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gated to diverse protein substrates to regulate many functions. Structurally diverse linkages of KEYWORDS

poly-Ub to target proteins allow enormous functional diversity with specificity being governed Autophagy; E3-Ub ligase;
by evolutionarily conserved enzymes (E3-Ub ligases). The Ub-binding domain (UBD) and LC3- intracellular pathogens; LC3;
interacting region (LIR) are critical features of macroautophagy/autophagy receptors that phagolysosome; ubiquitin-
recognize Ub-conjugated on protein substrates. Emerging evidence suggests that E3-Ub ligases binding receptors; virulence
unexpectedly protect against intracellular pathogens by tagging poly-Ub on their surfaces and effectors; xenophagy
targeting them to phagophores. Two E3-Ub ligases, PRKN and SMURF1, provide immunity

against Mycobacterium tuberculosis (M. tb). Both enzymes conjugate K63 and K48-linked poly-

Ub to M. tb for successful delivery to phagophores. Intriguingly, M. tb exploits virulence factors

to effectively dampen host-directed autophagy utilizing diverse mechanisms. Autophagy recep-

tors contain LIR-motifs that interact with conserved Atg8-family proteins to modulate phago-

phore biogenesis and fusion to the lysosome. Intracellular pathogens have evolved a vast

repertoire of virulence effectors to subdue host-immunity via hijacking the host ubiquitination

process. This review highlights the xenophagy-mediated clearance of M. tb involving host

E3-Ub ligases and counter-strategy of autophagy inhibition by M. tb using virulence factors.

The role of Ub-binding receptors and their mode of autophagy regulation is also explained.

We also discuss the co-opting and utilization of the host Ub system by M. tb for its survival and

virulence.
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Introduction

Macroautophagy/autophagy is an evolutionarily conserved
cellular homeostatic process across eukaryotes in which cyto-
solic constituents are enveloped in newly developed membra-
nous vesicles termed phagophores. Autophagy-related (ATG)
genes mediate phagophore formation, followed by fusion with
the lysosome to degrade autolysosomal contents for recycling
[1,2]. Majorly, non-selective autophagy induced by nutritional
deprivation results in the recycling of cytosolic components.
Nevertheless, autophagy can also be selective wherein specia-
lized cargo; usually, pathogens, protein aggregates, and
damaged cellular organelles are targeted for clearance and
recycling [3]. This whole process involves the widespread
post-translational modification of proteins by a process called
ubiquitination. A small protein known as ubiquitin (Ub) is
used as a protein modifier [4-6]. Recent advances unveil an
exciting and unambiguous role of this process in host-
pathogen interaction apart from cellular homeostasis [7].
Bacterial pathogens employ multiple tactics to favorably
establish infection for their survival by modulating key host
signaling pathways and altering post-translational modifica-
tions to dampen the innate immune response evoked by the
host [8,9]. Host-induced autophagy against invading intracel-
lular pathogens such as Mycobacterium tuberculosis (M. tb)
serves as an innate defense mechanism to control pathogen-
esis [10-13]. M. tb resides in the phagosome and arrests
phagosome maturation by employing its virulence effectors
for intracellular survival [14]. However, M. tb manages to
escape the phagosome by phagosomal membrane breaching
[15,16]. Cytoplasmic M. tb is ubiquitinated by the host E3-Ub
ligases, targeting it to the phagophore mediated by Ub-
receptors. Consequently, the survival of ubiquitinated M. tb
is diminished by autophagosome and lysosome fusion [17,18].
To counter host-induced xenophagy, M. tb exploits several
effector proteins to inhibit autophagy-induced killing [12,19-
21]. The interaction of the host with the pathogen is highly
dynamic, and the host counters the pathogen’s advances
through various other adaptations [22]. Pathogens also
employ ecological adaptations to survive the hostile environ-
ment by forming complex heterochemical structures like bio-
films to fend off hostile molecules [23,24]. The evolutionary
and environmental pressures in the host niche allow selective
protein adaptation in mycobacteria [25-27]. The structural
adaptations of these proteins allow it to alter the biochemical
machinery of the bacterial cell to thrive in extreme conditions
[28,29].

Ub is a 76 amino-acid conserved protein present in all
eukaryotes. It is covalently conjugated to the target proteins
via an isopeptide bond. The C-terminal glycine of Ub and
an e-amino group of lysine on substrates are involved in
covalent isopeptide bond formation [30]. Ubiquitination can
be mono, multi-mono, or polyubiquitination, usually desig-
nated as the “Ub code”, which determines the fate and
altered biological functions of substrate proteins (Figure 1,
and Table 1) [31]. Delineating the Ub code would be
a present-day marvel as it could reveal the intricacies of
cellular physiology to understand the signaling events better
and devise novel drug candidates. The diverse topology of

UDb linkages enables the transmission of complex physiolo-
gical signals required for spatiotemporally controlled cellu-
lar functions [32]. The compact structures are formed by
K11 and K48-linked poly-Ub chains that direct the sub-
strates to the canonical Ub-proteasome pathway for degra-
dation. However, when Ub attaches via Metl or K63
linkages, these adducts adopt an extended conformation. It
enables the reversible recruitment of multi-protein com-
plexes, which are the main non-proteolytic consequence of
Ub conjugation events found in immune signaling cascades
(Table 1) [5,33,34]. Although previous research mainly
focused on the homogenously linked Ub chains, heteroge-
neously branched Ub chains that perform distinct physiolo-
gical functions are emerging as a crucial protein
modification. Moreover, these types of post-translational
modifications involving Ub further expand the specificity,
versatility, and efficacy of Ub dependent signaling events
(Table 1) [35].

Protein ubiquitination is a three-step, enzymatically cata-
lyzed reversible reaction. E1, an Ub-activating enzyme, cata-
lyzes the formation of high-energy thioester intermediate by
using C-terminal glycine of Ub and its active site cysteine in
an Mg®" and ATP-dependent manner. Thereafter, an Ub-
conjugating (E2) enzyme’s active site, cysteine, accepts acti-
vated Ub from a charged E1. Finally, an E3-Ub ligase interacts
with charged E2, substrate protein, and Ub, leading to the
formation of Ub adduct to the target protein [6,18]. Like other
post-translational modifications, it requires the specialized
class of proteases to remove Ub, known as de-ubiquitinating
enzymes (Figure 2) [36,37]. Different Ub linkages are recog-
nized by various Ub receptors possessing Ub binding domains
(UBDs), generating enormous biological outcomes [38].
UBDs organize in a modular structural element that non-
covalently binds to Ub and can distinguish various features
of different Ub modifications. UBDs differ in the mode of Ub
recognition and structure. Mostly, UBDs form an a-helical
structure, zinc fingers, ubiquitin-conjugating (UBC) domains,
and pleckstrin homology folds [39]. UBDs mainly encompass
a compact three-helix bundle, like UBA1 (ubiquitin like
modifier activating enzyme 1), a well-characterized UBD
[40]. The UBD of UBA1 and UBA2 form structurally similar
folds characterized by a conserved surface hydrophobic patch.
The hydrophobic surface patch forms a protein-protein inter-
action surface that recognizes the hydrophobic surface of Ub
formed by five stranded beta-sheet [41]. Other UBDs, includ-
ing Ub-interacting motifs, ubiquitin-binding motifs, UBAN,
GAT, coupling of ubiquitin conjugation to ER degradation
domains, C2 (Ca2+-binding) motif, and VHS (Vps27, Hrs,
STAM), use a-helices to contact Ub. Various UBDs, such as
ubiquitin-binding zinc finger, Npl4 zinc finger domain, zinc
finger domain found in TNFAIP3/A20, zinc-finger ubiquitin-
binding domain, and Piwi Argonaut and Zwille domains, use
zinc fingers to contact or bind to the Ub. The hydrophobic
patch on the Ub surface is formed by the amino acids Leus,
Ile44, Val70, and His68. Besides these structurally essential
residues, the Ub comprises other functionally critical residues,
such as Phe4, Ile36, and Asp58, involved in hydrophobic or
hydrogen bond interactions with UBDs. The UBDs can dif-
ferentiate between poly-Ub linkages by detecting the distance
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Figure 1. Diverse Ub-signals communicate different biological messages. (a) The diverse Ub-linkages coordinate different biological outcomes such as mono or multi-
mono ubiquitination transmit signals for localization, control the activity of ubiquitinated substrates, proteolysis mediated by Ub-proteasome system, and autophagy.
(b) K48 and K11 linkages usually transmit signals for degradation of short-lived folded proteins performed by 26S proteasome. K48-linked chains transmit signals for
autophagic removal of invading pathogens and misfolded protein aggregates. K63-linked Ub chains transmit signals to remove aggregated proteins and participate
in xenophagic clearance of invading cytosolic bacteria by autophagy. Diverse non-degradative processes are regulated by K63 linkages, including activation of DNA
damage repair, assembly, and activation of signaling complexes. The main functions of K48- and K63-linked Ub chains are known. However, the crucial roles of newly
discovered atypical linkages, including K6, K27, K29, and K33, are less known. Met1-linked linear chain takes part in removing invading pathogens, damaged
mitochondria and activates the NFKB1 signaling pathway. (c) Small molecule modifiers of Ub such as acetylation, phosphorylation, and neddylation control various
Ub functions. The functions of more complex hetero conjugated Ub are emerging now. S, substrate; Ub, ubiquitin; NEDD8, NEDD8 ubiquitin like modifier.

between successive Ub molecules, free C-terminal ends, unan-
chored chains, and distinctive sequence features of amino
acids surrounding the isopeptide bonds [39,42].

