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Summary

Autophagy is a quality control, metabolic and innate immunity process. Normative autophagy 

affects many cell types, including hematopoietic as well as non-hematopoietic, and promotes 

health in model organisms and humans. When autophagy is perturbed, this has repercussions on 

diseases with inflammatory components, including infections, autoimmunity and cancer, 

metabolic disorders, neurodegeneration, and cardiovascular and liver diseases. As a cytoplasmic 

degradative pathway, autophagy protects from exogenous hazards including infection and from 

endogenous sources of inflammation including molecular aggregates and damaged organelles. The 

focus of this review is on the role of autophagy in inflammation, including type I interferon 

responses and inflammasome outputs, from molecules to immune cells. A special emphasis is 

given to the intersections of autophagy with innate immunity, immunometabolism, and functions 

of organelles such as mitochondria and lysosomes that act as innate immunity and 

immunometabolic signaling platfroms.

Introduction

Mammalian autophagy is a fundamental biological process contributing to cytoplasmic 

quality control (Morishita and Mizushima, 2019), cellular metabolism (Herzig and Shaw, 

2018; Liu and Sabatini, 2020; Marino et al., 2014; Morishita and Mizushima, 2019) and 

innate and adaptive immunity (Clarke and Simon, 2019; Deretic et al., 2013; Levine et al., 

2011; Ma et al., 2013). The very nature of mammalian autophagy is to serve all three 

‘missions’ - defense, metabolic, and quality control – and they present themselves 

interlinked in the context of immunity. A failure in autophagy functions is often manifested 

as dysregulated inflammation in animal models and human diseases (Deretic and Levine, 

2018).
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One may come across the word ‘autophagy’ in the literature as a catch-all term for a 

collection of lysosomal processes contributing to intracellular homeostasis. This includes 

turn-over of proteins, membranes, whole organelles, and generation of metabolic precursors 

at times of starvation through lysosomal degradation (Herzig and Shaw, 2018; Lin and 

Hardie, 2018; Liu and Sabatini, 2020; Morishita and Mizushima, 2019). Collectively, these 

processes contribute to cell fitness, functionality and survival. The most studied form of 

autophagy is macroautophagy, referred henceforth simply as autophagy. The sensu stricto 
autophagy pathway, whereby double membrane autophagosomes form in the cytoplasm, 

capture cargo, and deliver it to lysosomes for digestion (Figure 1A). In principle, there are 

several protein kinase, lipid kinase, and a protein-lipid conjugation system that come 

together to drive the formation and maturation of autophagosomes (Figure 1A) as detailed in 

recent reviews (Melia et al., 2020; Morishita and Mizushima, 2019). In this review we 

expand on the connections between autophagy and inflammation and cover aspects of 

autophagy in inflammation from immune molecular systems to immune cells and 

immunometabolism (Mills et al., 2017).

Overview of autophagy pathway and its broad relationship to inflammation

Canonical autophagy (Figure 1A), as opposed to noncanonical forms of autophagy (Figure 

1B,C) can capture diverse cargo (Fig. 1D). This includes invading microbes along with their 

pathogen associated molecular patterns (PAMPs) (Deretic et al., 2013; Gomes and Dikic, 

2014; Randow and Youle, 2014). Autophagy clears cytosolic protein aggregates and 

condensates (Agudo-Canalejo et al., 2020; Noda et al., 2020) or ingested extracellular 

debris, many of which act as danger associated molecular patterns (DAMPs) (Rubinsztein et 

al., 2015). The cargo often defines the subtype of autophagy (Morishita and Mizushima, 

2019): xenophagy (direct elimination of intracellular microbes), aggrephagy (removal of 

macromolecular aggregates or condensates), mitophagy (removal of mitochondria), 

endoplasmic reticulum (ER)-phagy (also known as reticulophagy), pexophagy (autophagy of 

peroxisomes), lysophagy (removal of damaged lysosomes), etc. Bulk autophagy refers to a 

wholesale recycling of nutrients, which sometimes happens even during so-called selective 

autophagy through a bystander effect (An and Harper, 2018).

The above processes affect inflammation. Given that microbes, damaged organelles, 

aggregates and organic or inorganic crystals are sources of inflammatory signals (PAMPs 

and DAMPs), the cytoplasmic clean-up function of autophagy is by default anti-

inflammatory in any type of cell capable of activating cell-autonomous inflammatory 

response (Deretic and Levine, 2018; Deretic et al., 2013). Complementing this, autophagy 

sculpts the interior of immune cells by aligning mitochondrial and ER content with immune 

cell functions (e.g. mature naïve T cells trim down their mitochondrial content; plasma cells 

need to maintain their ER) (Clarke and Simon, 2019), whereas autophagy-dependent 

metabolic adjustments contribute to immunometabolic states affecting macrophage and T 

cell polarization (Riffelmacher et al., 2018), all of which impact inflammatory outputs and 

resolution (Mills et al., 2017; O’Neill et al., 2016).
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Autophagy receptors capture intracellular cargo promoting inflammation

To remove sources of inflammation such as bacteria and endogenous pro-inflammatory 

sources, the autophagic cargo is often opsonized by tags such as ubiquitin, recognized by 

broad spectrum selective autophagy receptors termed SLRs (sequestosome-like receptors: 

p62 (SQSTM1), NBR1, OPTN, NDP52, TAXBP1, etc.) (Birgisdottir et al., 2013; Deretic et 

al., 2013) which patrol the cytosol accessing diverse targets. For example, SLRs in various 

combinations participate in diverse forms of anti-inflammatory autophagy: aggrephagy 

(Bjorkoy et al., 2005; Kirkin et al., 2009), xenophagy (Ponpuak et al., 2010; Ravenhill et al., 

2019; Thurston et al., 2012; Wild et al., 2011) and mitophagy (removing sources of 

mitoDNA and ROS that act as DAMPs) (Lazarou et al., 2015; Vargas et al., 2019).

Intracellular organelles, even when functional, if not adjusted for total cellular content can 

be sources of immune and other cells’ dysfunction and systemic inflammation. This 

adjustment for total cellular content occurs through dedicated cognate receptors that are 

integral components of the target membrane (Morishita and Mizushima, 2019) with 

extensive repertoire per single organelle type (See Figure 1D for details). Rightsizing cell’s 

organellar content by autophagy is key to proper development, differentiation and function 

of immune cells (Clarke and Simon, 2019).

Typically, selective autophagy receptors interact with autophagosomal isolation membranes 

via specialized motifs (e.g. LC3 interacting region; LIR) (Johansen and Lamark, 2011; 

Marshall et al., 2019) that bind to mammalian Atg8 paralogs (mAtg8s: LC3A,B,B2,C and 

GABARAP, -L1, -L2), with LC3B being the prototypical marker for autophagic membranes 

(Figure 1A,D). Surprisingly, the ability of autophagic receptors to bind mAtg8s is not always 

essential and the initial stages of mitophagy take place even in the absence of all mAtg8s 

(Vargas et al., 2019). This indicates that there are other emerging possibilities to attach a 

receptor to autophagosomal membranes (Ravenhill et al., 2019; Smith et al., 2018; Turco et 

al., 2019; Vargas et al., 2019) (Figure 1A).

In summary, diverse (soluble and integral to organellar membranes) autophagy receptors 

orchestrate removal of exogenous and endogenous sources of inflammation by linking 

earmarked cargo to nascent autophagsosomes.

