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Autophagy-activating strategies to promote
innate defense against mycobacteria

Yi Sak Kim'?, Prashanta Silwal®'? Soo Yeon Kim?, Tamotsu Yoshimori*> and Eun-Kyeong Jo®'*°

Abstract

Mycobacterium tuberculosis (Mtb) is a major causal pathogen of human tuberculosis (TB), which is a serious health
burden worldwide. The demand for the development of an innovative therapeutic strategy to treat TB is high due to
drug-resistant forms of TB. Autophagy is a cell-autonomous host defense mechanism by which intracytoplasmic
cargos can be delivered and then destroyed in lysosomes. Previous studies have reported that autophagy-activating
agents and small molecules may be beneficial in restricting intracellular Mtb infection, even with multidrug-resistant
Mtb strains. Recent studies have revealed the essential roles of host nuclear receptors (NRs) in the activation of the
host defense through antibacterial autophagy against Mtb infection. In particular, we discuss the function of estrogen-
related receptor (ERR) a and peroxisome proliferator-activated receptor (PPAR) a in autophagy regulation to improve
host defenses against Mtb infection. Despite promising findings relating to the antitubercular effects of various agents,
our understanding of the molecular mechanism by which autophagy-activating agents suppress intracellular Mtb
in vitro and in vivo is lacking. An improved understanding of the antibacterial autophagic mechanisms in the innate

host defense will eventually lead to the development of new therapeutic strategies for human TB.

Introduction

There remains a high demand for the development of
new drugs against human tuberculosis (TB), which
accounts for an estimated 1.3 million deaths globally'. TB
is mainly caused by Mycobacterium tuberculosis (Mtb), a
human pathogen that successfully resides in host mac-
rophages and phagocytic cells’ * Macrophages and pha-
gocytes can trigger numerous innate immune signaling
pathways, resulting in the activation of effector molecules
to combat intracellular parasites, which can exploit host
defense strategies through multiple escape mechanisms,
leading to the arrest of phagosomal maturation®*°. Mtb
and the host immune system are involved in complicated
crosstalk, which requires further investigation. The
development of new vaccines and therapeutics against TB
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requires a comprehensive understanding of the molecular
mechanisms underlying the host—pathogen interactions
during mycobacterial infection®’.

Autophagy is an intracellular process involved in the
housekeeping function and maintenance of cellular
homeostasis in response to diverse stress conditions®’. It
is becoming clear that the autophagy pathway is vital in
the host defense against infection by various intracellular
pathogens, including Mtb, Salmonella enterica serovar
Typhimurium, and Listeria monocytogenes through the
enhancement of phagolysosome formation'®™'®, This
pathway functions as a cell-autonomous defense system
that delivers cytoplasmic cargos and bacterial phagosomes
for lysosomal degradation'’. Accumulating evidence has
shown that autophagy contributes to innate and adaptive
immune pathways in a variety of settings'>'*'*'”. How-
ever, Mtb has evolved numerous strategies to manipulate
host innate immune pathways and evade phagosomal
acidification®'®* . Furthermore, recent studies have
reported that several autophagy genes do not play a cri-
tical role in antimycobacterial defense in murine systems
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in vivo®'. Nevertheless, numerous drugs/agents are able to
induce autophagy activation to promote the restriction
and eradication of Mtb in vitro and in vivo®”. Although
there are no specific drugs targeting autophagy, the
identification of autophagy-activating small molecules/
agents is a promising and new therapeutic target based on
host-directed therapy against TB**">*, In this review, we
present a brief overview of autophagy/xenophagy during
Mtb infection and highlight the autophagy-activating
agents/molecules that promote host defense against
Mtb. We subsequently focus on important recent studies
concerning the discovery of new functions of NRs that
promote host autophagy and antimicrobial responses
against Mtb infection.