E3-Ub ligases determine the substrate specificity

The exquisite selectivity and efficiency of the ubiquitination
process are attributed to E3-Ub ligases. The E3-Ub ligases are
majorly grouped into three major classes: 1). RING E3-Ub
ligase; 2). HECT E3-Ub ligase; and 3). RBR E3-Ub ligase [43-

45]. All E3-Ub ligases encompass the E2-Ub recognizing
domain and are classified according to the structure of this
domain and Ub transfer mechanisms. Human genome analy-
sis reveals 700 RING E3-Ub ligase, making them the largest of
the three E3-Ub ligase classes [46,47]. RING E3-Ub ligase
comprises the RING domain or RING-like domain that con-
sists of cysteine and histidine residues used to coordinate two
Zn** ions mostly in a cross-brace arrangement. RING E3-Ub
ligase provides a docking site for Ub-conjugated E2 enzymes,
enhancing the Ub transfer to the substrates. The RING E3-Ub
ligase can be monomeric, dimeric, or oligomeric and
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Table 1. Functions of various Ub-linkages and the cellular processes involved.

Type of Ub-linkages Target Recognizing molecules

Functions

Monoubiquitination or multi- Normally folded  Ub + Ub-binding receptors

monoubiquitination proteins
K63 poly-Ub chains Normally folded  Ub + Ub-binding receptors +
proteins accessory proteins
Branched Ub-chains Normally folded ~ Ub + Ub-binding receptors +
proteins accessory proteins
K11, K48 poly-Ub chains Normally folded  Ub + Ub-binding receptors
proteins
K48 (other linkages?) poly-Ub Misfolded protein Ub + Ub-binding receptors
chains aggregates
K63 poly-Ub chains Misfolded protein  Ub + Ub-binding receptors +
(other linkages?) aggregates LC3 + chaperones
K63 Damaged Ub + Ub-binding receptors +

K6 (?) poly-Ub chains
K27, K29, K33, Lys6 (?) poly-

mitochondria
Normally folded

LC3 + chaperones
Ub + Ub-binding receptors +

Ub chains proteins accessary protein
Met1-linear chain Normally folded  Ub + Ub-binding receptors +
proteins accessory protein

Protein interactions, localization, trafficking, activity modulation, DNA repair,
endocytosis, transcription, proteasomal degradation

NFKB1 signaling, DNA repair, trafficking, endocytosis
APC/cyclosome-mediated proteasomal degradation

Proteasomal degradation

Autophagic degradation

Autophagic degradation

Autophagic degradation including mitophagy, pexophagy, xenophagy,
reticulophagy? ribophagy? lipophagy?

Non-proteolytic processes

Signaling

The information provided by specific Ub-linkages “Ub-codes” are interpreted by specialized proteins consisting of UBDs and sometimes involve accessory proteins.
The receptors having UBDs recognize the length and type of Ub chains on protein substrates and couple ubiquitinated cargos to subsequent downstream events.
Majorly, monoubiquitination or multi-monoubiquitination plays role in protein-protein interaction, localization, endocytosis, proteasomal degradation, DNA repair,
transcription, regulation of protein activity, and link ubiquitinated target to autophagy. K48 and K11-linked Ub chains specify proteasomal-mediated degradation of
short-lived and misfolded proteins. Conjugation of K48 and K63-linked Ub chains to the misfolded proteins targets them for proteasome or autophagy-mediated
degradation. K63-linked Ub chain also directs the autophagic degradation of damaged cellular materials, including mitochondria, and targets intracellular cytosolic
pathogens to autophagy. K63-linked chains are involved in assembling many signaling cascades, including NFKB signaling, DNA repair, trafficking, and endocytosis.
Met1-linked linear chains target intracellular bacteria and act as assembly signals for downstream NFKB signaling. Compared to atypical Ub linkages, including K6,
K27, K29, K33, and branched Ub, the functions of K48 and K63 linkages are known. The diverse functions of atypical Ub linkages and branched Ub are emerging

now.

accordingly use different mechanisms to target the substrate
for ubiquitination (Figure 3). The dimerization of the RING
E3-Ub ligase is facilitated by the RING domain or mediated
through adjacent a-helical regions [48]. Similar to RING E3-
Ub ligase, UBOX containing E3-Ub ligase performs related
functions. The UBOX E3-Ub ligases consist of a hydrophobic
core rather than the structural metal ions [49]. Eight UBOX
containing E3-Ub ligase are known in humans and, like RING
E3-Ub ligase form monomer, dimer, or oligomer to execute
their function (Figure 3a) [50]. The RING domain of E3-Ub
ligase does not possess cysteine at the active site, thus do not
form high-energy thioester intermediate, unlike HECT and
RBR E3-Ub ligases. It implies that the RING E3-Ub ligase
function in transferring donor Ub to an acceptor lysine by
acting as a scaffold for aligning the catalytic subunits for the
nucleophilic attack [43].

HECT E3-Ub ligases are modular proteins containing
distinct N- and C-terminal domains. The human genome
encodes 28 HECT E3-UD ligases. The N terminus of HECT
E3-Ub ligase possess an E2 binding domain, whereas the
C-terminal domain comprises conserved cysteine used in
catalysis [51]. In contrast to RING E3-UD ligase, the HECT
E3-UDb ligase conjugates Ub to the target using a two-step
reaction mechanism. The first step constitutes the E2-
mediated transfer of donor Ub to the catalytic moiety on
the HECT domain via a trans-thiolation reaction, thus keep-
ing the high-energy thioester bond. The optimal orientation
of the acceptor lysine is thereafter determined by HECT E3-
UDb ligase for a nucleophilic attack to form a Ub-E3 ligase
thioester bond (Figure 3b) [52]. The substrate specificity and
catalysis are governed by the C-terminal end of HECT E3-
Ub ligase; however, the exact mechanism remains elusive.
The flexible linker region connects the N- and C-terminal
domains by rotation and organizes the HECT E3-Ub ligase

to facilitate Ub transfer. The RBR E3-Ub ligase comprises
a conserved catalytic region found in-between RING1 and
RING2 domains. 14 RBR E3-Ub ligases are coded by the
human genome containing RINGI-IBR-RING2 domains
[44,45,53]. The RBR E3-Ub ligase uses a hybrid RING/
HECT catalytic mechanism of ubiquitination. The RBR E3-
UD ligase RING1 domain recruits charged E2 and facilitates
UD transfer to RING2, forming a HECT-like thioester inter-
mediate before conjugating Ub to the substrate (Figure 3c).
Like the HECT E3-Ub ligase, the RBR E3-Ub ligase also
controls the linkage specificity of ubiquitination on the sub-
strate [53].