Autophagy’s antimicrobial and anti-inflammatory functions are interlinked

The notion that autophagy acts as cell-autonomous antimicrobial defense mechanism was 

long anticipated by a study showing that autophagy acts as part of antiviral defenses, and is 

antagonized by the herpes simplex virus protein ICP34.5 (Talloczy et al., 2002). Autophagy 

has been shown to be induced by eIF2α kinase PKR (EIF2AK2), which recognizes dsRNA 

in the context of infection by a variety of DNA and RNA viruses, as a part of innate response 

(Talloczy et al., 2002). Anti-viral autophagy When autophagy had been recognized in a 

systematic fashion as a bona fide immune process (Deretic, 2005; Levine, 2005), this was to 

a large extent prompted by findings that autophagy can eliminate a variety of intracellular 

bacteria such as Mycobacterium tuberculosis (Mtb) (Gutierrez et al., 2004). and streptococci 

(Nakagawa et al., 2004). This was soon followed by studies recognizing autophagy’s impact 

on Shigella (Ogawa et al., 2005), Salmonella (Birmingham et al., 2006), Crohn’s disease-
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associated adherent-invasive E. coli (Brest et al., 2011), and others. The role of autophagy as 

a cell-autonomous defense against intracellular microbes has been extended by recognizing 

that successful intracellular bacteria almost invariably encode or mount specific defenses 

against autophagy, which underscores antimicrobial and immunological significance of 

autophagy (Keller et al., 2020b). The net outcome of layers of host-pathogen measures and 

countermeasures often leads to distorted manifestations of autophagy’s role, as recently 

reviewed (Keller et al., 2020b). Since then, there has been explosive growth of the role of 

autophagy in immunity (Deretic and Levine, 2018), with emphasis on autophagy as an 

antimicrobial defense (Gomes and Dikic, 2014; Randow and Youle, 2014), immune cell 

development and differentiation (Clarke and Simon, 2019), polarization (Castillo et al., 

2012), and inflammation (Deretic and Levine, 2018).

Autophagic capture and elimination of intracellular microbes in its purest form is referred to 

as xenophagy (Levine, 2005). Xenophagy rests upon recognition of pathogens entering the 

cells by selective autophagy receptors (Figure 1D). These receptors detect opsonized 

pathogens or vacuolar compartments harboring them. The opsonins can be ubiquitin (Perrin 

et al., 2004) recognized by SLRs or galectin 8 (Gal8) recognized by NDP52 (Montespan et 

al., 2017; Staring et al., 2017; Thurston et al., 2012). Autophagy can in priniciple access 

antibody-opsonized microbes when they penetrate the cytosol, contributing to humoral 

immunity against Ehrlichia chaffeensis (Velayutham et al., 2019). This occurs via the 

‘cytosolic Fc receptor’ TRIM21 (McEwan et al., 2013), which acts as an adaptor for 

autophagy (Kimura et al., 2015). Microbes can also be directly recognized, e.g. the HIV 

capsid entering the cytosol is directly bound by TRIM5α (Mandell et al., 2014; Ribeiro et 

al., 2016). However, in that particular case, the virus has mutated away from proper 

recognition, and instead the autophagy machinery associated with TRIM5α contributes to 

inflammatory signaling through the TAK1 kinase, and transcription factors NFκB and AP1, 

contributing to general antiviral state (Saha et al., 2020). A complementary cooperative 

action of autophagy and inflammatory signaling is also seen with bacterial pathogens, as in 

the case of Salmonella (Noad et al., 2017).

In summary, under normal circumstances, systems supporting xenophagy and protective 

inflammation act as balanced, additive mechanisms. When xenophagy fails, inflammatory 

responses become exaggerated and, while being protective, this comes at a cost causing 

tissue damage and inflammatory pathology.

Autophagy and lysosomes converge upon immunometabolism

Lysosomes are intimately associated with both the initiation and completion of autophagy. 

Autophagosomes merge with lysosomal compartments in a process referred to as 

autophagosomal maturation or autophagosome-lysosome fusion (Morishita and Mizushima, 

2019). This way autophagosomes deliver their cargo to be digested (Fig. 1A).

Lysosomes have critical signaling and immunological functions (Ballabio and Bonifacino, 

2020; Herzig and Shaw, 2018; Lin and Hardie, 2018; Liu and Sabatini, 2020). Much of the 

signaling by AMPK and mTOR, the master regulators of cellular metabolism, and control of 

their activity occurs on the lysosomal membrane (Gonzalez et al., 2020; Herzig and Shaw, 

2018; Jia et al., 2018; Jia et al., 2020a; Lin and Hardie, 2018; Liu and Sabatini, 2020). 
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AMPK and mTOR work as the yin and the yang of cellular metabolism, and act in opposing 

ways to control both autophagy (Herzig and Shaw, 2018; Liu and Sabatini, 2020) and 

immunometabolism, profoundly affecting immune cell function (O’Neill and Hardie, 2013; 

O’Neill et al., 2016; Weichhart et al., 2015).

Lysosomal membranes can be damaged by DAMPs, PAMPs, and microbes, or 

permeabilized in a programmed manner, e.g. through TRAIL (TNF-related apoptosis-

inducing ligand) signaling. Autophagy protects against such damage as an important part of 

a multi-staged lysosome-homeostatic response termed MERiT (membrane repair, removal 

and replacement) (Fig. 2A) (Jia et al., 2020b, c). Most stages of MERiT are driven and 

coordinated by galectins (Gal3, Gal8 and Gal9), a family of cytosolic lectins that recognize 

exposed lumenal glycans upon membrane damage and act as effectors or recruiters or 

effectors. The first stage of MERiT is galectin-dependent (Gal3) (Jia et al., 2020b), briefly 

preceded by a Gal3-independent (possibly Ca2+-dependent) step (Radulovic et al., 2018; 

Skowyra et al., 2018). Gal3 binds to glycans exposed to the cytosol during lysosomal 

membrane damage, and recruits ESCRTs to repair the lysosomal membrane (Jia et al., 

2020b). The next stage of MERiT is the removal of damaged lysosomes through autophagy 

(‘lysophagy’) (Maejima et al., 2013), which kicks in when ESCRTs fail to repair lysosomes 

(Chauhan et al., 2016; Jia et al., 2020b; Papadopoulos et al., 2017). Sustained lysosomal 

damage inhibits mTOR (Jia et al., 2018) and activates AMPK (Jia et al., 2020a). The final 

stage of MERiT is lysosomal replacement. This happens through activation of TFEB, a key 

transcriptional factor driving expression of lysosomal genes (Napolitano and Ballabio, 2016) 

with multifaceted effects on inflammation (Brady et al., 2018). Protecting lysosomes by 

repairing them, removing them when they are damaged, and replacing them when necessary, 

impacts immunometabolism (Figure 2A,B) and autophagy in its anti-inflammatory 

functions, (Figure 1A, top box) including the removal of DAMPs, inflammasome 

components, and type I interferon (IFN) regulators (Figure 1D).

TFEB’s nuclear translocation from the cytoplasm to the nucleus, where it activates genes in 

support of lysosomal biogenesis (Napolitano and Ballabio, 2016; Settembre et al., 2011), is 

normally executed through inhibition of mTOR (Napolitano et al., 2020) and activation of a 

calcineurin phosphatase PPP3CB (Medina et al., 2015). The net result is dephosphorylation 

of TFEB and its translocation to and retention in the nucleus. In addition to galectins, 

mAtg8s (the GABARAP subset), play an unanticipated role, outside of the classical scope of 

association with autophagic membranes and cargo receptors, and control TFEB activation 

(Kumar et al., 2020; Nakamura et al., 2020). The GABARAP subset of mAtg8s are 

responsible for this activity (Kumar et al., 2020; Nakamura et al., 2020)

AMPK, in principle, gets synergistically co-induced with autophagy whereas mTOR is 

inactivated at times of metabolically (starvation) induced autophagy, This has repercussions 

on immunometabolism (Figure 2C) (O’Neill and Hardie, 2013; O’Neill et al., 2016; 

Weichhart et al., 2015), whereby active mTOR is associated with inflammatory states and 

robust immune responses including exit of T cells from quiescent state (Chapman et al., 

2020), effector T cells, and classically activated macrophages (Weichhart et al., 2015). 

