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Abstract: Mitophagy serves as a cytoprotective mechanism that is essential for eliminating dysfunctional or superfluous mitochon-
dria, thereby fine-tuning mitochondrial quantity and maintaining cellular homeostasis. Recent studies underscore the critical role of
mitophagy in determining the fate and function of host cells infected by Mycobacterium tuberculosis. The successful pathogen
strategically integrates into the host’s mitochondrial network, manipulating processes such as apoptosis, metabolic reprogramming,
mitochondrial fusion and fission, and reactive oxygen species production. Therefore, understanding those mechanisms is critical for
the advancements of host-directed therapies against tuberculosis. This study offers a comprehensive overview of the interplay between
Mycobacterium tuberculosis and mitophagy, emphasizing the associated signaling pathways and potential therapeutic targets involved
in mitophagy in Mycobacterium tuberculosis infection. Activating mitophagy in infected host cells represents a promising avenue for
improving therapeutic outcomes against tuberculosis. This review aims to summarize potential research direction for agents targeting
induction of mitophagy. Notably, evidence suggests that BNIP3/NIX-mediated mitophagy may serve as a potential therapeutic target.
Keywords: mitophagy, Mycobacterium tuberculosis, tuberculosis, immunotherapy

Background
Tuberculosis (TB), a disease triggered by Mycobacterium tuberculosis (Mtb), mainly affects the lungs but can also invade
other areas of the body. TB continues to be a significant global health concern and is the second leading cause of death
due to a single infectious source, following COVID-19. According to the World Health Organization Global TB Report
of 2023, approximately 10.6 million new TB cases were reported worldwide in 2022 (95% uncertainty interval [UI]:
9.9 million - 11.4 million), with about 1.3 million deaths attributed to TB globally (95% UI: 1.18 million - 1.43 million),
exceeding prior years." The current TB treatment regimen heavily relies on combination chemotherapy with front-line
drugs. However, there are many limitations, including prolonged treatment duration, high-dose medication requirements,
complex adverse effects, and poor patient adherence. Additionally, the emergence of drug-resistant Mtb strains exacer-
bates the treatment burden. Despite the introduction of new antibiotics like bedaquiline, linezolid and pretomanid®* for
drug-resistant TB, resistance has also emerged rapidly.” Hence, the profound burden of TB and the rising incidence of
drug resistance underscore the urgent need for alternative therapeutic strategies.

In this context, host-directed therapies (HDTs) that aim to reinforce the patient’s own immune defenses have gained
considerable interest. Indeed, TB transcends the category of a mere infectious disease, with its progression intricately tied
to the regulation by the immune system.® The occurrence and progression of TB are significantly influenced by the host’s
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immune state. Upon Mtb infection, the immune system initiates a series of intricate defensive responses to get rid of
various intruders. However, Mtb has possessed evasion strategies and manipulate the host’s immune response, which
impedes effective pathogen clearance and even allows for reactivation after prolonged dormancy.” During this process,
immune system dysregulation may exacerbate disease progression. The innate immune assumes a dominant position in
shielding the host during the initial phase of infection. Mtb is initially recognized by the pattern recognition receptors
(PRRs) that belong to the innate immune system, which then initiate a cascade of cellular responses. These responses
help the host initiate an effective defense against Mtb, including processes like autophagy and apoptosis.®

Autophagy is an evolutionarily conserved subcellular event with self-protection that satisfies the need of cellular and
metabolic homeostasis by engulfment and degradation of dysfunctional organelles, proteins and lipids, as well as the
recycling of their constituent.” It targets endogenous and exogenous substrates, such as invading pathogens by delivering
them to lysosomes. Mitochondrial autophagy (Mitophagy), a major type of selective autophagy, was initially presented
by Lemasters in 2005.'" Although research on mitophagy is still in the early phases of discovery, mitochondria have been
known to be important for regulating cellular energy balance and preventing cell death. They participate in signaling and
coordinate the polarization and function of immune cells to enhance antimicrobial defense, as well as mediate appropriate
inflammation.'"'