Ub ligases as weapons of host defense against
intracellular pathogens

Xenophagy, also known as selective autophagy of microbes,
is an innate defense strategy exploited by the host against
diverse pathogens, like viruses, parasites, and intracellular
bacteria [54,55]. Wide-ranging Gram-positive and Gram-
negative bacteria, such as Shigella flexneri, Salmonella enter-
ica serovar Typhimurium, group A Streptococcus, Francisella
tularensis, M. tb, and Listeria monocytogenes, are targeted
and restricted by autophagy [56-59]. Despite the significance
of autophagy in antibacterial defense, we are far from under-
standing the mechanistic details of recognizing, targeting,
and eliminating such diverse bacterial pathogens using auto-
phagy [3,60]. Although bacteria develop multiple evasion
strategies to prevent detection by the host, host cells also
employ multiple tactics to recognize and target pathogens
[61]. The diverse array of target recognition molecules and
receptors play crucial roles at distinct steps of the invasion
process for activation of autophagy. Two related innate
defense mechanisms have been gaining much traction of
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late. Bacteria-containing vacuoles that specifically accumu-
late diacylglycerol are also targeted by selective autophagy
[62]. However, sometimes bacteria escape the canonical
autophagy pathway. In such cases, host glycans are exposed
on the surface of damaged vacuoles containing pathogenic
bacteria, which are recognized by LGALS3, LGALSS, and
LGALS9 and targeted for autophagy-mediated killing [62-
64]. Coating the bacteria or bacteria-associated proteins
using poly-Ub chains is another evolutionarily conserved
innate host defense strategy of the host for autophagy-
driven killing [65-67]. Several host receptor proteins such
as SQSTM1, CALCOCO2, NBR1, OPTN, and TAXI1BPI
recognize the Ub coat on the bacterial surface and link the
ubiquitinated target to the autophagy machinery for auto-
lysosomal degradation [68]. Autophagy receptors use
a conserved LIR-motif to interact with Ub-like proteins of
the Atg8-family displayed on the phagophore membrane.
Each autophagy receptor executes a unique function in anti-
bacterial xenophagy and is required for bacterial growth
restriction and killing [66,69,70]. Pertinently, CALCOCO2
and SQSTM1 perform multiple essential functions in xeno-
phagy [66,71]. Earlier works suggest that CALCOCO2 and
SQSTMI1 can independently be recruited to diverse pathogen
surfaces decorated with Ub by the action of various E3-Ub
ligases [66,69,72].

The unexpected diversity exhibited by E3-Ub ligases sug-
gests their role in controlling the specificity of the ubiquitina-
tion process. Many E3-Ub ligases are implicated in the
execution of non-selective autophagy induced by starvation
[73-77]. Recently, several E3-Ub ligases such as LRSAM1 (leu-
cine rich repeat and sterile alpha motif containing 1), PRKN,
SMURF1, LUBAC (linear ubiquitination assembly complex),
and RNF166, are implicated in the innate targeting of the
intracellular bacteria for antibacterial autophagy [61,78-81].
LRSAMI utilizes K6 and K27 ubiquitination to target the
autophagy susceptible strains of Shigella, Listeria, Salmonella,
and adherent invasive Escherichia coli, but strangely excluding
M. tb. PRKN functions in innate resistance to M. tb by

conjugating K63 and K48-linked Ub chains [78,82]. RNF166,
a RING domain-containing E3-Ub ligase, is involved in the
ubiquitination of bacteria or bacteria-containing vacuoles, but
the targeted bacterial species have not been identified yet.
Interestingly, however, its role in antibacterial autophagy has
been reported. RNF166 recruits autophagy receptors
CALCOCO2 and SQSTMI, ubiquitinating SQSTMI1 using
K29 and K33 linkages [61]. SMURF1 specifically decorates
K48-linked poly-Ub chains onto M. tb-associated structures
and recruits the xenophagy receptor NBR1. SMURF1 coordi-
nates phagophore formation by recruitment of LC3 and
LAMPI1; its E3-Ub ligase activity and C2 phospholipid-
binding domain execute a crucial role in antibacterial xeno-
phagy of M. tb [81]. The LUBAC E3-Ub ligase amplifies poly-
Ub chains on S. typhimurium that is already marked with linear
poly-Ub chains in the cytosol. The resultant linear poly-Ub
chains recruit IKBKG/NEMO (inhibitor of nuclear factor
kappa B kinase regulatory subunit gamma) and OPTN to
induce xenophagy and activate NFKB1/p50 signaling, indepen-
dently restricting bacterial survival and proliferation [79].
Interestingly, prkn and smurfl double-knockout mouse macro-
phages do not entirely abolish colocalization of M. tb to Ub,
implying that other unidentified E3-Ub ligases may also func-
tion in inducing antimycobacterial xenophagy [81]. These E3-
Ub ligases generate distinct Ub linkages on target proteins that
culminate in cellular defense responses against the pathogens.
Interestingly, the emerging role of E3-Ub ligases in providing
innate defense against diverse intracellular pathogens opens up
a new arena to develop novel approaches for targeting them to
selective autophagy for enhanced killing. Developing E3-Ub
ligase activity modulators that potentiate the ligase activity for
increased ubiquitination of intracellular pathogens would be an
innovative perspective for ubiquitin-mediated selective auto-
phagic killings.

However, several studies have explored ways to maneuver
the ligase activity of diverse E3-Ub ligases to treat various
disease conditions. The E3-Ub ligases are proposed as excel-
lent drug targets due to their high specificity in substrate
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selection. This is especially promising because of the fewer
off-targets and lesser side effects [83]. Many of the E3-Ub
ligases are targeted to develop selective inhibitors such as
MDM2 (MDM2 proto-oncogene) for enhancing the activity
of TP53 (tumor protein p53) in preventing various forms of
cancers [84]. Therefore, it would be intriguing to develop
potent PRKN and SMURFI1 agonists that can specifically
induce xenophagy mediated killing of M. tb. The novel
approach will open an unexplored area for developing selec-
tive modifiers/agonists of PRKN and SMURF1 as host-based
therapeutics. A recent study shows that overexpression of
LGALS8 in macrophages enhances the selective autophagy
of M. tb by recruiting autophagy receptor TAX1BP1 supports
the notion for developing PRKN- and SMURF1-selective
agonists to enhance autophagic degradation of M. tb [85].

Host E3-Ub ligase PRKN and SMURF1 provide innate
defense against M. tb

PRKN

PRKN is a newly discovered E3-Ub ligase that belongs to the
RBR family of Ub ligases [85]. Phosphorylation of S65 of the
UBL domain and Ub leads to the conversion of latent PRKN
into the fully active form. The latent form of full-length
PRKN’s crystal structure reveals various conserved domains,
including RINGI, RING2, UBL, RINGO, REP, and IBR
(Figure 4a). PRKN receives Ub-conjugated E2 at its RINGI
domain and transfers Ub to the cysteine of RING2 via
a thioester linkage. Dramatic conformational changes are
required for its full activation, evidenced by the crystal struc-
tures of phosphorylated PRKN and Ub, highlighting the fully
operational structure [86,87].
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repressor element of PRKN.

Several elegant studies demonstrate the essential role
played by PRKN. It regulates diverse cellular pathways,
including apoptosis, lipid metabolism, and effector cytokine
production during infection [88,89]. Mutations and genetic
polymorphisms in the PRKN/PARK2 gene increase the sus-
ceptibility to Parkinson disease [90]. PRKN also provides
immunity against diverse intracellular pathogens such as
L. monocytogenes, S. typhimurium, Mycobacterium marinum,
Mpycobacterium leprae, and M. tb [78]. PRKN catalyzes the
Ké63-linked polyubiquitination to M. tb exposed in the cytosol
(or M. tb-associated membranous structure) through the dis-
ruption of the phagosomal membrane via the use of
a specialized ESX-1 type VII secretion system [78]. K63-
linked polyubiquitination recruits autophagy receptors
SQSTM1 and CALCOCO?2 that engage LC3 to the phago-
phore [78]. Interestingly, prkn knockout bone marrow-
derived macrophages (BMDMs) show reduced colocalization

of M. tb with LC3 and ATGI2 proteins of autophagy [78].
Moreover, prkn deletion portrays decreased conversion of
LC3-I to LC3-II, a hallmark of autophagy progression. The
prkn and atg5 knockout BMDMs show increased survival of
M. tb inside macrophages (2-2.5-fold). On the contrary, over-
expression of PRKN in RAW264.7 macrophages reduces the
survival of M. tb. Knockdown of PRKN in the human macro-
phage cell line U937 also exhibits increased survival and
replication inside macrophages [78]. These findings suggest
that PRKN plays unequivocal roles in controlling mycobac-
terial replication and proliferation within macrophages, even
though the actual fate of mycobacteria remains unknown
(Figure 4c) [78]. Intriguingly, only 30% of intracellular M. tb
is ubiquitinated in BMDMs with a considerable portion
(~25%) conjugated to Ké63-linked Ub chains, whereas
a minor fraction is conjugated to K48-linked Ub (5%) [78].
These observations suggest that other E3-Ub ligases are also
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required for conjugation of Ub to the M. tb containing pha-
gosomes along with PRKN.