AMPK is often associated with immunometabolic states compatible with anti-inflammatory 

activities and quiescence (O’Neill and Hardie, 2013; O’Neill et al., 2016; Saravia et al., 
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2020). However, AMPK’s ability to stimulate catabolic pathways, of which autophagy is one 

component, also provides energy in support of expansion of CD4+ T helper-1 (Th1) and 

Th17 cells and primary T cell responses in infections (Blagih et al., 2015). AMPK helps T 

cell differentiation and regulatory T (Treg) cell function, supports T cell survival in glucose 

limiting conditions, supports T cell quiescence via fatty acid oxidation (FAO), and stimulates 

FAO in memory CD8+ T cells (Saravia et al., 2020). AMPK agonist metformin restores 

generation of memory CD8+ T cells whereas AMPKα1 is essential for their recall responses 

(Pearce et al., 2009).

In summary, by maintaining healthy lysosomes (Figure 2A) autophagy is important not only 

as a catabolic output downstream of AMPK but also as an upstream quality control of 

lysosomes in their role as a platfrom for mTOR’s and AMPK’s signaling and systemic and 

immunometabolic functions (Figure 2C) of relevance for inflammation (Chapman et al., 

2020; O’Neill and Hardie, 2013; O’Neill et al., 2016; Weichhart et al., 2015).

A spectrum of non-canonical autophagy processes affect inflammation

The lysosome and the endosomal system are involved in ‘non-canonical’ autophagy-related 

processes that utilize portions of the autophagy machinery and affect inflammation (Figure 

1B,C) (Galluzzi and Green, 2019). The prototypical noncanonical autophagy (Fugure 1B) 

are LC3-associated phagocytosis (LAP) and its variations such as LC3-associated 

endocytosis (LANDO) (Sanjuan et al., 2007), which use only portion of the autophagy 

factors and operate on single membrane vesicles derived from plasma membrane, i.e., 

phagosomes and endosomes (Figure 1B). LAP and LANDO, and several other variations 

can be viewed as related processes (Galluzzi and Green, 2019) (Fletcher et al., 2018; Guo et 

al., 2017; Heckmann et al., 2019; Lee et al., 2020; Leidal et al., 2020). They involve 

lipidation of LC3 (and perhaps other mAtg8s) occurring on single membrane bilayers 

independently of a subset of canonical autophagy factors required for double membrane 

autophagosomes (Galluzzi and Green, 2019; Heckmann and Green, 2019; Leidal et al., 

2020; Lystad et al., 2019). Another noncanonical autophagy process referred to as 

microautophagy consist of direct lysosomal uptake (bypassing the need for double 

membrane autophagosomes) of portions of the cytoplasm or specific cytosolic targets (De 

Duve and Wattiaux, 1966; Schuck, 2020). Topologically, this occurs through invaginations 

of the lysosomal or endosomal membranes, inward pinching off of such invaginations into 

the lysosomal or endosomal lumen, and delivery of the captured cargo, possibly sequestered 

via SLRs (Mejlvang et al., 2018) or by other means. A selective form of microautophagy 

depends on lipidation of LC3 (Lee et al., 2020). Activation of a subset of autophagy factors 

on endosomes protects against viral infection (Dong et al., 2020). Finally, a process of 

individual protein import across lysosomal membrane for digestion, referred to as 

chaperone-mediated autophagy (Kaushik and Cuervo, 2018), affects immune cells (Macian, 

2019; Valdor et al., 2014).

The above processes perform a variety of functions, many with inflammatory outputs 

(Figure 1B,C): (i) LAP-reliant dying cell elimination by efferocytosis (Boada-Romero et al., 

2020) that protects against excess inflammatory cytokine production and autoimmunity such 

as in systemic lupus erythematosus (SLE) (Martinez et al., 2016). LAP-directed toll-like 

Deretic Page 6

Immunity. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor-9 trafficking into a specialized type I interferon signaling compartment in 

plasmocytoid dendritic cells (pDC) (Henault et al., 2012). LAP’s antibacterial and anti-

inflammatory action in pneumococcus-infected macrophages (Inomata et al., 2020) and anti-

inflammatory and anti-fiibrogenic activity in monocytes responding to liver injury (Wan et 

al., 2020). (ii) Sustained β-amyloid (Aβ) aggregate removal by LANDO affecting recycling 

of the Aβ receptor (Heckmann et al., 2020) and preventing inflammation and memory loss 

in a murine model of Alzheimer’s disease (Heckmann et al., 2019). (iii) Lysosomal 

membrane turnover during starvation or repair of osmotically stressed lysosomal membranes 

(Lee et al., 2020) (iv) LC3-dependent secretion (Leidal et al., 2020). (v) Secretory autophagy 

(Ponpuak et al., 2015), an alternative pathway involved in secretion of inflammatory 

molecules such as HMGB1 and IL-1β (Dupont et al., 2011; Karmakar et al., 2020; Kimura 

et al., 2017) before GSDMD-pores and pyroptosis start to dominate in their release (Broz et 

al., 2020; Kayagaki et al., 2015; Shi et al., 2015), which appears to be a preferred way for 

IL-1β release by neutrophils (Karmakar et al., 2020).

Of note, secretory autophagy (Ponpuak et al., 2015) is an emerging field that includes 

variations such as LC3-dependent secretion of cytosolic cargo via EVs (Leidal et al., 2020), 

release of EVs containing decoy targets for toxins to neutralize their cytotoxic activities 

(Keller et al., 2020a), unconventional secretion of cytosolic proteins without signal 

sequences (Dupont et al., 2011; Karmakar et al., 2020; Kimura et al., 2017; Zhang et al., 

2015), and nonlytic release from cells of viruses (Chen et al., 2015) and bacteria 

(Gerstenmaier et al., 2015) as a mode for their infectious spread. This is also an alternative 

solution for cells to eliminate pathogens by employing secretory autophagy rather than the 

degradative autophagy (Miao et al., 2015).

In summary, ‘non-canonical’ forms of autophagy, i.e. a diverse collection of processes 

borrowing components of the autophagy pathway (Galluzzi and Green, 2019), impact tissue 

homeostasis and inflammation mirroring actions of ‘canonical autophagy’.