In recent years, mitophagy has become a key research focus in clinical disease pathogenesis.'®> According to research,
certain pathogens have the potential to initiate mitophagy, either through direct or indirect means, and modulate it
through diverse mechanisms, thus impacting the immune response of the host and influencing pathogen clearance. For
example, during Pseudomonas aeruginosa (P. aeruginosa) infection, the upregulation of microRNA-302/367 promotes
a PHB2-dependent mitophagy pathway, facilitating the clearance of P. aeruginosa and reducing inflammation by
downregulating NF-kB.'* Besides, the Edmonston B strain of the measles virus vaccine triggers mitophagy in infected
lung cancer cells of the non-small cell type, leading to decreased cytochrome ¢ (CYCS) release and consequently
inhibition of the pro-apoptotic cascade. The suppression of apoptosis through mitophagy facilitates viral infection.'”
Furthermore, transmissible gastroenteritis virus induces mitophagy and antioxidant responses in porcine intestinal
epithelial cells, suppressing oxidative stress and potentially enhancing cell survival and viral replication.'®

Like these pathogens, Mtb may also exploit mitophagy to regulate host immune responses, raising the following
questions: How does Mtb infection affect the process of mitophagy? What role does mitophagy play in Mtb infection?
Can mitophagy provide a new perspective for the treatment of tuberculosis? Given recent interest in mitophagy and
HDTs in TB research, it is crucial to explore how Mtb engages mitophagy and whether targeting this process could offer
an effective therapeutic strategy. Moreover, unlike broad HDT agents that risk systemic inflammation, mitophagy
modulation selectively bolster host defense processes while limiting collateral damage. Here, we discuss the potential
role and related signaling pathways involving mitophagy in the pathogenic stages of Mtb infection to date. We also
provide an in-depth analysis of potential therapeutic targets in combating Mtb through mitophagy, which may aid in the
development of new drugs targeting mitophagy.

Mechanism of Mitochondria and Mitophagy in Normal Cell Physiology
Mitochondria are multifunctional organelles that play a central role in cellular metabolism, acting as hubs for catabolic
processes, regulating cell proliferation, and orchestrating apoptosis. Notably, they produce roughly 90% of cellular
adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS).!” Beyond energy production, mitochondria
also orchestrate signal transduction and cellular responses, thereby encouraging the immune cells’ activation and
bolstering antimicrobial defenses. Mounting evidence demonstrates that mitochondria are involved in various processes
closely associated with the immune system.'?

As the first line of defense against external threats, the innate immune system uses pattern recognition receptors
(PRRs) to identify damage-associated molecular patterns (DAMPs) from cellular injury and pathogen-associated
molecular patterns (PAMPs) from invading pathogens.'® Mitochondria, believed to be descendants of ancient bacteria,
contain their genetic material.'® Mitochondrial DNA (mtDNA) harbors unmethylated CpG motifs and formyl peptides,
resembling bacterial features.”® Toll-like receptors 9 (TLR9) which is an intracellular or membrane-bound PRR can
detect bacterial or viral DNA by binding to unmethylated CpG motifs, triggering a sequence of pro-inflammatory gene
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activation.”’ Mitochondrial DAMPs, including mtDNA, mitochondrial ROS (mtROS), cardiolipin, CYCS, and mito-
chondrial Ca®", are key initiators of innate immune responses, responding to stimuli such as infections, tissue injury, and
genetic mutations.'®??

To maintain homeostasis, mitochondria undergo tightly regulated fission, fusion, and mitophagy, dynamically
remodeling their morphology, abundance, and distribution to stabilize the intracellular environment and ensure cellular
functionality. Mitochondrial fusion promotes energy synthesis during cellular proliferation through OXPHOS,* whereas
fission segregates damaged mitochondria for clearance.”* Together, these activities support mitochondrial quality and
balance and immune functions.**>** Mitophagy initiation is crucial for mitochondria quality control and holds promise as
a therapeutic strategy to mitigate cell loss and tissue damage.

By selectively removing damaged mitochondria, mitophagy inhibits DAMPs release, which can trigger inflammatory
responses>’ and also regulates key physiological processes such as regulating intracellular pH, degrading abnormal
proteins, facilitating energy metabolism, managing iron homeostasis, and promoting cell cycle control.***?® For
example, in the alveolar region of a murine pneumonia model caused by Staphylococcus aureus, mitophagy is
extensively stimulated, enabling pneumocytes to clear and renew damaged mitochondria, and thus promote cell
survival.”® The following sections will examine the molecular mechanisms involved in mitophagy and its role in Mtb
infection.

Mechanism of Mitochondria and Mitophagy in Mtb Infection

There exists a threshold for the role of mitochondria in maintaining homeostasis, yet once their function becomes
compromised, impaired mitophagy may lead to excessive activation of NLRP3 inflammasomes, thereby increasing
mortality in septic animals.”’ Mitochondrial function is significantly tied to their structural characteristics and distribu-
tion, both of which undergo changes following Mtb infection of macrophages.***! The virulence of Mtb strains further
influences mitochondrial morphology,*® impacting cell survival and the host’s capacity to eradicate Mtb.*° Mtb disrupts
mitochondrial function to its advantage by employing multiple virulence factors, many of which have mitochondrial
targeting sequences that enable manipulation of the host cell’s mitochondrial machinery, ultimately impairing mitochon-
drial processes.>® So how does Mtb cause mitochondrial dysfunction? We highlight some interesting findings in this field,
focusing on how Mtb infection of macrophages regulates host mitochondrial pathways such as apoptosis, ROS produc-
tion, mitochondrial dynamics and metabolic reprogramming.

