERK, leading to
enhancement of clearance of intracellular AIEC and repression of AIEC-induced
production of TNF-α [29].

11.3.2 Small-Molecule Modulators of Autophagy
for Treatment of SLE

In recent years, autophagy has been regarded as a therapeutic target in SLE treatment.
Sirolimus, as an mTOR inhibitor, was originally approved immunosuppressive agent
for organ transplantation. In a previous study, sirolimus treatment has been shown to
reduce disease activity and requirement for prednisone therapy in patients with active
SLE, compared with standard treatment [22]. Sirolimus has been also demonstrated
to be effective for treatment of lupus mice, which is characterized by reduced levels
of autoantibodies, proteinuria, and prolonged survival in mice [69]. More recently,
a phase I/II clinical study has been reported that sirolimus treatment shows obvious
progressive improvement of disease activity in patients with active SLE, which is
correlated to correction of pro-inflammatory T-cell lineage specification [42]. Addi-
tionally, a recent study has revealed that the activities of mTORC1 and mTORC2 in
SLE Treg cells were increased, whereas the expression of GATA-3 and CTLA-4 as
well as the level of autophagy were reduced. Nevertheless, IL-21 contributed to the
defects of autophagy and dysfunction of Treg cells in patientswith SLE. Interestingly,
treatment with rapamycin enhanced transforming growth factor β (TGF-β) produc-
tion and induced autophagy via blockade of mTORC1 and mTORC2, meanwhile
restored the expression of GATA-3 and CTLA-4 and corrected Treg cell function
[34]. Considering the important role of autophagy in immune-related diseases and
the fact that autophagy is usually dysfunctional in SLE, hydroxychloroquine, as an
autophagy inhibitor to prevent autophagosome–lysosome fusion, has been studied
in clinical trials and regarded to be an effective therapy for SLE. However, the use
of hydroxychloroquine could also cause safety issue such as retinopathy that needs
to be frequently monitored on such therapies [68]. Pioglitazone was approved by
FDA for treatment of T2DM because it increases cell sensitivity to insulin. As an
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agonist of PPARγ, pioglitazone can indirectly modulate mTOR activity and activate
autophagy, thus it has also been applied in clinical trial studies in patients with SLE
and exhibited some beneficial effects [3, 81].

11.3.3 Small-Molecule Modulators of Autophagy
for Treatment of RA

Chloroquine (CQ) is a well-known antimalarial drug that is widely used for the pro-
phylaxis treatment of malaria, whereas the anti-inflammatory property of CQ also
makes it a useful agent for the treatment of RA [76]. Nevertheless, hydroxychloro-
quine (HCQ)was found to show amore favorable therapeutic effect thanCQwith less
eye toxicity in a few decades ago, thus making it widely used for the treatment of RA
until now. As a component of triple-drug therapy, HCQ is often used in combination
with methotrexate and sulfasalazine due to inhibition of autophagy, which has been
advocated as a safe, well-tolerated alternative to biologic therapy for RA [56, 61].
Resveratrol is a polyphenol derivative which exhibits a proapoptotic effect in a vari-
ety of human cancers by triggering mitochondria apoptosis pathway and autophagy
[92]. A recent study has reported that resveratrol could suppress oxidative stress
in adjuvant-arthritis (AA) rats and increase mitochondrial reactive oxygen species
(mtROS) production by inhibiting autophagy to promote the apoptosis of fibroblast-
like synoviocytes (FLSs) [93]. Metformin is an insulin-sensitizing drug originally
approved for the treatment of T2DM. As an AMPK activator, metformin can directly
activate ULK1 via phosphorylation modification and thus promote autophagy.
Additionally, it has also been reported to reduce secretion of cytokines such as TNF-
α from macrophages in vitro, and suppress clinical arthritis in mouse models of
RA. However, it remains unclear whether this agent’s ability to attenuate disease in
animal models of RA should be attributed to activation of autophagy or to reduced
TNF-α secretion by macrophages [32, 89]. Indeed, these findings demonstrate the
critical role of autophagy in RA and that autophagy inducers such as metformin may
be used as potential therapeutic approaches for the treatment of RA. In addition to
these agents, there are also other interesting examples of autophagy-inducing agents
from traditional Chinese medicine. For example, Astragalus polysaccharides, one
of the primary bioactive ingredients of Astragalus membranaceus, has been found
to attenuate the pathological progression of RA, increase cell apoptosis, and reduce
the production of pro-inflammatory cytokines in IL-1β-stimulated FLSs by regu-
lating autophagy via PI3K/AKT/mTOR pathway [55]. Artesunate, a semisynthetic
derivative of artemisinin obtained from the plant Artemisia annua, is a well-known
effective drug that is used to treat malaria and other diseases involving inflamma-
tion. Recently, artesunate has been found to inhibit chondrocyte proliferation and
accelerate cell apoptosis and autophagy via suppression of the PI3K/AKT/mTOR
signaling pathway in rat models with RA [20]. Triptolide is a bioactive compound
derived from Tripterygium wilfordii Hook F, which has been used in folk medicine
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as a treatment for a variety of inflammatory disorders including RA. Triptolide has
been found to ameliorate adjuvant-induced arthritis (AA) by reducing neutrophil
recruitment and suppressing the expression of IL-6 and TNF-α in vivo, as well as
suppress the expression of pro-inflammatory cytokines in neutrophils, promote neu-
trophil apoptosis, and inhibit the migration, NETosis, and autophagy of neutrophils
in vitro [30].