Mitophagy modulates inflammation

Mitophagy (Figure 2D) and other homeostatic systems maintain mitochondrial health and 

abundance (Youle, 2019), ensuring that mitochondria provide healthy signaling platforms for 

proper activation of innate immunity in response to viral and bacterial PAMPs. Mitophagy 

and autophagy of bacteria (xenophagy) might have co-evolved through host-microbe 

interactions resulting in elimination (normal outcome), endosymbiosis (mitochondria) or 

pathogenesis (successful intracellular parasites such as Mtb) with vestigial but powerful 

effects on innate immunity and inflammation (Deretic, 2010; Youle, 2019). Mitochondria are 

at the heart of immune responses serving as platforms for proper signaling of several innate 

immunity platfroms such as MAVS, whereas under pathological conditions mitochondira 

can themselves be sources of DAMPs (e.g. mitochondrial dsDNA; Figure 2D,E) when 

mitochondria are not properly maintained through mitophagy (Youle, 2019). They are also 

the principal contributors to immunometabolism (Figure 2C) (Mills et al., 2017) whereby 

switching between oxidative phosphorylation (oxphos) and glycolysis or their realignment 

parallels activation states of macrophages, dendritic cells, T cells and other cells, e.g. 

glycolysis dominating in proinflammatory classically activated macrophages and oxphos 
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being predominant in alternatively activated macrophages involved in tissue repair. For 

example, the anti-inflammatory cytokine IL-10 inhibits macrophage-intrinsic mTOR and 

glycolysis, promotes oxphos, and induces mitophagy to cull dysfunctional mitochondria and 

reduce inflammatory stimulation by mitochondrial DAMPs (Ip et al., 2017).

Mitochondria’s general health, dependent upon mitophagy and related processes, is essential 

for productive inflammation that can clear infection or cancer and maintain tissue 

homeostasis. Mitochondria, when damaged (Figure 2D), become a source of endogenous 

DAMPs (‘mito-DAMPs’: oxidized mtDNA, dsDNA, dsRNA, cardiolipin, ROS; Figure 2D)), 

and these in turn stimulate a variety of pattern recognition receptors (PRRs), which lead to 

degenerative and other diseases (Youle, 2019). When mitophagy fails ‘mito-DAMPs’ 

contribute to excessive inflammation causing pathology. Defective mitophagy has been 

linked to such inflammation in sepsis, carcinogenesis and neurodegeneration (Li et al., 2019; 

Nakahira et al., 2011; Sliter et al., 2018). Curiously, this is also an aspect of the less 

appreciated ability of NF-κB, primarily known as a key activator of inflammation, to restrain 

excessive NLRP3-inflammasome activation in macrophages (Zhong et al., 2016). NF-κB 

prepares cells for autophagy, reflected in SQSTM1 amounts, and facilitates mitophagy to 

pre-empt excessive IL-1β inflammation and macrophage cell death (Zhong et al., 2016).

In summary, proper mitophagy is critical to balance innate immune responses to endogenous 

and exogenous sources of inflammation, unkempt mitochondria are a pathology-inducing 

source of endogenous ‘mito-DAMPs’ and excessive inflammation (Figure 2D,E), whereas 

functional mitochondria and their abundance controlled by mitophagy (Figure 2D) are 

important for immunometabolism (Figure 2C).

Autophagy of other organelles affects inflammation

The majority of the current literature of relevance for inflammation focuses on mitochondria. 

However, other organelles can be important sources or modulators of inflammation. As 

discussed above, lysosomes and endosomes play an important role, whereas the endoplasmic 

reticulum (ER) and peroxisomes are an emerging organelle of interest. For example, cyclic-

di-nucleotides (CDNs) released by intracellular Gram-positive bacteria infecting phagocytes 

bind to the DNA sensor STING in the ER (Figure 2E), and induce ER stress (involving 

PERK, IRE1α, CHOP and BIP) eliciting cell death and inflammation, which is countered by 

ER-phagy and canonical autophagy controlled by mTOR (Moretti et al., 2017). The CDN-

induced ER-phagy sequesters PERK and IRE1α (Moretti et al., 2017).

Peroxisomes, subject to selective autophagy termed pexophagy (Figure 1D), are often 

relegated to ‘poor cousin’ status relative to mitochondria. Nevertheless, the two represent an 

important continuum in fatty acid metabolism, with peroxisomes degrading very long fatty 

acids via β-oxidation and handing over shortened acyl-CoA via the carnitine shuttle to 

mitochondria for further β-oxidation and coupling to ATP synthesis. Peroxisome degrade 

lipid mediators of inflammation such as prostaglandins and leukotrienes, with roles in 

asthma, allergies and potentially in Alzheimer’s disease and related dementias, as well as 

support the biogenesis of precursor polyunsaturated fatty acids for specialized pro-resolving 

mediators that limit inflammation. Peroxisomes are also an alternative location for MAVS 

(in a continuum with mitochondrial location of MAVS) specializing in rapid anti-viral innate 
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immunity responses (Bender et al., 2015; Dixit et al., 2010; Ferreira et al., 2016). The role of 

peroxisomes in inflammation and immunity deserves attention (Di Cara et al., 2019), and 

how pexophagy (Figure 1D) affects inflammation, immune cells, and immunometabolism is 

an unexplored and potentially interesting area of study.

Is there any hierarchy or order of importance of different organelles in the inflammatory 

processes impacted by autophagy? This is premature to answer and in principle difficult 

given the physiological and often physical interconnectedness of various organelles. 

Nevertheless, degradative autophagy cannot be completed without lysosomes, lysosomes 

house mTOR and AMPK, the very upstream regulators of autophagy and 

immunometabolism, and should have a special place in any hierarchy that may emerge.

Autophagy plays multiple roles in immune cells

Autophagy is one of the effector outputs (e.g. antimicrobial defense) in immune cells. It also 

works as a nutritional backup and immunometabolic modulator, provides quality control, 

and executes programmed changes in numbers and volume of intracellular organelles. The 

effects of autophagy and the ATG genes in specific immune cells have been extensively 

reviewed (Clarke and Simon, 2019; Deretic et al., 2013; Macian, 2019; Riffelmacher et al., 

2018).

In brief, autophagy supports self-renewal and quiescence in stem-like cells, and remodels 

cellular interiors during differentiation (Riffelmacher et al., 2018). In general, different 

branches of the hematopoietic lineage are affected to a different extent by ATG deficiencies. 

Early deletion of ATGs seems to primarily suppress the lymphoid lineage and results in 

myeloproliferation, whereas myeloid cells maintain normal functions albeit showing 

hyperinflammatory phenotype, while dendritic cells perform many of their roles during 

immune responses even in the absence of ATGs (Clarke and Simon, 2019; Deretic et al., 

2013; Macian, 2019; Riffelmacher et al., 2018). Autophagy is needed for self-renewal of 

B1a cells (Clarke et al., 2018; Miller et al., 2008) and for neutrophils (Riffelmacher et al., 

2017). It is important for invariant NKT cell development (Salio et al., 2014). IL-15 activates 

AMPK and autophagy (in the face of concomitant activation of mTOR) and is necessary for 

survival of NKT cells (Zhu et al., 2018). In naïve T cells, autophagy is induced following 

stimulation (Jia et al., 2011) and is required for peripheral T cell survival and function (Li et 

al., 2006; Pua et al., 2009), and for survival of effector and formation of CD8+ memory T 

cells (Puleston et al., 2014; Xu et al., 2014). T cells upregulate autophagy upon T cell 

receptor (TCR) stimulation, paradoxically with concomitant mTOR activation (Botbol and 

Macian, 2015) that supports proliferative responses. Autophagy helps avoid T cell anergy 

(Mocholi et al., 2018). It appears to be a cell-autonomous modulator of CD8+ T cell 

metabolism with effects on anti-tumor immunity (DeVorkin et al., 2019). Recently, liver-

specific tissue resident memory (Trm) CD8+ cells and unconventional T cells known as 

mucosal-associated invariant T cells (MAIT cells; CD161hi Va7.2+ long term residents in the 

liver) have been found to display high autophagy levels (Swadling et al., 2020). Enhanced 

autophagy could be imprinted by liver stellate cells (as well as IL-15) and is required for 

mitochondrial homeostasis in Trm cells (Swadling et al., 2020).The liver is of particular 

interest to understand T-cell tolerizing mechanisms in the face of hepatic circulation that 
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continuously brings microbial products. Thus, the latest studies addressing autophagy in 

Trm cells are instructive given the need to balance clearance of virus-infected and cancerous 

cells while avoiding excessive inflammation and pathology in tissues. Finally, diminished 

autophagy in CD8+ T cells during aging contributes to vaccine efficacy decline and can be 

countered ex vivo by stimulating autophagy and TFEB (Alsaleh et al., 2020).