Apoptosis

Mtb infection may induce macrophage death by disrupting mitochondrial function. When the bacterial load in macro-
phages surpasses a certain threshold, two main types of cell death that are observed include necrosis, which is typified by
cellular swelling and rupture, and apoptosis, which preserves cell membrane integrity. This process involves increased
lysosomal permeability, leading to the release of hydrolytic enzymes that promote Bax/Bak-independent mitochondrial
damage and necrosis, ultimately releasing CYCS and other pro-apoptotic factors.*-**

Avirulent Mtb species have consistently been observed to induce apoptosis more effectively than the pathogenic
H37Rv strain in primary cultures, humans and murine cell lines, and bone marrow-derived macrophages. Thus, an
interesting explanation is that virulent H37Rv strains are more likely to induce apoptosis, while virulent Mtb strains tend
to activate necroptosis, a form of cell death that favors the pathogen and facilitates its spread.’®> Furthermore,
differentially expressed microRNAs (miRNAs) are present in infected macrophages, capable of specifically targeting
the 3'-UTR of apoptotic genes, thereby modulating mitochondrial and death receptor pathways to regulate macrophage
apoptosis.®® Moreover, Mtb-associated proteins such as PknG and PtpA may indirectly contribute to the initiation of

apoptosis by inhibiting autophagosomes-lysosomes fusion and affecting mitochondrial function and stability.*”**

ROS

Mtb infection leads to the accumulation of mtROS. These ROS also infiltrate the phagosome from adjacent mitochondria,
exposing the resident Mtb to oxidative stress.”> Excessive ROS that Mtb cannot effectively neutralize results in the
activation of various immune responses, such as exogenous apoptosis and NLRP3 inflammasome activation, which in
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turn amplifies the local inflammatory response.>® However, other study concluded that NLRP3 activation may occur
independently of mtROS.*° Notably, while mtROS by acting as a DAMP contributes to the pathogenesis of Mtb even
though it possesses antibacterial properties. Host genetics and various signaling pathways also influence the regulation of
mtROS production during host’s response to Mtb infections.*' During the initial phase of Mtb invasion, ROS deficiency
results in heightened neutrophil inflammation and elevated levels of IL-1B.** Additionally, mice deficient in NAD"-
dependent protein deacetylase sirtuin 3 shows increased necrosis in bone marrow-derived macrophages (BMDM:s) and
elevated mtROS, correlating with increased bacterial load and macrophage death.***** The C-terminal region of the Mtb
outer membrane channel protein CpnT, which encodes the tuberculosis necrotizing toxin (TNT), possesses NAD"
glycohydrolase activity. Even though certain ROS produced in the course of Mtb infection operates independently of
TNT, removing the CpnT gene reduces ROS levels and prevents cell death upon infection.*> Some Mtb antigens
including the 38 kDa antigen and ESAT-6 are implicated in ROS generation that induces macrophage apoptosis*®*’
(Figure 1A). Increased ROS levels serve as an important antimicrobial effector, inhibiting Mtb replication and dis-
semination. However, Mtb can modulate host ROS production to evade immune responses.
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Figure | The molecular mechanism behind mitophagy in Mtb infection. (A) Mitochondria-associated Mtb proteins in an infected macrophage. Host macrophage is activated
by sensing a wide range of bacterial proteins primarily through various receptors, such as TLR2. LpqH and PE_PGRS33 interact with TLR2 to enter cells (I). LprG induces
mitochondrial fission. On the contrary, PE_PGRS33 promotes mitochondrial fusion (2). ESAT-6 could disrupt Ca** homeostasis that spirals into a disturbance in Ca?*
homeostasis of mitochondria with an increase in mitochondrial matrix Ca®" leading to the loss of mitochondrial membrane potentials (3). ESAT-6, a virulence factor of
M. tuberculosis, enhances ROS production via the AKT/mTOR signaling pathway. The increased ROS can directly stimulate mitophagy or indirectly induce HIF-la
expression, which in turn activates the HIF-10/BNIP3 axis to drive mitophagy (4). The generation of mtROS activates NLRP3 inflammasome, which in turn can induce
further mtROS generation, thereby triggering cytokines (5). Heparin-binding hemagglutinin (HBHA), a major secreted antigen during Mtb infection, localizes to mitochondria
and is associated with apoptosis and autophagy (6). (B) Mitophagy pathway dependent on ubiquitin in Mtb infection. During Mtb infection of macrophages, Mtb-containing
vacuoles are target by Parkin with Ké3-linked polyubiquitin, which is required for specific recruitment of the autophagy adaptors p62 to Mtb vacuoles. Concomitantly,
Smurfl targets Mtb vacuoles with K48-linked polyubiquitin which is required for specific recruitment of the proteasome to Mtb-containing vacuoles. TRIM family interact
with key autophagy regulators ULK| and Beclinl. TRIM32-triggered autophagy response to Mtb infection is associated with NDP52, and TRIMI6 binds to galectin-3 and
promotes Mtb ubiquitination and autophagosome engulfment. Adapter proteins are accumulated in the outer mitochondrial membrane after the ubiquitination, leading to
ubiquitylated cargo recruited into autophagosomes by binding to LC3. The process of Smurfl-dependent proteasome and TRIM family recruitment to Mtb phagosomes in
antimycobacterial autophagy is unknown. (C) Mitophagy pathway independent on ubiquitin in Mtb infection. BNIP3/NIX are multifunctional mitochondrial outer membrane
proteins primarily involved in the ubiquitin-independent pathway of mitophagy. BNIP3/NIX sense distinct extra-/intracellular signaling to recruit autophagosomes by directly
binding with LC3, via their LIR motif (I). Or it is possible that BNIP3/NIX may binding to Bcl-2 family proteins (including BCL2 and BCL-xL), which disrupts the BCL2-Beclin|
complex and releases Beclin-1, and also by repressing mTOR or regulating the production of ROS to activate mitophagy (2). The mature autophagosomes subsequently fuse
with lysosomes to form the autophagolysosomes, where the mitochondria are degraded. Created in BioRender. Gao, (S) (2025) https://BioRender.com/p44hzi9.
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Metabolic Reprogramming