E3-Ub ligase activity of PRKN is essentially required for
the colocalization of Ub to intracellular M. tb as E3-Ub ligase
dead mutants cannot conjugate Ub to M. tb [78]. The role of
PRKN in providing immunity in vivo against M. tb is con-
firmed by using wild-type and prkn-deficient mice after a low
dose infection [78]. After 3 weeks of infection, prkn-deficient
mice show increased (10-fold) bacterial loads compared to
wild-type mice in the lung, spleen, and liver. prkn-deficient
mice exhibit overwhelming infection and succumb after
85 days, whereas no overt sign of stress is observed in wild-
type mice. Moreover, PRKN expression was observed in gran-
ulomas and human lung tissues from TB patients that showed
colocalization of PRKN to M. tb [78].

Further, it was revealed that PRKN provides innate immunity
against various intracellular pathogens in Drosophila melanoga-
ster and Caenorhabditis elegans. The park and odr-1 knockout
strains of D. melanogaster and C. elegans show higher bacterial
loads and lesser survival [78]. These results implicate that PRKN
plays a conserved essential role in providing innate immunity
against intracellular pathogens in metazoans [78,91].

SMURF1

SMUREF]I is a highly conserved HECT E3-Ub ligase. It orga-
nizes in a conserved modular structure and contains two
WW domains, a C2 domain at the N terminus and
a catalytic HECT domain at the C terminus (Figure 4b)
[92]. A long stretch of 35-40 amino acids in the WW domain
recognizes substrate through protein-protein interaction. In
SMURF]I, only one tryptophan residue is conserved in each
WW domain. Two WW domains work cooperatively to
recognize the substrate [93,94]. SMURFI catalyzes the ubi-
quitination of various substrates for 26S proteasome-
mediated degradation (Figure 4b). SMURF1 also regulates
biologically essential processes that include the pathway
involved in bone morphogenesis, the mitogen-activated pro-
tein kinase pathway, and the noncanonical WNT pathway.
SMUREF1 performs multiple functions like regulating auto-
phagy, cell migration, cell polarity, cell growth, and cell cycle
regulation [95,96].

SMUREF1 contains an E3-Ub ligase and a C2 phospholipid-
binding domain. Mutations in the E3-Ub ligase and C2
domains inhibit the colocalization of M. tb to LC3 and Ub,
indicating that these domains are required for inducing selec-
tive autophagy of M. tb. The C2 domain of SMURFI is also
essential for targeting the M. tb-associated structures within
macrophages [81]. A genome-wide siRNA screen identifies
SMUREF1 as an essential component in targeting Sindbis and
Herpes simplex viruses for autophagy-mediated killing [97].
smurfl-deficient mouse embryonic fibroblasts are defective in
targeting these viruses to the phagophore; however, these
mouse embryonic fibroblasts respond normally to starvation-
induced autophagy. A recent study reveals that SMURF1
executes essential functions in the selective bacterial autopha-
gy of M. tb (Figure 4c) [81]. The smurfl knockout macro-
phages cannot recruit poly-Ub, NBR1, LC3, the proteasome,
and LAMP1 to the M. tb-containing vesicles, therefore, being
more permissive to M. tb growth. ESX-1 mediated

permeabilization of the phagosome is essential for the recruit-
ment of SMURF1 on M. tb or its associated structures [81]. In
contrast to PRKN-mediated K63-linked ubiquitination,
SMUREF1 conjugates K48-linked Ub chains to M. tb as earlier
reported for STAT1 (signal transducer and activator of tran-
scription 1) protein [98]. K48-linked ubiquitination induced
by SMURF1 also plays a crucial role in the control of
L. monocytogenes infection. The prkn and smurfl double-
knockout macrophages show decreased colocalization of
M. tb to Ub and LC3 resulting in enhanced survival [81].
These findings suggest that PRKN and SMURF1 show syner-
gistic function to control M. tb replication in macrophages,
mice, and humans. Notably, SMURF1 only recruits autophagy
receptor NBR1 to the ubiquitinated M. tb, unlike PRKN,
which recruits SQSTMI1 and NBR1 [78,81]. Further,
SMUREF1 also recruits proteasome to the ubiquitinated M. tb
dissimilar to PRKN, implying that SMURF]I also has distinct
functions in antimycobacterial defense [78,81].

However, similar to PRKN, the infection of M. tb to
smurfl-deficient mice exhibit enhanced bacterial load, inflam-
mation, and accelerated mortality [81]. smurfl-deficient mice
portray reduced colocalization of M. tb to LC3 and also
demonstrated diminished ubiquitination. Additionally,
smurfl knockout BMDMs exhibit decreased targeting of
M. tb containing phagophore to the lysosome. smurfl-
deficient BMDMs show enhanced replication of M. tb at 24,
48, and 72 h post-infection, suggesting the role of Smurfl in
controlling M. tb replication in murine macrophages.
Moreover, to confirm the role of Smurfl, an autophagy-
inducing peptide was used, which increases the targeting of
M. tb to the lysosome in wild-type but not in smurfl-deficient
macrophages. Further, no difference was observed in a mouse
model of infection in the bacterial load of wild-type and
smurfl-deficient mice in the acute phase of infection. In the
chronic phase, smurfl-deficient mice had a higher bacterial
load in the lung and spleen [81]. Unlike atg5 knockout mice,
mononuclear inflammatory cells were infiltrated to the
infected lung rather than polymorphonuclear cells [99].
A higher level of IL17 was observed in smurfl knockout
mice with no pertinent change in other cytokines such as
IFNG/IENYy, IL1A/IL1a, IL1B/IL1f, and IL6. Interestingly, it
is revealed that SMURF1 plays a critical role in controlling
M. tb replication in humans. Using primary monocytes
derived macrophages followed by knockdown of SMURFI
using shRNA promoted a higher bacterial burden. It suggests
that SMURF1 executes an essential role in exhibiting selective
autophagy against M. tb in humans. Intriguingly, SMURF1
localizes in granuloma and diverse cell types in the human
lungs of active TB patients. Furthermore, SMURF]I colocalizes
to M. tb in human lungs tissue biopsies suggesting that
SMURF1 plays an essential role in providing immunity
against M. tb in active tuberculosis patients during the
chronic phase of infection [81].

Autophagy receptors play critical roles in targeting
intracellular pathogens to phagophores via xenophagy

Ubiquitination of the cargo recruits autophagy receptors con-
taining the LC3-interacting motif or GABARAP-binding



region, facilitating the assembly of phagophores around the
targeted substrates [100,101]. As discussed above, SQSTMI,
CALCOCO2, NBR1, OPTN, and TAX1BP1 also contain UBD
that helps in identifying the ubiquitinated cargo and recruit-
ment of phagophore membranes [70]. Cargo recruitment to
the phagophore membranes requires interactions between
autophagy receptors and LC3/GABARAP proteins embedded
in the phagophore membrane [102]. The resulting interaction
facilitates the formation of autophagic vacuoles (autophago-
somes) that envelope the cargo and consequently direct it to
the lysosomes [103].