In conclusion, autophagy and autophagy factors contribute to various extents, dependent 

upon the cell type, to the development, differentiation, polarization, function, and 

immunometabolism of diverse immune cell subsets (Figure 2C).

Autophagy inhibits inflammatory signaling complexes

Genetic associations between several autophagy loci and chronic inflammatory disorders 

and autoimmune diseases have been reviewed recently (Deretic and Levine, 2018). Among 

others, these include Crohn’s disease (CD); systemic lupus erythematosus, asthma, 

rheumatoid arthritis, Vici syndrome, celiac disease, type 1 diabetes mellitus, familial 

Mediterranean fever, multiple sclerosis and other neurological disorders especially in 

patients with stronger neuroinflammatory components including amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD).

Genome-wide association studies (GWAS) connecting genetic polymorphisms and 

predisposition to diseases in humans (Consortium, 2007) have revealed connections between 

CD and polymorphisms in genes encoding ATG16L1 and IRGM, proteins that interact with 

NOD2, a familial risk factor in CD and an important innate immunity signaling hub 

responding to PAMPs derived from bacterial cell walls. In murine in vivo and ex vivo 

models, Atg16L1 regulates inflammasome activation (Saitoh et al., 2008) and prevents 

necroptosis and loss of Paneth cells (Matsuzawa-Ishimoto et al., 2017). ATG16L1, NOD2 

and IRGM form a complex to control autophagy (Chauhan et al., 2015), whereas IRGM 

functionally connects with ASC, a component of canonical inflammasomes (Daussy et al., 

2021). IRGM promotes xenophagy (Singh et al., 2006) and controls TFEB in reponse to 

viral and bacterial stimul (Kumar et al., 2020). It mediates SQSTM1-dependent autophagic 

degradation of cGAS, RIG-I, and TLR3 (Jena et al., 2020) and helps degrade inflammasome 

components (Mehto et al., 2019).

Inflammasomes are cytosolic inflammatory signaling complexes activated by PAMPs and 

DAMPs. They proteolytically activate IL-1β and lead to its secretion along with additional 

pro-inflammatory cytokines (Lamkanfi and Dixit, 2014). A canonical inflammasome 

consists of pro-caspase 1, ASC adaptor, and sensors such as NLRP1, NLRP3, NLRC4, 

which detect microbial products or sterile endogenous agonists, or AIM2 and IFI16, which 

sense cytosolic DNA (Lamkanfi and Dixit, 2014). Once inflammasome components 

assemble, activated caspase 1 processes cytosolic pro-IL-1β into mature IL-1β ready to be 

secreted from the cells (Lamkanfi and Dixit, 2014). Non-canonical inflammasomes do not 

depend on ASC and NLRPs, and instead, the agonists, such as cytosolic LPS, directly 

activate caspase-11 (mouse) or caspase-4 and −5 (human) resulting in proteolytic processing 

of gasdermin D causing an inflammatory type of cell death termed pyroptosis (Broz et al., 

2020). There are crossovers between canonical and non-canonical inflammasomes as 

caspase-1 can also proteolytically activate gasdermin D (Kayagaki et al., 2015). Autophagy 

Deretic Page 10

Immunity. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



can indirectly suppress inflammasome activation by removing sources of mitochondrial 

DAMPs and ROS (Nakahira et al., 2011; Sumpter et al., 2016; Zhou et al., 2011). Individual 

inflammasome components are substrates for autophagic degradation: AIM2 (Liu et al., 

2016; Shi et al., 2012), NLRP3 and ASC (Mehto et al., 2019). PYRIN (TRIM20) targets 

pro-Caspase-1, NLRP1, and NLRP3 for autophagic degradation (Kimura et al., 2015). Of 

note, anti-inflammatory cytokines, such as IL-10, suppress inflammasome activation through 

mitophagy lowering dysfunctional mitochondrial burden and associated NLRP3 activation in 

macrophages in colitis (Ip et al., 2017).

Whether non-canonical inflammasomes and pyroptosis-mediated cell death are targeted by 

autophagy is beginning to be explored. Autophagy factors, such as GABARAPL2, one of the 

seven mAtg8s, negatively control the non-canonical (murine caspase-11) inflammasome 

(Eren et al., 2020). GABARAPL2 tapers caspase-11 activation by LPS (Eren et al., 2020). 

This may relate to the findings that GABARAPs affect integrity and function of 

endolysosomal organelles (Kumar et al., 2020; Nakamura et al., 2020). Human IRGM, 

discussed above, does not affect this process (although it affects canonical inflammasome 

(Mehto et al., 2019)) but in mice its paralog Irgm2 does (Eren et al., 2020; Finethy et al., 

2020). Atg5 or Atg14, components of both canonical and non-canonical autophagy 

pathways, counter non-canonical inflammasome activation and pyroptosis (Finethy et al., 

2020). Forms of inflammatory cell death other then pyroptosis, e.g. necroptosis, are 

influenced by autophagy factors in intestinal inflammation, cancer, and other relevant 

models (Aden et al., 2018; Lim et al., 2019; Matsuzawa-Ishimoto et al., 2020; Matsuzawa-

Ishimoto et al., 2017).

Too much of type I IFN (or for that matter any inflammatory response) may lead to 

pathology. Protein complexes that stimulate type I IFN production can be suppressed by 

autophagy factors or autophagy itself. The ATG5–ATG12 complex, independently of 

autophagy, inhibits RIG-I (Jounai et al., 2007). Similarly, ATG9A negatively controls 

trafficking of the ER-associated STING sensor and inhibits type I IFN activation (Saitoh et 

al., 2009). Absence of autophagy enhances RIG-I-like signaling via MAVS (Tal et al., 2009). 

TRIM21 targets both IKKβ (Niida et al., 2010) and IRF3 (Kimura et al., 2015) for 

autophagic degradation. cGAS is a substrate for selective autophagy (Chen et al., 2016) 

along with RIG-I, and TLR3 (Jena et al., 2020). Autophagy factors ATG16L1 and SLRs, 

TAX1BP1 and SQSTM1, suppress TRIF (Samie et al., 2018; Yang et al., 2017), an adaptor 

that activates type I IFN downstream of TLR3 and TLR4 via IRF3 (Liu et al., 2015). 

Autophagy furthermore suppresses type I IFN in response to intestinal microbiota (Martin et 

al., 2018).

Of note, one has to be mindful of cell types and type of inflammation affected by canonical 

and non-canonical autophagy in each specific study. Certain types of hyperinflammation 

such as inflammasome-driven processes observed upon genetic ablation of autophagy or 

LAP seem to originate, in experimental systems, predominantly but not exclusively from 

myeloid cells including macrophages and monocytes. Most cells in the body can produce 

type I IFN using various systems, of which cGAS-STING and TLR-TRIF, RIG-I-MAVS 

targeted by autophagy as discussed above, are some of the key pathways (McNab et al., 

2015). For example, RIG-I induces type I IFN after infection with RNA viruses in 
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fibroblasts and conventional dendritic cells, whereas plasmacytoid dendritic cells (pDCs) 

preferentially use TLRs (Kato et al., 2005). Although pDCs have been considered as 

dominant responders, recent studies indicate that in vivo a variety of other cell types are 

important sources of type I IFN (Ali et al., 2019), and this needs to be taken into account.