Overview of autophagy in mycobacterial infection

Autophagy (herein, “macroautophagy”) is a multistep
process characterized by (1) the initiation of a double-
membrane vesicle phagophore; (2) closure as an autop-
hagosome; and (3) fusion with a lysosome to form an
autolysosome capable of degrading intracytoplasmic cargo
(Fig. 1)*. During this process, numerous autophagy-
related genes (ATGs), first identified by Dr. Yoshinori
Ohsumi®®, were shown to play essential roles as part of the
cellular machinery underlying autophagy””®. In parti-
cular, the core machinery of the autophagy process is
essential for autophagosome formation. Two ubiquitin-
like protein conjugation systems (ATG12 and ATG8/LC3)
play critical roles in the formation and ultimate closure of
the double-membrane structures of autophagosomes™’.

Previous studies have shown that the Thl cytokine
Interferon (IFN)-y activates autophagy in macrophages,
leading to an increase in antimicrobial host defense
against Mtb infection'>. Numerous additional studies
have reported that activation of macroautophagy can
promote phagosomal acidification and antimicrobial
responses in murine and human macrophages, suggesting
that autophagy may represent a promising host-targeting
therapeutic strategy against Mtb infection*>***°, Notably,
a recent study by Kimmey et al. showed that ATG5, but
no other autophagy genes, plays a unique role in host
protection during Mtb infection in mouse models®".
Interestingly, this protective effect was not mediated
through autophagy activation but through the ameliora-
tion of excessive inflammatory responses caused by
polymorphonuclear neutrophils*'. These observations
suggest that the contribution of individual autophagy
genes alone is not sufficient to control the growth of
intracellular Mtb. Overall, further investigation is war-
ranted to understand whether activation of autophagy by
small molecules and/or compounds could enhance the
inhibition of intracellular Mtb replication in vivo.

Once regarded as a simple, nonspecific catabolic pro-
cess, autophagy has proven far more sophisticated than
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originally thought and is capable of targeting and
degrading specific cellular components, including mito-
chondria, endoplasmic reticulum, lysosomes, and even
invading bacteria®"*>, Xenophagy is a form of selective
autophagy in which cells are able to target and selectively
capture bacteria, including Mtb or Salmonella Typhi-
murium, for autophagic degradation'®?®, Specific pro-
cesses capable of triggering xenophagy include Mtb
phagosomal permeabilization through the ESX-1 secre-
tion system, which can trigger xenophagy activation
through ubiquitin-mediated-dependent pathways'®. Two
examples of these pathways are the ubiquitin ligases
Parkin and Smurfl, which are involved in the ubiquiti-
nation of cytosolic Mtb, followed by its delivery to
autophagic machinery'®*, The recognition of cytosolic
Mtb DNA by the DNA sensor cGAS is required to target
Mtb to the ubiquitin-mediated xenophagy pathway™*. The
cGAS-STING pathway is required for type I IFN pro-
duction, which can compromise host protective immunity
against Mtb infection, though the activation of these
processes can vary depending on the particular Mtb
strain®?°, Under most circumstances, the elimination of
intracellular Mtb by xenophagy is considered beneficial to
the host cells; however, the excessive activation of xeno-
phagy by an Mtb eis-deletion mutant induced host cell
death and failed to elicit any protective effects in vivo®.
Taken together, these data suggest that xenophagy acti-
vation should be coordinated in conjunction with the
appropriate immune responses to promote a more rapid
resolution of harmful inflammation, increase cell death
and limit the spread of infection.