TAXI1BPI contains several functionally essential domains
commonly found in autophagy receptors, including LIR that
binds to LC3 and GABARAP (Figure 5) [104]. It also com-
prises the N-terminal AZI2/NAP1-TBKBP1/SINTBAD inter-
action domain, the TRAF6 binding region, a dimerization
domain, and a C-terminal overlapping Ub and MYO6 (myo-
sin VI) interacting domain [105,106]. Mechanistically,
TAX1BP1 functions downstream to SQSTM1 and is required
to assemble signaling complexes to the phagosome, as
reported with S. typhimurium [107]. TAXI1BP1 delivers
M. tb to phagophore membranes having LC3, thus function-
ing in a specific step of autophagic targeting (Table 2) [69].
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CALCOCO?2 contains LIR and unique CLIR regions that
interact with LC3A, LC3B, LC3C or GABARAPL2
(Figure 5). CALCOCO2 also contains the N-terminal
SKICH domain, coiled-coil domain, C-terminal LGALSS-
interacting region, and zinc fingers 1 and 2 (Figure 5).
C2H2 zinc finger recognizes mono-Ub, and poly-Ub (K48,
K63, and Metl-linked linear Ub chains) to target Ub deco-
rated pathogens for autophagic degradation (Table 2) [120].
CALCOCO?2 targets S. typhimurium to the phagophore
membrane by simultaneously interacting with LC3C and
ubiquitinated cytosolic bacteria or LGALS8 displayed on
the damaged vacuoles [63]. CALCOCO2 executes a dual
role in the xenophagic clearance of S. typhimurium by tar-
geting it to the phagophore and promoting autolysosome
maturation. CALCOCO2 executes a crucial role in xeno-
phagy mediated killing of an array of diverse bacterial patho-
gens such as L. monocytogenes and Shigella [57,121,122].
Targeting of Shigella to the autophagy pathway is dependent
on the coordinated activity of CALCOCO2 and SQSTM1 by
regulating the activity of each other [122]. L. monocytogenes
recruits CALCOCO2 without the requirement of SQSTM1
activity, implying that different pathogens have evolved dif-
ferent strategies to avoid autophagy [122]. M. tb also recruits
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Table 2. List of autophagy receptors involved in xenophagy and their functions.

Receptors Process Tag Role References
TAX1BP1  Xenophagy Ub TAX1BP1, modulated by LAMTOR1-LAMTOR2 complex, is recruited to ubiquitinated bacteria along with MYO6 [69,107-109]
Mitophagy (myosin V1) and helps in elimination of pathogens by xenophagy.
CALCOCO2 Mitophagy LGALS8, Targets pathogens to autophagosomes mediated by interaction with LC3C or LGALSS. It also promotes the [110,111]
Xenophagy Ub maturation of autophagosomes by interacting with LC3A, LC3B, and/or GABARAPL2. Moreover, along with
MTPAP (mitochondrial poly(A) polymerase) it forms autophagy receptor complex for enhanced removal of
damaged mitochondria via mitophagy.
OPTN Autophagy Ub OPTN acts as an autophagic receptor for the removal of polyubiquitinated substrates. Enhanced binding to Ub ~ [112-114]
Xenophagy chains after phosphorylation by TBK1 promotes mitophagy. OPTN also mediates the degradation of inclusion
Aggrephagy bodies in Ub-dependent manner. This receptor is also critical for autophagic host defense against intracellular
Mitophagy infections.
SQSTM1 Autophagy Ub SQSTM1 is involved in LC3-mediated linking of ubiquitinated protein aggregates to autophagic machinery.  [115,116,117]
Xenophagy Phosphorylated SQSTM1 promotes Ub conjugation during xenophagy and is important for controlling
Mitophagy cytosolic bacteria. Ubiquitination of mitochondrial proteins requires SQSTM1 during mitophagy. It is also
Aggrephagy involved in organelle quality control like pexophagy as well as lipophagy.
Lipophagy
Pexophagy
NBR1 Mitophagy  Ub NBR1 is a specific receptor involved in pexophagy. It also acts as a receptor for autophagosomal degradation [81,118,119]
Xenophagy of ubiquitinated targets but is dispensable for mitophagy. NBR1 binds bacterial pathogens and viral particles
Aggrephagy to mediate their xenophagic degradation.
Pexophagy

The autophagy receptors TAX1BP1, CALCOCO2, OPTN, SQSTM1, and NBR1, are involved in the xenophagic clearance of Ub-tagged intracellular cytosolic bacteria. The
functions of SQSTM1 in xenophagy and other processes such as mitophagy, aggrephagy, lipophagy, and pexophagy are well-established. The function and roles of
other autophagy receptors are emerging now in xenophagy and other “phagy.” Importantly, in autophagic clearance of invading pathogens, these receptors
execute non-redundant functions, although they perform redundant functions in other processes such as aggrephagy.

CALCOCO2 and SQSTM1 to phagosome in an ESX-1
dependent pathway. BCG, which lacks an ESX-1 type VII
secretion system, is not recruited to the phagosome for
xenophagy mediated clearance in macrophages [121].
Restoration of ESX-1 in BCG through complementation of
the RD1 (region of difference 1) locus of M. tb leads to the
increased recruitment of LC3. Further, the knockout of
either CALCOCO2 or SQSTMI leads to the decrease in
LC3 colocalization to M. tb [121]. CALCOCO2 also binds
with NAP1L1 (nucleosome assembly protein 1 like 1) and
TBKBP1/SINTBAD to recruit TBK1, critical for transcrip-
tional induction of type-1 interferons and autophagic innate
immune response during M. tb infection [57].

OPTN is an Ub binding, selective autophagy receptor that
takes part in xenophagy, aggrephagy, and mitophagy [123-
125]. The N terminus of OPTN harbors two coiled-coil
domains with an LIR-motif sandwiched between them. The
C-terminal domain of OPTN comprises a Ub binding domain
UBAN and a conserved zinc finger (Figure 5). UBAN of
OPTN is homologous to the regulatory subunit of the IKK
complex of the NFKB1 signaling pathway. The UBAN domain
selectively binds with MI-linked linear Ub chain and K63-
linked conjugates [126,127]. The coiled-coil domain of OPTN
forms a stable hetero-tetrameric complex with the C terminus
of TBK1, which in turn regulates the function of OPTN in
selective autophagy [128,129]. TBK1 phosphorylates the S172
residue of OPTN next to the LIR-motif, enhancing the bind-
ing affinities towards Atg8-family proteins. TBK1 also phos-
phorylates S473 in the UBAN domain of OPTN that enhances
the functional efficacy of OPTN in selective autophagy
[123,124,130]. The role of OPTN in antimycobacterial defense
is recently unraveled [69,108]. It interacts with mycobacterial
virulence factors and, after phosphorylation, is colocalized to
M. tb in macrophages [69]. TBK1 mediates the phosphoryla-
tion of OPTN to increase its affinity for LC3 that promotes
lysosomal degradation of L. monocytogenes. Host cells lacking

LC3 and OPTN showed increased presence of replicating
L. monocytogenes. Moreover, L. monocytogenes subverts or
evades the OPTN pathway to achieve persistence in the cyto-
sol or intracellular vacuoles [131]. Gene knockout, knock-
down, and overexpression strategies have shown that
SQSTM1 and OPTN play essential roles in targeting the
M. marinum to phagophores and subsequently to lysosomes
[132,133].

SQSTM1 was the first mammalian selective autophagy
receptor described [134,135]. Like other xenophagy receptors,
SQSTM1 also contains a dimerization domain, an LIR-motif,
and a UBD. SQSTM1 also contains nuclear localization sig-
nal, zinc finger (ZZ), and KEAPI-interacting region
(Figure 5). Polymerization of SQSTMI, mediated by its
N-terminal PB1 domain, is essentially required for its selec-
tive autophagy function [136,137]. The efficient delivery of
cargo to the phagophore depends on the Ub binding of
SQSTM1 and its interaction with other effector proteins
[138,139]. SQSTM1 takes part in the degradation of
N-terminal arginylated protein substrates through macroau-
tophagy [140,141]. SQSTMI1 targets viruses like the Sindbis
virus for xenophagic elimination [142]. It also targets
S. typhimurium together with CALCOCO2 and OPTN for
efficient xenophagy mediated clearance. SQSTMI is reported
in xenophagic clearance of other intracellular bacteria such as
Listeria, Shigella, M. marinum, and M. tb
[108,122,133,143,144]. UBA domain of SQSTMI1 interacts
with poly-Ub chains linked via K63, and its activity depends
on UBA phosphorylation and ubiquitination [145,146].
Several E3-Ub ligases like TRIM50 (tripartite motif contain-
ing 50), TRAF6, SMURF2 (SMAD specific E3 ubiquitin pro-
tein ligase 2), and KEAP1 directly interact with SQSTMI to
promote ubiquitination of its substrate, thus affecting inclu-
sion body formation and aggrephagy [147-150]. KEAPI-
CUL3 E3-Ub ligase ubiquitinates K420 in the UBA domain
of SQSTMI, modulating its sequestration and degradation



activity [151]. RNF166 also ubiquitinates SQSTM1 at K91 and
K189 using atypical Ub-conjugated chains containing K29
and K33 linkages [61]. The role of SQSTMI in the xenophagic
clearance of intracellular bacteria depends on its K29 and K33
Ub linkages (Table 2) [61].