In conclusion, autophagy or individual autophagy factors target key intracellular pro-

inflammatory signaling assemblies and platforms for inhibition or degradation to limit 

inflammation.

TBK1 contributes to control of autophagy

TBK1 plays a role in autophagy and inflammation in a special way (Figure 2E–H). TBK1 is 

best known to immunologists in the context of type I IFN responses (Fitzgerald et al., 2003; 

Liu et al., 2015) downstream of PAMPs and DAMPs (Figure 2E). TBK1 activates type I IFN 

(Fitzgerald et al., 2003; Liu et al., 2015) via IRF3 and, together with IKKε (Balka et al., 

2020), activates NFκB (Figure 2E). TBK1 influences inflammatory processes and diseases 

in neuroinflammation (Ahmad et al., 2016; Gerbino et al., 2020), autoimmunity (Hasan and 

Yan, 2016), cancer (Zhu et al., 2019), and viral infections. For example, severe COVID-19 is 

associated with genetic polymorphisms in TBK1 and other parts of the type I IFN activation 

pathways (Zhang et al., 2020a). TBK1 works as a kinase activating type I IFN response 

downstream of RIG-I-MAVS, MDA5-MAVS, cGAS-STING and TLR-TRIF pathways 

responding to cytosolic dsRNA, dsDNA, and other PAMPs (Liu et al., 2015) (Figure 2E). 

cGAS recognizes dsDNA, generates a second messenger cyclic-AMP-GMP (cGAMP) 

which in turn activates STING and TBK1 to induce phosphorylation of IRF3 and activate 

type I IFN expression (Li et al., 2013; Liu et al., 2015; Zhang et al., 2019).

In addition to type I IFN activation, TBK1 is important for autophagy (Kumar et al., 2019; 

Pilli et al., 2012; Ravenhill et al., 2019; Richter et al., 2016; Vargas et al., 2019; Wild et al., 

2011; Zachari et al., 2019) (Figure 2E,F). TBK1 works in autophagosome formation (Kumar 

et al., 2019; Zachari et al., 2019) and interacts with and phosphorylates autophagic receptors 

(Pilli et al., 2012; Ravenhill et al., 2019; Richter et al., 2016; Vargas et al., 2019; Wild et al., 

2011) (Figure 2F–G). Additionally, TBK1 has direct connections with immunometabolism 

regulators, mTOR (Antonia et al., 2019; Zhu et al., 2019) and AMPK (Zhao et al., 2018) 

(Figure 2B).

Multiple SLRs (OPTN1, NDP52, SQSTM1, TAX1BP1) depend on TBK1 for optimal 

receptor function in their antibacterial and antiviral autophagic roles (Pilli et al., 2012; 

Sparrer et al., 2017; Thurston et al., 2009; Wild et al., 2011). TBK1 extensively 

phosphorylates multiple regions in SLRs (Richter et al., 2016), including those that 

recognize LC3 on autophagosomal membranes (Wild et al., 2011) and ubiquitin on the cargo 

(Pilli et al., 2012) (Figure 2F).

TBK1 intersects with TRIMs, a group of proteins that participate in autophagy as regulators 

and selective autophagy receptors (Di Rienzo et al., 2020; Kimura et al., 2015; Kimura et al., 

2016; Mandell et al., 2014; Versteeg et al., 2013). TBK1 associates with TRIM23 in 

response to permissive HSV-1 infection, phosphorylates S403 of the UBA domain of 

SQSTM1, and the tripartite complex TRIM23-TBK1-SQSTSM1 (Sparrer et al., 2017) 
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augments SQSTM1’s ability to recognize ubiquitin-opsonized targets. SQSTSM1 also plays 

a role in feedback inhibition of type I IFN output by curbing STING-TBK1 activation 

(Prabakaran et al., 2018). SQSTM1, phosphorylated by TBK1 at Ser403 within its ubiquitin 

binding domain (Pilli et al., 2012), efficiently binds to K63-ubiquitinated STING to promote 

its selective autophagic degradation thus attenuating type I IFN response to cytosolic dsDNA 

and other stimuli (Prabakaran et al., 2018).

In addition to autophagic receptors, TBK1 is involved in autophagosome formation (Kumar 

et al., 2019) (Figure 2G) and stabilizes a subset of mAtg8s in their lipidated state (Herhaus 

et al., 2020) (Figure 2H). In these functions, TBK1 is involved in anti-bacterial autophagy 

(Pilli et al., 2012; Thurston et al., 2009; Wild et al., 2011), anti-viral autophagy (Sparrer et 

al., 2017; Yamashiro et al., 2020), mitophagy (Vargas et al., 2019), and even in ER-phagy 

when it is provoked by bacterial PAMPs (Moretti et al., 2017).

Whereas type I IFN is a pillar of antiviral responses, in bacterial infections it has been 

generally considered as a promotor of bacterial survival and pathogenesis (Ahn and Barber, 

2019). However, cGAS-STING-TBK1 induces autophagy, and it can eliminate intracellular 

bacteria. For example, the activation of the STING-TBK1 system by bacterial CDNs (e.g. c-

di-AMP, c-di-GMP), which are mimetics of cGAMP, or bacterial dsDNA released into the 

cytosol, represents a PAMP-PRR combination that activates antibacterial autophagy in a 

TBK1-dependent fashion (Figure 2E–G). The simultaneous type I IFN activation may be 

incidental to antibacterial action of TBK1 through autophagy. A mixed-function model 

emerges with autophagy and type I IFN as two parallel cGAS-STING-TBK1 outputs, that 

contribute to antiviral actions (Gui et al., 2019; Yamashiro et al., 2020). In bacterial 

infections however, the antimicrobial effects are attributable to autophagy whereas type I 

IFN activation may be an epiphenomenon that is neutral or with immunological 

consequence by suppressing inflammasome-driven inflammation (Burke et al., 2020; Guarda 

et al., 2011; Labzin et al., 2016; Ludigs et al., 2012; Reboldi et al., 2014) of relevance in 

diseases such as tuberculosis (Berry et al., 2010; Novikov et al., 2011).

In summary, TBK1 is a multifaceted regulator of autophagy pathway, including initiation, 

cargo capture, and preparation of autophagosomes for maturation. It is also at a special 

crossroad between type I IFN responses and autophagy.

Autophagy affects a spectrum of disease through inflammation

From infections to neurodegeneration, autophagy plays a role in human diseases (Levine and 

Kroemer, 2019; Mizushima and Levine, 2020). Here, we provide vignettes, rather than a 

comprehensive coverage, emphasising autophagy’s ability to modulate inflammation.