Another type of noncanonical autophagy pathway is
LC3-associated phagocytosis (LAP), which has mainly
been studied in fungal infections®®*?. LAP is an essential
link between pattern receptor receptors and phagosomal
maturation, helping to enhance the effect of antimicrobial
peptides on intracellular pathogens and regulate a variety
of physiological functions, including the clearance of
apoptotic cells, antigen presentation and type I IFN sig-
naling®>*!. A recent study found that the Mtb CpsA
protein contributes to Mtb escape from the LAP pathway
by inhibiting the recruitment of NADPH oxidase 2
(NOX2) to the mycobacterial phagosome®. This dis-
covery of the Mtb CpsA protein as a key player in the
escape from the LAP pathway has highlighted the need to
explore mycobacterial effectors and investigate their
ability to modulate canonical and noncanonical autop-
hagic processes during infection”. The host autophagy
protein Rubicon activates LAP, while inhibiting canonical
autophagy®. It is necessary to clarify the exact role of
Rubicon in autophagy and/or LAP activation during Mtb
infection. A schematic overview of autophagy activation
during Mtb infection is shown in Fig. 1. In addition, future
studies are needed to elucidate the relationship between
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Fig. 1 Autophagy pathway activation during Mtb infection. After phagocytosis, Mtb can reside in phagosomes to escape phagosomal
acidification. Numerous immunological and pharmacological autophagy activators (box on the left) can enhance the restriction of intracellular Mtb
growth by overcoming Mtb escape from phagosomal maturation. Mtb phagosome damage through the ESX-1 system is able to trigger
ubiquitination of Mtb and its DNA to recruit autophagic adaptors, thereby linking this system to the autophagic machinery. Although much less is
known about LAP during Mtb infection, Mtb CpsA has been reported as an inhibitory component in resistance to LAP during infection. IFN interferon,
LC3 Microtubule-associated proteins 1A/1B light chain 3B, NDP52 Nuclear domain 10 protein 52, TLR Toll-like receptor

dampening excessive inflammation during infection
(Table 1).

Previous studies have shown that rapamycin, small
molecule enhancers of rapamycin (SMER), vitamin D,

canonical autophagy and LAP in shaping host protective
immune responses during Mtb infection.

Promotion of antimycobacterial host defense by

autophagy-activating drugs/reagents

Mtb and many other pathogens employ numerous
strategies to inhibit autophagy®'®****, Here, we discuss
how the treatment of autophagy-activating agents pro-
motes antimicrobial host defenses in vitro and in vivo by
overcoming the ability of bacteria to block xenophagy and
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interferon-y, metformin, and 4-phenylbutyrate (PBA)
displayed antimicrobial activity against Mtb in human or
murine macrophages by enhancing the activation of the
autophagy pathway'>**~% In human macrophages, a link
between vitamin D-induced autophagy and human
cathelicidin  microbial peptide (LL-37) has been
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demonstrated*”>*, Interestingly, PBA and the active form
of vitamin D3 (1,25[0OH],D3) were shown to improve
intracellular killing of Mtb in human macrophages
through LL-37 expression and autophagy®”.

Several pharmacologic agents have been identified for
their ability to induce autophagy to promote antimicrobial
effects against Mtb infection. For example, the antiprotozoal
drug nitazoxanide and its analogs activate autophagosome
formation and mTORCI inhibition, thus restricting Mtb
proliferation in vitro®®. In addition, a chemical screening
study using a high-content microscopic assay identified
small molecules that inhibit mycobacterial growth in mac-
rophages by targeting host autophagy activation. It was
noted that both fluoxetine (a selective serotonin reuptake
inhibitor) and gefitinib (an inhibitor of the epidermal
growth factor receptor) activate autophagy and reduce Mtb
growth in macrophages and in vivo™. Another study with
cell-based screening of FDA-approved drugs ascertained
that the anticonvulsant carbamazepine and valproic acid
enhanced mTOR-independent autophagic killing of Mtb in
human macrophages®>. Recent studies have revealed that
AMPK activator (5-Aminoimidazole-4-carboxamide 1-3-D-
ribofuranoside, AICAR), sirtuin (SIRT) 1 activator (resver-
atrol, RSV or SRT1720) or a SIRT3 activator (Honokiol)
were beneficial for promoting host defenses against myco-
bacterial infection through autophagy induction, AMPK
activation or reduced inflammation®®>°,