The specific ribosomal proteins and bulk ubiquitinated
cytoplasmic proteins are delivered to the autolysosome
through the autophagy receptor SQSTMI1 and act as myco-
bactericidal peptides to kill M. tb [152]. Without SQSTMI,
the mycobactericidal molecules are not formed, and the auto-
phagic process becomes inefficient, thus leading to the sup-
pression in the elimination of M. tb [152]. SQSTMl1
independent autophagy induced in macrophages containing
intracellular mycobacteria is governed by the acidification and
acquisition of lysosomal hydrolases in the compartments con-
taining mycobacteria in macrophages [152]. This separation
of unique functions of SQSTM1 in autophagy conferred by
the cytoplasmic proteins of microbicidal properties under-
scores the unique role that SQSTM1 plays on autophagic
organelles. Phagophore formation and progression that con-
tains M. tb is executed by SQSTM1 and ATGS5 [152]. ATG5
mediates trafficking of degradative vesicles and MHC-II to
mycobacteria-containing autolysosomes, and SQSTMI1 is
involved in the ubiquitination of M. tb. Mycobacterial anti-
genic peptides are presented to CD4" T cells via MHC-II in
dendritic cells containing mycobacteria in autolysosome
implies that dendritic cells promote the antigen presentation
of mycobacterial origin to CD4" T cells via MHC-II [153].

Further, SQSTM1 also plays a crucial role in regulating
antimicrobial immune responses mediated by CGAS (cyclic
GMP-AMP synthase), a DNA sensor found in the cytoplasm
and the adaptor molecule STINGI1. SQSTM1, together with
TBK1, mediates STING1 degradation via autophagy by phos-
phorylation and ubiquitination. SQSTM1-deficient cells are
impaired in STINGI1 degradation leading to overproduction
of type-I interferon. STINGI trafficking also depends on
SQSTM1, and the absence of SQSTMI1 fails to traffic
STINGI to phagophores. CGAS-STING1 pathway mediated
sensing of DNA induces activation of TBK1 that phosphor-
ylates IRF3 (interferon regulatory factor 3) for induction of
type-1 interferon expression. TBK1 also phosphorylates
SQSTM1, which induces STINGI1 degradation, causing
attenuation of the type-1 interferon response, thus regulating
the pathway [154].

NBRI is a selective autophagy receptor whose role in signal
transduction is well established. It shows a high similarity to
SQSTMI in its domain organization. It contains the PB1
domain at the N terminus, a coiled-coil domain, LIRs, and
a UBA domain at its C-terminal region (Figure 5). The coiled-
coil domain mediates NBR1 dimerization. It interacts with
SQSTM1 via the PB1 domain, thus linking the receptors
together [155-158]. NBRI also interacts with LC3/
GABARAP and Ub independent of receptor SQSTMI.
Accumulation of SQSTM1 and NBRI in inclusion bodies
after autophagy inhibition is required for ubiquitination and
crosslinking of proteins, resulting in induction of aggrephagy
[159]. NBR1 is an evolutionarily conserved autophagy recep-
tor, unlike SQSTM1, which is only present in metazoans
[160]. Genetic knockdown and overexpression studies of
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NBR1 suggest that it is a primary receptor for inducing
pexophagy mediated by its UBA, coiled-coil, amphipathic a-
helical J, and LIR domains [161]. Similar to SQSTM1 and
TAX1BP1, NBR1 also colocalizes to M. tb containing phago-
some in macrophages [69]. The association of NBRI to the
M. tb surface-associated UD is recently reported. PE_PGRS29,
a surface-associated Ub binding protein of M. tb, recruits Ub
that binds xenophagy receptors, including NBR1 [108]. NBR1
also takes part in the xenophagy mediated clearance of group
A Streptococcus and S. typhimurium. Late endosomal/lysoso-
mal adaptor, MAPK, and LAMTOR?2 (late endosomal/lysoso-
mal adaptor, MAPK and MTOR activator 2) physically
interact with NBR1 and TAXIBP1. This association is
required for phagophore recruitment of NBR1 to group
A Streptococcus. It is also required to recruit TAXI1BPI to
phagophores containing S. typhimurium and group
A Streptococcus [109].

Co-option of host Ub system by M. tb to modulate
immune defense

The interaction of M. tb with the host and its successful
survival inside macrophages is a result of long-term coevolu-
tion, culminating in the efficient modulation of the immune
system [162,163]. M. tb efficiently manipulates autophagy,
apoptosis, and maturation of phagosome to facilitate intracel-
lular survival and pathogenesis [164-168]. Host signaling
cascades are amenable pathogen targets due to overall cellular
effects and network sharing. Various mycobacterial proteins
are known to subdue the host-generated innate and adaptive
responses for its survival, thereby magnifying the pathogen’s
virulence armor [169-171]. Structural adaptations like protein
disorder and the resulting moonlighting function allow inter-
action with various host signaling pathways to modulate the
responses [172,173]. Signaling pathways downstream of
NFKB1 and MAP kinases regulate the immunity against
invading pathogens by producing immune effector cytokines
like TNF/TNFa, IL1B, and IL12, thus modulating the patho-
gen’s survival inside the host [174,175]. M. tb secreted effec-
tors target different host organelles to effectively manipulate
multiple cellular functions [176-178]. Intriguingly, many bac-
terial effectors mimic the E3-Ub ligase activity of the host,
hence co-opting the host Ub system to manipulate the proin-
flammatory signaling cascade to hijack innate immunity
(Figure 6) [7,179]. The ingenious use of the host ubiquitina-
tion pathway by M. tb to dampen host innate immunity
appears to be a direct outcome of host-pathogen interaction
and coevolution [180,181]. Suppression of NFKB1 and
MAPKs plays an essential role in the successful survival of
M. tb inside macrophages [182]. Unfortunately, mechanistic
details of virulence factors mediated suppression of host
innate immune signaling remain partially understood
[183,184]. We recently unravel that M. tb exploits disorder
to order transition of its protein effectors to impact the
production of inflammatory cytokines [170]. Nevertheless,
M. tb also exploits host Ub via some secreted effectors to
induce potent inflammatory responses to increase host tissue
pathology for dissemination [185].
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Mpt53 (DsbE) is a secreted disulfide bond (Dsb)-forming
protein of M. tb. It harbors the thioredoxin domain and can
oxidize cysteines like other Dsb proteins of M. tb and E. coli
[186]. It induces activation of host signaling intermediate
MAP3K7/TAK1 by phosphorylation and K63-linked ubiqui-
tination mediated by TRAF6. Mpt53 activates MAP3K7 by
inducing the formation of a disulfide bond at C210 that
depends on the thioredoxin domain and conserved CXXC
motif. Interestingly, Mpt53 further activates MAP3K7 by K63-
linked ubiquitination, which is necessarily required for its
complete activation. MAP3K7 activation leads to enhanced
activity of downstream signaling cascade involving NFKBI,
MAPKS8/JNK, and MAPK11/p38. The activation of MAPKs
results in the production of innate immune system regulatory
cytokines TNF, IL6, IL12, and IL1B (Figure 6) [186]. These
proinflammatory cytokines play critical roles against M. tb

virulence, thus seemingly antithetical effect. The authors sug-
gest that the host uses an evolutionarily conserved Ub system
and post-translational modifications to suppress the patho-
gen’s ability to cause disease. However, the use of Mpt53 to
activate MAP3K7 could be an elegant example of an effort by
the pathogen to cause an overt-inflammatory response leading
to tissue pathology assisting in dissemination.

Recently, the role of another M. tb secreted effector, a low
molecular weight tyrosine phosphatase PtpA, is shown to
dampen the functions of innate immunity by inhibiting
MAPKs and NFKBI signaling. PtpA contains a unique UBD-
like motif that binds to the host Ub leading to the activation
of its phosphatase activity. Activated PtpA dephosphorylates
phospho-MAPK8 and MAPKI11 to inhibit downstream func-
tions, including the production of TNF, IL1B, and IL12 cyto-
kines. PtpA also competitively inhibits Ké63-linked



conjugation of Ub to TAB3 (TGF-beta activated kinase 1
(MAP3K7) binding protein 3) that inhibits activation of
NFKB1, manifesting in suppression of proinflammatory cyto-
kine production (Figure 6) [185]. It exemplifies the pathogen’s
exploitation of the host Ub system to dampen innate immu-
nity against M. tb by targeting evolutionarily conserved sig-
naling cascades.