Neurodegeneration: Parkinson’s disease (PD) has been associated with inflammation, 

including elevated IL-1β, TNFα, IFNγ, IL-6, IL-4, IL-10, IL-15, etc., detected in patient 

serum and CSF (Dzamko et al., 2015). Some of the predisposition factors such as α-

synuclein, which can act as a DAMP to stimulate PRRs, and LRRK2 (a member of the RIPK 

family) have been associated with autophagy (Dzamko et al., 2015). Exogenously 

endocytosed α-synuclein can cause lysosomal damage and induce autophagy (Hoffmann et 

al., 2019), which can also be caused by protopathic tau (Jia et al., 2020b) associated with 
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Alzheimer’s disease. Of particular interest is the system consisting of PRKN (parkin, an E3 

ubiquitin ligase) and PINK1 (a ubiquitin kinase) (Figure 2D) capable of driving particularly 

efficient form of mitophagy (Youle, 2019). In mouse models, PINK1 and PRKN have been 

difficult to connect with manifestations of parkinsonism. However, when Prkn−/− or Pink1−/− 

mice are subjected to mitochondrial stress (mutations in mitochondrial DNA, extreme 

exercise), two important phenotypes co-emerged – inflammation and symptoms of PD 

(Sliter et al., 2018). Both phenotypes could be rescued by eliminating STING in these mice, 

connecting the dots between mitophagy failure, mitochondrial DAMP release, and the 

cytosolic DNA sensing system working though STING to induce inflammation (Sliter et al., 

2018).

Cancer: The role of autophagy in cancer has been extensively studied from tumor cell 

biology to clinical trials (Towers et al., 2020). In principle, cell-autonomous effects of 

autophagy are tumor-suppressive during oncogenesis and tumor-promoting in established 

tumors. FUNDC1 is one of the many selective mitophagy receptors embedded in the outer 

mitochondrial membrane (Figure 2D), removing defunct mitochondria through autophagy 

under hypoxic conditions and stress. Mechanistically, FUNDC1’s LIR is tonically 

phosphorylated by Src under normoxic conditions, whereas hypoxia induces its 

dephosphorylation thus allowing it to bind to LC3 and promote selective mitophagy (Liu et 

al., 2012). FUNDC1 accumulates in human hepatocellular carcinomas (Li et al., 2019), the 

most common primary liver cancer in adults associated with chronic liver inflammation. 

Genetic ablation of Fundc1 in hepatocytes promotes hepatocarcinogenesis associated with 

dysfunctional mitochondria, inflammasome activation, release of IL-1β, and hepatocyte 

proliferation (Li et al., 2019). Later on, FUNDC1 supports primary hepatic tumor growth 

through mitochondrial homeostasis and metabolic impact on cancer cells.

With cancer, the role of cancer cell-extrinsic factors, e.g. tumor microenvironment and even 

more importantly immune surveillance, is just as critical. Reprograming tumor-associated 

macrophages in murine models of hepatocarcinoma and melanoma from alternatively 

activated to tumor-suppressing classically activated phenotypes through inhibition of 

lysosomal function and activation of TFEB (see MERiT above as a potential context) plus 

switching to glycolysis, can decrease Treg cells and enhance antitumor activity of infiltrating 

IFNγ-producing CD8+ T (Chen et al., 2018). Metabolomics and other measures indicate that 

CD8+ T cells switch more readily to glycolysis in tamoxifen-inducible whole body Atg14l
−/−, Atg5−/−, or Atg6l1−/− mice to reject mammary breast tumor implants (DeVorkin et al., 

2019). Along those lines, autophagy contributes to T cell tolerizing processes in the liver 

that normally counter continuous stimulation with microbial products brought in by hepatic 

circulation (Swadling et al., 2020). This leads to tumor immunotolerance, attributable to 

enablement of regulatory T cells (Poillet-Perez et al., 2020).

Recent studies indicate that pancreatic ductal adenocarcinoma cells (PDAC) downregulate 

MHC-I glycoproteins on their surface, important for recalcitrance of PDAC to 

immunotherapy with check point inhibitors (Yamamoto et al., 2020). This occurs through 

lysosomal degradation of MHC I in PDAC cells potentially via a conventional autophagy 

mechanism (based on ATG14L, ATG13 or ULK1 dependence) and is not related to non-

canonical process of LAP or LANDO, ruled out in Rbcn (RUBICON) downregulation 
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experiments (Yamamoto et al., 2020). Nevertheless, LAP by tumor-associated macrophages 

appears to be immunosuppressive (Cunha et al., 2018). In a model with engrafted murine 

B16F10 melanoma, reduced tumor volume and lung micrometastases have been observed in 

mice with myeloid cell lacking Rbcn (a distinguishing feature of LAP; Figure 1C) as well as 

Becn1, Atg5, but not Fip200 or Atg14l (necessary for canonical autophagy). In these mice, 

better pro-inflammatory expression of STING-mediated type I IFN responses spur anti-

tumor effects of tumor infiltrating T cells (Cunha et al., 2018). Another recent study has 

shown that radiation treatment causes stronger ‘abscopal’ (remote site) benefit in a 

syngeneic model with mouse mammary carcinoma TS/A cells when Atg5−/− or Atg7−/− 

TS/A clones were used or upon chloroquine treatment (chloroquine inhibits autophagy 

maturation and lysosomal function) (Yamazaki et al., 2020). This anti-tumor activity 

correlates with increased type I IFN secretion and depends on mitochondrial DNA release, 

STING, and cGAS (Yamazaki et al., 2020). Chloroquine (its derivative hydroxychloroquine 

is being tested in cancer clinical trials), is most likely inhibiting mitophagy thus enhancing 

radiation treatment-induced immunogenicity through mitoDNA-STING-cGAS and type I 

IFN response. In another study, the interplay of autophagy factors and STING was of 

significance in a high tumor mutational burden model (Poillet-Perez et al., 2020). Thus, 

given that type I IFN plays an important anti-cancer role in general (Zitvogel et al., 2015), 

and that cGAS synergizes with immune check point blockade by anti-PDL-1 antibody 

(Wang et al., 2017), the role of autophagy (or LAP) together with type I IFN responses 

connected through STING-TBK1 is an area of clinical promise in cancer.

Cardiovascular disease: Certain aspects of heart failure, atherogenesis, and 

cardiovascular diseases have been associated with autophagy, inflammation, and 

immunometabolism and the role of macrophages in atherosclerotic plaques (Razani et al., 

2012; Zhang et al., 2020b). In mouse models, defective autophagy in macrophages is 

associated with proatherogenic inflammasome activation IL-1β secretion and inflammation, 

attributed to increased burden of cholesterol crystals in macrophages, a hallmark of 

atheromatous plaques, (Razani et al., 2012). Of note, cholesterol crystals, if undissolved, 

remain trapped in lysosomal compartments and can cause lysosomal damage and 

downstream NLRP3 inflammasome activation (Duewell et al., 2010). Curiously, high 

protein diet has been recently linked to mTOR activation in macrophages, suppressing 

mitophagy and autophagy thus contributing to plaque progression and instability (Zhang et 

al., 2020b).

Infectious diseases: In infection models, the role of autophagy (or individual ATG 

genes) reveals enormous complexity. Xenophagy, when it occurs in vivo, is accompanied by 

an equal or more important action of autophagy in controlling inflammation and tissue 

damage. This is evident from mouse models of Mtb infection, with xenophagy being less 

remarkable and best detected synergistically with antibiotics (Choi et al., 2018; Pahari et al., 

2020), whereby absence of autophagy factors is dominated by inflammation. Increased lung 

inflammation is observed in Mtb-infected mice with defective Atg5 in the myeloid lineage 

(Castillo et al., 2012; Kimmey et al., 2015; Watson et al., 2012) and whole-body Smurf1−/− 

mice (Franco et al., 2017). Mice lacking Gal3 or Gal8 are more susceptible to Mtb 
infections, suggesting components of MERiT being at play (Jia et al., 2018; Jia et al., 
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2020b). The hyperinflammatory state observed in mice upon inactivation of certain Atg 

genes can be protective in some experimental situations: myeloid-specific inactivation of 

Fip200, Atg5, Atg7, or Atg14l, etc., elevates basal respiratory tract inflammation and 

confers resistance to influenza (Lu et al., 2016) or reactivation of murine herpesvirus (Park 

et al., 2016).