While host-directed therapy has recently emerged as a
new therapeutic strategy for the treatment of human TB,
accumulating evidence strongly suggests that anti-
mycobacterial antibiotics exert activities through dual
modes, acting on both intracellular bacteria and host
autophagy activation®. The induction of autophagy by
treating macrophages with isoniazid and pyrazinamide
was required for successful chemotherapeutic effects
against intracellular Mtb. The mechanisms of autophagy
activation involved the antibiotic-mediated triggering of
hydroxyl radicals and cellular reactive oxygen species in
Mtb-infected macrophages®. Accumulating evidence
suggests that drug repurposing, based on autophagy
activation, shows promise in the development of new
host-directed therapeutics against Mtb infection. Carba-
mazepine, loperamide, and valproic acid induce ATG
expression and autophagy, which are associated with the
control of the intracellular growth of Mtb in murine
alveolar cells and alveolar macrophages®’. Recently,
thiostrepton (TSR), a thiopeptide antibiotic possessing a
quinaldic acid moiety, has been shown to have a dual
action on direct targeting to the bacterial ribosome and
the induction of ER stress-mediated autophagy to pro-
mote the elimination of intracellular mycobacteria®®. The
cholesterol-lowering drugs, statins showed beneficial
effects against intracellular Mtb growth through the
promotion of phagosomal maturation and autophagy
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activation®®. In addition, the immunomodulatory drug,
dehydroepiandrosterone (DHEA) was beneficial in con-
trolling Mtb load through an autophagy mechanism,
which contributes to the clearance of Mtb and the pre-
vention of tissue damage®*. Moreover, the FDA-approved
antidepressant drug, nortriptyline can increase autopha-
gosome formation and xenophagic flux against myco-
bacteria through the synergistic activation of autophagy
with IFN-y®>. Peroxisome proliferator-activated receptor
(PPAR) a agonists (GW7647 and Wyl4643) and NR
subfamily 1, group D, member 1 (NR1D1) agonist
(GSK4112) enhance xenophagic flux via transcription
factor EB (TFEB) signaling®®®’. In our recent report, the
major inhibitory neurotransmitter, gamma-aminobutyric
acid (GABA) promotes antimicrobial responses and
autophagy activation through macrophage type A GABA
receptor (GABAAR), intracellular calcium release, and the
GABA type A receptor-associated protein-like 1.
Together, these drugs or agents may act as new ther-
apeutics of host-induced autophagy, thereby enhancing
host protection against TB.

Nuclear receptors and autophagy in
mycobacterial infection

NRs are important for innate immune responses to
control inflammatory responses and infection®®. In
recent reports, emerging evidence suggests that several
NRs play critical roles in autophagy activation to pro-
mote the innate host defense against mycobacterial
infection. The vitamin D-mediated beneficial effects on
the restriction of intracellular Mtb growth in macro-
phages have been studied; however, additional clinical
trials of vitamin D-adjunctive therapies for TB are
needed to consider all genetic variants*>’%”!, NR1D1,
an orphan NR, also exerts antimycobacterial effects
through the reinforcement of autophagic flux and
lysosome biogenesis in human macrophages®’. We
recently showed that orphan NR, estrogen-related
receptor a (ERRa; NR3B1, ERR1, ESRRA), promotes
macrophage autophagy in response to various autop-
hagy stimulators, including AICAR and RSV”’. In
addition, other studies have reported a role for PPAR«
in the activation of host defenses in macrophages
through autophagy and lysosomal biogenesis®®. In a
recent study of the expression profile of NRs in Mtb-
infected macrophages or dendritic cells’?, several NRs,
such as N4a3 and Rora, were identified. Given the
findings that numerous NRs appear to be involved in the
regulation of autophagy in host cells, future studies are
needed to investigate the novel functions of new NRs
and their complex interplay with Mtb in the context of
autophagy. In this review, we focus on recent studies of
the functions of two NRs, ERRa and PPARa.
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ERRa and autophagy