Rv0222, a secreted protein of M. tb, also co-opts the host
Ub system to subvert the innate host immunity by inhibiting
the production of anti-M. tb effector cytokines [182].
ANAPC2 (anaphase promoting complex subunit 2), a host
E3-Ub ligase, ubiquitinates Rv0222 at K76 using K11-linked
UDb chains. Ubiquitination of Rv0222 promotes its interaction
with the host tyrosine phosphatases PTPN6 (protein tyrosine
phosphatase non-receptor type 6) and PTPN11 (protein tyr-
osine phosphatase non-receptor type 11). Rv0222 also inter-
acts with adaptor protein TRAF6, henceforth recruiting
tyrosine phosphatases to TRAF6 containing complexes.
Interestingly, this recruitment inhibits the K63-linked ubiqui-
tination of TRAF6, thus inhibiting its function. Inhibition of
TRAF6 prevents activation of downstream NFKB1 and
MAPKSs signaling cascades, impeding the production of innate
immune effector cytokines (IL1B, IL12, and IL6), compromis-
ing anti-tuberculosis immunity (Figure 6). This seminal study
reveals an unfamiliar subversion of host-immunity by
a virulence effector of M. tb by co-opting the host Ub system
[182].

Another recent evidence demonstrates that M. tb
PE_PGRS29, a surface-associated protein comprising a UBA
domain, interacts with all forms of free-floating Ub using hydro-
phobic interactions. The interaction between PE_PGRS29 and
Ub engages the autophagic receptor NBR1, SQSTM1, OPTN,
and CALCOCO?2 on bacteria. Recruitment of autophagy recep-
tors targets M. tb to LC3-associated phagophores for autophagic
clearance (Figure 6) [108]. This is the first report mentioning the
eukaryotic-like UBA domain in bacteria, which interacts with
Ub using hydrophobic interactions rather than conjugation of
Ub by E3-Ub ligases. The induction of xenophagic clearance by
a pathogen-specific protein is likely a strategy to maintain long-
term bacterial survival by reducing the inflammatory responses
directed against the bacteria. Contrary to the explanation, a host-
directed strategy could target the bacteria using a conserved Ub
system to mediate autophagic clearance. Another host Ub bind-
ing protein, UBQLN1 (ubiquilin 1), also interacts with M. tb
secreted and surface proteins to recruit Ub to M. tb or M. tb
associated structures [187]. The recruitment of Ub engages
autophagy receptor proteins linking degradative LC3-mediated
autophagy and clearance. UBQLNT1 consists of conserved UBA
and UBL domains at its N- and C-termini, though the mechan-
ism of Ub recruitment remains unclear [187].

In an elegant study published recently [176], the authors
showed the unusual El, isopeptidase, and E3-Ub ligase activ-
ities employed by M. tb protein PknG to conjugate Ub to the
host E2 UBE2L3/UBCH?7 (ubiquitin conjugating enzyme E2
L3). PknG, a serine/threonine-protein kinase/STPK similar to
the eukaryotic serine/threonine kinases, contains several con-
served eukaryotic-like UBL and TPR (translocated promoter
region, nuclear basket protein) domains [176,188,189]. M. tb
exploits PknG (a secreted protein) to manipulate many crucial
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host defense strategies to promote M. tb pathogenesis [190].
However, the molecular mechanisms utilized by PknG remain
elusive. It is revealed that PknG unusually co-opts the host
Ub-machinery to transfer Ub (K48-linkage) to the NFKB1
signaling effectors TRAF2 (TNF receptor associated factor 2)
and MAP3K7, inducing degradation of these proteins thus
inhibiting proinflammatory cytokine production [176].

M. tb employs its virulence effectors to dampen
autophagy

The PE/PPE family is an enigmatic class of mycobacterial
proteins specifically found only in pathogenic species
[191,192]. Recent studies on PE/PPE proteins have shown
their role in modulating cell death pathways. PE6 protein of
M. tb possesses the remarkable property of inhibiting auto-
phagy via autophagy master regulator MTOR, inducing the
inhibitory phosphorylation of autophagy initiating kinase
ULKI, leading to reduced autophagy flux [193]. Many other
PE/PPE  family proteins (PE_PGRS20, PE_PGRS21,
PE_PGRS30, PE_PGRS47, PPE44, and PPE51) were recently
identified as an autophagy-inhibitors through the loss of func-
tion screening of the M. tb transposon mutant library. The
screening identified a total of 16 proteins, of which six
belonged to the PE/PPE family [194]. PE/PPE family protein’s
inhibitory function was validated using knockout and knock-
in strains of M. tb and M. smegmatis. These proteins activate
the autophagy master regulator MTOR and inhibit the pro-
duction of proinflammatory cytokines TNF and IL1B, which
play essential roles in mediating the control of M. tb patho-
genesis. PE_PGRS47 prevents phagosome maturation and
fusion of autophagosome to the lysosome for increased intra-
cellular survival and virulence of M. tb [195]. A recent study
demonstrates that PE_PGRS47 and PE_PGRS20 of M. tb
effectively inhibit autophagy initiation by physical interaction
with RAB1A protein of the host (a small GTPase family
protein involved in vesicular transport and fusion to the target
membrane). This interaction inhibits the function of autopha-
gy initiating kinase ULKI, thus playing essential roles in the
enhanced survival of M. tb inside macrophages. Interestingly,
PE_PGRS47 and PE_PGRS20 proteins also inhibit antigen
presentation and secretion of proinflammatory cytokines
which are critical immune effectors of innate and adaptive
immunity [196]. M. tb virulence factor PE_PGRS41, a cell
surface localized protein, suppresses autophagic flux via mod-
ulating the functions of Atg8-family proteins, a critical effec-
tor of phagophore expansion and maturation [197]. These
findings suggest that M. tb effectively utilizes PE/PPE family
proteins to hamper autophagy and host immunity directed
against M. tb for better intracellular survival, virulence, and
pathogenesis.

Apart from PE/PPE family, M. tb employs SapM (secreted
acid phosphatase of M. tb), which possesses phosphatase
activity to inhibit phagophore maturation and acidification
of autolysosome. It suppresses autophagy flux in a PI3K-
dependent manner. SapM also inhibits RAB family protein
GTPase RAB7A (RAB7A, member RAS oncogene family)
activity through physical interaction using its C-terminal
domain, blocking phagosome-lysosome fusion [198]. M. tb
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secretory peptidoglycan hydrolase RipA harbors LIR-motif
and inhibits autophagy mediated by activation of pro-
survival PI3K-AKT1 (AKT serine/threonine kinase 1)-
MTOR signaling axis and repression of ULK1 [199]. Heat
shock proteins (HSPs) play a pivotal role in M. tb replication
inside macrophages and are required for sustained survival in
latent M. tb infection [200]. Hspl6.3 of M. tb, an alpha-
crystallin-type Hsp, impairs autophagy in latent infection.
Enhanced expression of Hsp16.3 inversely affects LC3 protein
level disrupting phagophore formation [201]. However, the
exact mechanism exploited by Hspl16.3 in autophagy regula-
tion is not fully elucidated. Heparin-binding hemagglutinin
(HBHA) of M. tb also dampens autophagy by inhibiting LC3
and BECNI (beclin 1) expression levels, preventing phago-
phore maturation [202]. NuoG of M. tb encodes NADH
dehydrogenase I subunit G, and its genetic disruption in
BCG leads to the enhanced recruitment of LC3 and induction
of autophagy. NuoG also inhibits LC3-associated phagocytosis
(LAP) by neutralizing CYBB (cytochrome b-245 beta chain)-
dependent ROS (reactive oxygen species) production required
for efficient conjugation of LC3 to the phagosome and phago-