11.3.4 Small-Molecule Modulators of Autophagy
for Treatment of MS

mTOR, as the gatekeeper of autophagy, plays important roles in the regulation
of oligodendrocyte development and myelination process as well as several neu-
ronal functions. Therefore, robust evidence has shown that rapamycin (represent by
sirolimus in Table 11.2) ameliorates the clinical course and significantly reduces the
hyperalgesia in both relapsing–remitting and chronic EAE models [16]. In addition,
several studies have been reported that rapamycin mitigates EAE-induced autophagy
suppression, inflammation, demyelination, and neuronal damage of EAE mice [19,
21]. Moreover, MCC950, an inhibitor of NLRP3, combined with rapamycin reduces
both the clinical symptom of EAE and the release of cytokines in microglia, indi-
cating that mTOR and autophagy activation might be potential therapeutics for
treatment of MS [88]. Clioquinol, a metal chelator, inhibits the clinical course of
EAE accompanied with decrease in demyelination and reduction of encephalito-
genic immune cells infiltration. Clioquinol also remarkably inhibits EAE-associated
blood–brain barrier disruption and MMP-9 activation, as well as further increase
autophagy activation for clearance of aggregated proteins in astrocytes and neurons
[11]. 1,25-dihydroxyvitamin D3, an active form of vitamin D, reduces inflammation,
demyelination, and neuron injury in the spinal cord of mice, which is associated with
increased autophagy level [100]. Different from these autophagy inducers, HCQ, the
autophagosome–lysosome fusion inhibitor, has been reported to reduce the activation
of human microglia both in vitro and in vivo, as well as ameliorate demyelination
and delay the onset of EAE mice [38].

11.4 Conclusion

In summary, as a universal and physiological phenomenon, autophagy has been found
to play crucial roles in immunity, infection, and inflammation, and researches have
expanded into all aspects of immune research in recent years. Although consider-
able progressions have been made in understanding autophagy-controlled innate and
adaptive immunity, researches into autophagic regulation of inflammation, infection,
and autoimmune disease have just started. Thus, further genetic studies may uncover
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the potential role of the autophagy pathway in immune diseases through the identi-
fication of risk polymorphisms in various autophagy-related genes and those which
regulate autophagy. Also, unraveling the detailed mechanisms between autophagy-
related signaling pathways and immune-related diseases pathogenesis may help us to
identify novel targets for the development of drugs used in clinical therapy. Although
many small-molecule modulators of autophagy have been widely used for the
treatment of immune diseases such as CD, SLE, RA, and MS, and showed cer-
tain therapeutic effects. However, some of these compounds also have significant
disadvantages and limitations. Therefore, identifying and developing novel and bet-
ter small molecules that can specifically control autophagy would be still urgently
needed. At present, combination of computational methods and traditional medicinal
chemistry approaches may contribute to, rapidly and efficiently, obtain compounds
that regulate autophagywithmore specificity.Meanwhile, artificial intelligence holds
great promise in discovery, transformation, and application of small-molecule com-
pounds. We believe that targeting autophagy would be a promising and beneficial
therapeutic approach for treatment of immune-related diseases.
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