ERRa is the first orphan family member of NRs in which
the physiological ligands have not been identified. ERRa,
along with other members of the ERRs, does not bind
estrogens and preferentially binds to an estrogen-related
response element (ERRE) to regulate target genes con-
taining these binding elements in their promoter/enhan-
cer regions””. Previous functional studies have shown that
ERRa plays a transcriptional activating role through an
interaction with the transcriptional coactivator PPARy
coactivator-la. (PGC-1a)’*”>. ERRa function has been
widely studied in the regulation of mitochondrial and
metabolic gene transcription, particularly in muscle dif-
ferentiation, thermogenesis, and in heart and bone func-
tions’®. Previous works have shown that ERRa is a central
regulator of innate immune function, including the reg-
ulation of toll-like receptor-induced inflammatory
responses and antimicrobial responses against intracel-
lular bacterial infection””’®, Recently, a new function of
ERRa was revealed in the negative regulation of antiviral
responses through the inhibition of type-I interferon
signaling”.

The involvement of ERRa, in cooperation with PGC-1q,
in the mitochondrial quality control and regulation of
autophagy has been shown®’. ERRa deficiency was asso-
ciated with incomplete autophagy and necrotic cell death
in adrenocortical cancer through the control of bioener-
getic metabolism®'. Thyroid hormone induces ERRa,
which is essential in the regulation of DRP1-mediated
mitochondrial fission and mitophagy through the
expression of autophagy-initiating kinase ULK1%%,

Notably, ERRa was found to be a key transcriptional
regulator of numerous ATGs, including ATG5, ATG6,
and ATG16L1, which contain ERR response elements in
their promoter/enhancer regions®’. Although ERRa has
no physiological ligands, AMPK and SIRT1 activation
enhances the induction of ERRa mRNA and proteins,
thereby enhancing the formation of autophagosomes and
autophagic flux in macrophages. In addition, ERRa plays a
posttranslational regulatory role through the deacetyla-
tion of several autophagy proteins, including ATGS5,
ATG6, and ATG?7, all of which are regulated through
interactions with SIRT1. Furthermore, ERRa-deficient
mice show defective antimicrobial and excessive inflam-
matory responses against mycobacterial infection, indi-
cating that ERRa is a possible target of antimicrobial
innate defenses during Mtb infection®’. The transcrip-
tional and posttranslational mechanisms by which ERRa
regulates the autophagy pathway are shown in Fig. 2.

PPARa and Autophagy
The NR PPARs include three isoforms («, 8, and y)83 ,
which form heterodimers with retinoid X receptor and
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Fig. 2 The roles of ERRa and PPARa in autophagy and host defense against Mtb infection. (Left) ERRa, which is induced by either AMPK or
SIRT1 activation, contributes to the induction of autophagosome formation in BMDMs. ERRa is required for the transcriptional activation of several
ATGs containing ERR response elements in the promoters. In addition, the cooperation of ERRa with SIRTT promotes the deacetylation of ATG5,
ATGS6, and ATG7, thereby activating autophagy at the posttranslational level. ERRa-mediated autophagy activation results in increased phagosomal
maturation and antimicrobial responses during Mtb infection. (Right) PPARa, which is activated by PPARa ligands (GW7647 and Wy14643),
contributes to enhanced autophagosomal formation and maturation in BMDMs. PPARa is essential for the transcriptional activation of several ATGs,
TFEB and lipid catabolism. PPARa reinforces antimicrobial responses to mycobacterial infection by inducing autophagic maturation, TFEB, and lipid
catabolism. AICAR, 5-Aminoimidazole-4-carboxamide 1-3-D-ribofuranoside; RSV resveratrol
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bind to AGGTCANAGGTCA, the peroxisome pro-
liferator response element (PPRE), to induce or repress
the transcription of target genes®*®>. The PPAR target
genes are mostly involved in metabolic homeostasis in
various tissues, including the liver, adipose tissues, heart
and muscle®**. Of the three isoforms of PPARs, PPAR«a
is an important coordinator of lipid metabolism and
vascular and inflammatory responses®*®’”. Since PPAR« is
critically involved in fatty acid oxidation (FAO), lipid and
glucose metabolism, and inflammation, the dysregulation
of PPARa leads to various defects, such as metabolic,
cardiovascular and inflammatory diseases®* . In terms
of immunological control, PPARa acts as a critical
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regulator in immune homeostasis against various
inflammatory and infectious stimuli’’~*. A novel con-
nection between autophagy and PPARa« to influence lipid
metabolism and innate immunity has been proposed,
where autophagy activation by PPARa was shown to
promote autophagic lipid degradation and innate host
defenses®®. PPAR« activation elevates autophagy, parti-
cularly in the transcriptional activation of ATGs®**,
which is essential for the regulation of the autophagy
process in various tissues and cells®”. Importantly, there
exists a great deal of evidence for crosstalk between
PPAR« and TFEB®®°%°°, which is a master regulator of