acetyltransferase involved in infection, transmission, and
host immune modulation. It downregulates autophagy by
inhibition of ROS production in a MAP3K7-dependent man-
ner. Eis also acetylates histone H3 to activate enhanced tran-
scription of IL10, which negatively regulates autophagy by
inducing the AKT1-MTOR-RPS6KB/p70S6K pathway [204].
A mycobacterial calcium efflux protein CtpF (Rv1997)
inhibits autophagy by activating MTOR. The calcium release
from lysosomes activates calmodulin which further activates
the MTOR complex to regulate downstream effects [205].
Rv3242c of M. tb encodes a protein possessing phosphoribo-
syltransferase activity that inhibits NAMPT (nicotinamide
phosphoribosyltransferase) of the host. Rv3242¢ is involved
in NAD/nicotinamide adenine dinucleotide biosynthesis in
M. tb and regulates autophagy and ROS production.
M. smegmatis expressing Rv3242c¢ activates MAPK3 (mitogen-
activated protein kinase 3) pathway, inhibiting autophagy in
macrophages. Rv3242c also leads to enhanced IL10 produc-
tion via MAPK11 and MAPK3 pathways, thus, attributing to
autophagy inhibition [206]. ESX-1 type VII secretion system
associated protein EspB inhibits autophagy by suppressing

some-to-lysosome fusion (Figure 7) [203]. M. tb Eis LC3B expression and phagophore formation. EspB inhibits
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macrophages and represses the phosphorylation of IFNGR1
and STAT1. This abolishes IFNG-induced autophagy directed
against M. tb [207]. Esat-6 of M. tb, a secretory protein, is
a very well-studied effector involved in pathogenesis. Esat-6
regulates MYC (MYC proto-oncogene, bHLH transcription
factor) proto-oncogene and MTOR in macrophages to manip-
ulate host innate immune defenses. It also upregulates the
expression of SOD2 (superoxide dismutase 2) to mitigate the
lethal effects of ROS, inhibiting autophagosome-lysosome
fusion for survival inside hostile cellular milieu [208].

Lipoproteins represent an essential class of M. tb virulent
proteins, but their exact role in pathogenesis remains elusive.
LprE, a membrane-bound putative lipoprotein of M. tb, inhi-
bits autophagy by inhibiting phagolysosomal fusion. LprE
mutant of M. tb results in increased expression of LC3,
ATGS5, and BECNI1 proteins. This recruits RAB7A, EEA1
(early endosome antigen 1), and LAMP1 to mature phago-
somes, demonstrating its critical role in autophagy inhibition
[209]. PknG, the only secreted eukaryotic type serine-
threonine kinase of M. tb, is involved in the enhanced intra-
cellular survival by inhibiting phagosome maturation
(Figure 7) [190]. PknG interacts with the RAB family of
small GTPase RAB14 (RAB14, member RAS oncogene family)
employing its TPR domain and a-helix, resulting in an inhibi-
tion of its GTPase activity. PknG prevents the hydrolysis of
RABI14 bound GTP via physical interaction and inhibits its
activation by phosphorylating and inhibiting TBC1D1 (TBC1
domain family member 1), a GTPase activating protein [210].
These results implicate that PknG is a moonlighting protein of
M. tb, inhibiting autophagy flux for efficient intracellular
survival. These elegant studies demonstrate the diversification
of M. tb proteins in tackling host defense responses like
autophagy. It would be fascinating to get in-depth insights
into the interplay existing among autophagy-inhibiting
proteins.

Proteins containing the LIR-motif play essential roles in
autophagy regulation at many critical junctures of phago-
phore biogenesis, extension, and maturation [211,212]. We
were interested in exploring the M. tb proteome for the
presence of LIR-motif. Moreover, we also tried to decipher
whether M. tb effectors already reported having a role in
autophagy inhibition comprise this motif. Interestingly, the
M. tb proteome analysis revealed that conserved WxxL and
xLIR-motifs are present in abundance. A total of 91 proteins
are coded by M. tb proteome, which comprises WxxL+xLIR
(ILV) motifs that are expected to interact with Atg8-family
proteins of the host for autophagy manipulation (Table S1).
Further, WxxL and xLIR (WFY) conserved motifs are present
in five M. tb proteins. These proteins include Rv1059 (con-
served hypothetical protein), Rv1536 (Isoleucyl tRNA synthe-
tase), Rv2182¢ (1-acylglycerol-3-phosphate
O-acyltransferase), Rv2643 (probable arsenic-transport inte-
gral membrane protein ArsC), and Rv3038c (conserved
hypothetical protein). As discussed above, the M. tb proteins
modulate autophagy such as Rv3310, Rv0410c, Rv2031c,
Rv3242¢, and Rv1477 comprise one WxxL motif each,
whereas Rv3151 contain two WxxL motifs. M. tb protein
Rv1997 harbors six WxxL motifs, and Rv3881c contains one
xLIR-motif (Table S2). These sequence features highlight the
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integral role of LIR-motifs in autophagy regulation and open
an unexplored area in mycobacteriology.

Conclusions and perspective

Autophagy has an established role in the clearance of M. tb as
a part of innate immune defense. Disruption of genes
involved in autophagy manifests in enhanced survival of
M. tb in vitro and in vivo. Induction of autophagy by starva-
tion or rapamycin treatment decreases intracellular survival of
M. tb in macrophages [213,214]. However, an increasing body
of emerging evidence suggests that loss of canonical autopha-
gy pathway does not correlate with intracellular survival of
M. tb [99]. It is, in turn, the inflammatory pathology mediated
by polymorphonuclear cells that directly correlates with sus-
ceptibility to infection. The ATG5-mediated control seems to
be due to alternate autophagic pathways or its role in non-
autophagic cellular processes like endocytosis, cell death, and
inflammation, as reported earlier [215]. This apparent insig-
nificance of xenophagy in controlling M. tb survival and the
recent discovery of a battery of M. tb proteins that dampen
autophagy suggests that M. tb has evolved to subvert the host
autophagic mechanism. On the contrary, it could be safely
speculated that M. tb exploits this process to dampen the
inflammation by limiting the cytosolic exposure [99,121]. It
could be an evolutionary adaptation to maintain chronic
infection by limiting excessive host inflammation to help
prolonged survival and greater transmission. Further, rapid
clearance of these cytosolic mycobacteria may aid the growth
of M. tb in a phagosome that mimics cellular components to
avoid host immune surveillance. It has emerged as an efficient
survival strategy adopted by intracellular pathogens to
enhance survival by residing in vacuolar structures. These
complexities in observations warrant detailed studies to
delineate this intricate phenomenon with the need to revisit
the earlier findings. Moreover, further research is also desired
in the frontier areas of M. tb mediated efficient inhibition of
host autophagy. Inhibition of the involved virulence effectors
using novel therapeutics could complement anti-tuberculosis
therapies. The details of LIR and xLIR-containing M. tb pro-
teins could further furnish additional drug targets for the
efficient management of tuberculosis disease.

Host-directed therapeutics is an emerging approach for
treating tuberculosis by modulating protective immunity. It
will be worth exploring the critical roles of targeting the host
E3-Ub ligases and their associated molecules in treating tuber-
culosis. Understanding the role of Ub-associated molecules in
autophagy might shed more light on their involvement in
controlling intracellular pathogens by generating robust
innate immunity. Recent advancements in understanding
autophagy regulators in controlling immune responses further
enhance the development of promising drug candidates. In
particular, exploring the role of molecules/drugs as autopha-
gy-based adjunctive host-directed therapeutics in MDR/XDR
tuberculosis treatment would potentially boost the treatment
outcomes. Numerous pre-clinical and clinical studies addres-
sing combined usage of conventional treatment and autopha-
gy-adjunctive therapeutics need to be explored. Prospects for
killing the M. tb inside the macrophage cells by modulating
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E3-Ub ligases could be achieved through small molecules or
peptides that activate the catalytic activity and interaction
with the infecting pathogen. Current approaches like struc-
ture-based design and advanced small-molecule screening
technologies could be used to develop E3-UD ligase activators.

DUBs can reversibly remove Ub, leading to enhanced
protein stability or attenuation of Ub signaling that contri-
butes to Ub homeostasis and autophagy [216]. DUBs play
crucial roles in many aspects of autophagy regulation
[217,218]. Various autophagy effectors are regulated by con-
jugating Ub and its removal using specific DUBs [218-220].
Few DUBs have been linked to modifying poly-Ub chains
associated with intracellular pathogens, thus controlling the
outcome of xenophagy [218]. Understanding the crosstalk of
these antagonistic pathways at the molecular level is still
limiting but expected to be valuable for deciphering novel
therapeutic interventions against the pathogen [185]. The
re-emergence of this dreaded disease due to evolving drug
resistance is turning into a significant setback to end tuber-
culosis [221,222]. Therefore, it is pivotal to identify novel
therapeutic targets and develop new vaccines and drugs,
even emphasizing rework on century-old BCG to tackle
this obnoxious pathogen [223,224].
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