With regards to COVID-19, there are connections between coronavirus infections and 

autophagy. Both coronaviruses and autophagy involve formation of intracellular double 

membranes, albeit they differ (Cottam et al., 2011; Cottam et al., 2014; Fung and Liu, 2019; 

Gassen, 2020; Prentice et al., 2004; Reggiori et al., 2010). The features and the basis for 

COVID-19 morbidity and mortality are complex and not understood. They vary from 

asymptomatic infection to respiratory failure, and can involve multiple organs and systems 

(Berlin et al., 2020; Gandhi et al., 2020; van de Veerdonk et al., 2020; Zhang et al., 2020c). 

At the immunological level, this has been proposed to corelate with pre-existing T cells that 

are cross-reactive with the spike protein of SARS-CoV-2 (Braun et al., 2020) or with the 

proposed three immunotypes (Mathew et al., 2020). Recent analyses have uncovered, 

sometimes cryptic during other infections, genetic errors in type I IFN pathways including 

TLR3 and TBK1 (Zhang et al., 2020a) and autoantibodies against type I IFN (Bastard et al., 

2020) in patients with severe COVID-19. Of note, TLR3 and dsRNA ligands induce 

autophagy (Delgado et al., 2008), whereas TBK1 plays a role in autophagy (Kumar et al., 

2019; Pilli et al., 2012; Sparrer et al., 2017; Thurston et al., 2009; Wild et al., 2011). Clearly, 

autophagy and type I IFN systems overlap as discussed in sections above. Given an 

important role of type I IFN in COVID-19, and the interplay between autophagy and type I 

IFN as well as the fact that autophagy affects other systems that drive or suppress 

inflammatory responses during SARS-CoV-2 infection, these relationships are worth 

investigating.

Concluding remarks

The field of autophagy in immunity and inflammation continues to evolve in both 

fundamental and translational aspects. In principle, most human diseases have an 

inflammatory component and this in turn creates a window of opportunity and a challenge to 

develop autophagy-based therapeutics. To achieve this safely, we must continue studies 

aimed at understanding autophagy’s fundamental biology. We also must keep in mind two 

things at all times: that autophagy is a primordial immune mechanism and that it is 

hardwired into quality control processes and metabolism. This may appear difficult to 

disentangle. An encouragement to embrace this complexity can be found in Albert 

Einstein’s quote: “In the middle of every difficulty lies opportunity”. Autophagy provides 

both.
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Figure 1. Autophagy and autophagy-related pathways as guardians against excessive 
inflammation.
A. Simplified morphological stages of canonical autophagy. Autophagosomes have double 

membrane, sequester diverse cytoplasmic cargo, and typically deliver the cargo to lysosomes 

for degradation. Principal protein complexes controlling autophagy are shown below in 

approximate order of activities along the autophagy pathway. Red circles, inhibitory 

phosphorylation by mTOR. Green squares, activating phosphorylation by AMPK B. LC3-

assocate phagocytosis (LAP) and LC-3-associated endocytosis (LANDO): noncanonical 

autophagy-related processes that originate starting with invaginations at the plasma 

membrane leading to formation of phagosomes and endosomes decorated with lipidated 

LC3 (LC3-II). They are single membranes that use only a subset of ATG proteins plus 

NOX2 (LAP) and Rubicon and are independent of the FIP200 complex. C. Other 

noncanonical autophagy-related processes. Selective microautophagy: LC3-II on lysosomes 

and endosomes contributes to formation of intralumenal vesicles that are either digested or 

exocytosed. Other processes (not depicted) are mentioned in the box. D. List of autophagy 
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cargo, receptors and terminology for various types of autophagy, defined by the targeted 

cargo. Anti-inflammatory and related immune functions are listed in gray boxes.
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Figure 2. Lysosomes, mitochondria, and TBK1 in inflammation, immunometabolism and 
immune responses.
A. Lysosomal integrity is maintained by a system termed MERiT (membrane repair, removal 

and replacement). Galectins (Gal3, Gal8 and Gal9) recognize β-galactoside glycans exposed 

on cognate lysosomal membrane proteins: TFRC (transferrin receptor), SLC38A9, and 

LAMP1 and LAMP2 (not depicted) when lysosomal membrane is breached. They stimulate 

ESCRTs to repair lysosomes and AMPK to activate autophagy, whereas mTOR is 

inactivated. TRIM16 is one of lysophagy receptors. TFEB starts transcriptional program to 

replace lysosomes. B. Lysosome as the hub for AMPK, mTOR and TFEB, the three master 

regulators of autophagy, lysosomal system, metabolism and immunometabolism. Inhibitory 

and activating relationships are indicated and include TBK1 (which has positive and 

negative regulatory connections with AMPK and mTOR). C. Effects of signaling in B in 

different immune cells. D. Mitophagy, mitophagy receptors, and mitophagic suppression of 

inflammation caused by mitochondrial DAMPs (‘mito-DAMPs’). Dashed lines separate 

different types of mitophagy and proinflammatory signalng from damaged mitochiondria. 

Top, Pink1-Parkin system and receptors that participate in removal of dysfunctional 

mitochondria. Pink1 kinase and Parkin E3 ligase (phosphorylated by Pink1 to activate latent 

Parkin activity and recruit it to mitochondria) lead to ubiquitination and generation of 

phospho-ubiquitin which further amplifies Parkin activity leading to recognition of 

depolarized or damaged mitochondria by SLRs, NDP52 and OPTN, which bind ubiquitin. 

Bottom left, other mitophagy receptors act as integral membrane proteins of mitochondria 
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and participate in mitophagy under developmental, differentiation or stress conditions. (E) 
Molecular machinery involved in STING-TBK1 activation in response to ectopic dsDNA, 

e.g. mitochondrial DNA that leaks into the cytosol (see panel D), DNA from pathogens 

(viruses and bacteria), etc. dsDNA binds to and stimulates cGAS that enzymatically 

generates cGAMP. STING stimulated by cGAMP (and other cyclic dinucleotides that may 

come from bacteria) activates TBK1. (F) TBK1 phosphorylates SLRs (F) modulating their 

ability to bind ubiquitin and mAtg8s such as LC3B, and possibly affecting other 

interactions. (G) TBK1 phosphorylates Syntaxin 17 (Stx17) involved in mPAS (mammalian 

pre-autophagosomal structure) and subsequent stages such as maturation. (H) TBK1 

phosphorylates two members of the mAtg8 family rendering them resistant to delipidation 

by ATG4.
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Figure 3. Summary of autophagy relationship with inflammation, innate immunity, adaptive 
immunity, and diseases.
Autophagy and autophagy related processes (LAP, LANDO, microautophagy, CMA) affect 

immunometabolism and both innate and adaptive immune cells and immune responses. Left, 

special functions that autophagy plays: defense against intracellular microbes (xenophagy), 

response to pathogen associated molecular patterns, relationships with various innate 

immune response signaling platforms such as inflammasomes, NLRs including NODs, 

STING-TBK1, and TRIMs. Center top, immunometabolism and connections to AMPK, 

mTORC1, TFEB and autophagy. Right, contributions of autophagy (through 

immunometabolism, organelle homeostasis and degradation of specific protein complexes) 

to differentiation, polarization and function of macrophages, DCs, B1 B cells, plasma cells, 

T cells, and in antigen presentation. Bottom, examples of diseases with inflammatory 

components affected by autophagy.
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