autophagy, lysosomal function and biogenesis, and lipid
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catabolism”® ™%, Indeed, TFEB is recognized as an

important transcriptional factor for the regulation of
immune and inflammatory responses'°>'!, Combined
with our recent study showing that SIRT3 induces anti-
bacterial autophagy against Mtb infection through
PPARa*, the function of PPAR«a in the host defense
against intracellular Mtb infection might be primarily
mediated through its activation of autophagy®”°°.

Importantly, a recent report showed that PPAR« acti-
vation contributes to the enhancement of FAO and lipid
catabolism in macrophages during Mtb infection®®. It
would be attractive to examine whether autophagy acti-
vation is linked to lipid body inhibition in terms of host
defense against Mtb infection. A previous study showed
that lipid droplets are delivered to lysosomes via the
autophagy pathway, thereby hydrolyzing lipid droplets by
the action of lysosomal acid lipase'®. Thus, autophagy
may be required for the regulation of lipid metabolism in
macrophages during Mtb infection. PPARa-mediated
host defense is summarized in Fig. 2. Gemfibrozil (lipid-
lowering drug), an FDA-approved PPARa agonist, has
been reported to inhibit the intracellular growth of wild-
type and multidrug-resistant Mtb and suppress the
activity of enoyl-CoA reductases'®. For this reason,
gemfibrozil may be a potential anti-TB drug candidate;
however, it is unclear whether gemfibrozil-mediated
antimicrobial responses depend on autophagy activation.
It is an open question whether there is crosstalk between
PPARa and ERRa in terms of antimycobacterial host
defense. Defining the unique immunological features of
autophagy-activating agents based on NR function may
represent a rational path for designing improved ther-
apeutics or protective vaccines against TB.

Concluding remarks

Autophagy activation by diverse exogenous stimuli
has now been recognized for its role in antimicrobial
host defense and in regulating immune and inflamma-
tory responses during Mtb infection. However, the
mechanisms controlling these antimicrobial responses
are not completely understood. Accumulating evidence
shows that autophagy-activating agents are crucial for
innate host defense and for controlling excessive
inflammatory responses against Mtb infection. Future
studies are warranted to examine the effects of
autophagy-modulating agents, used either alone or
together with chemotherapeutic drugs, for their anti-
microbial effects against Mtb infection in vivo and in
clinical trials. Given the recent reports showing that
both ERRa and PPARa modulate antibacterial autop-
hagy, progress is expected in the development of new
therapeutic approaches to treat other infectious diseases
beyond tuberculosis. An improved understanding of the
molecular mechanisms of autophagy-activating agents
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will eventually lead to the development of novel ther-
apeutic strategies for human TB.
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