Metabolic reprogramming is the adaptive modifications in cellular energy production and utilization processes to
optimize functionality in reaction to particular environmental signals or challenges.*® During Mtb infection, host cell
metabolism is often altered, and this metabolic reprogramming may affect glycometabolism, lipid metabolism and
OXPHOS, promoting rapid proliferation and effector functions by utilizing mitochondria to produce citrate succinate,
fatty acid and ATP. These effects in neutrophils and macrophages are particularly pronounced.*’ Previous studies have

reported that Mtb infection triggers metabolic reprogramming in macrophages,*®>°

which is considered a strategic host
response. This response results in a marked up-regulation of glycolysis and down-regulation of OXPHOS, promoting
macrophage differentiation into the M1 state. The primary source of energy for M1 macrophages is glycolysis, which
produces energy quickly and gathers metabolites needed for synthesizing prostaglandins, nitric oxide (NO), ROS, and
inflammatory mediators. This metabolic reprogramming during Mtb infection is thought to facilitate a protective immune
response. Furthermore, glycometabolically enhanced M1 macrophages are believed to be better control of Mtb

infections*®!

as they produce ATP and intermediates necessary for the synthesis of pro-inflammatory cytokines and
antimicrobial peptides.’® Moreover, resistance mutations in Mtb can drive different metabolic reprogramming pathways,
enhancing the ability to survive in host cells.” For instance, a rifampicin-resistant Mtb strain with the H445Y mutation

was found to modify host metabolic reprogramming and alter subsequent immune responses.”*

Mitochondrial Dynamics
The remodeling of host cell metabolism can significantly impact mitochondrial function. Mtb infection may indirectly
influence mitochondrial dynamics by altering the host cell’s metabolic state, which also encompasses responses,
including changes in mitochondrial structure, morphology, and bioenergetics.® Mitochondrial dynamics, involving fission
and fusion, are mainly directed by mitofusins (MFNs) and dynamin-related protein 1 (DRP1).*> A study by Ning et al
indicates that MFN1-drived mitochondrial fusion enhances ATP production and augments the bactericidal activity of
macrophages against Mtb through enhanced autophagy.”” Lee et al revealed that MFN2 holds a key role in mitochondria
disruption and inhibition of Mtb growth within macrophages.’® Mitochondrial dynamics are critical for regulating
mitochondrial bioenergetics and other cellular processes including autophagy. In addition, Mtb virulence factors affect
the metabolism of host cells by regulating mitochondrial kinetics. For example, LprG induces mitochondrial fission,
which may support pathogen survival by reducing the host cell’s energy status. In contrast, PE_PGRS33, inducing
mitochondrial fusion, may help maintain cellular metabolic activity”’ (Figure 1A).

ROS overproduction, metabolic reprogramming, and imbalance of mitochondrial dynamics induced by Mtb infection
do more than mark organelle dysfunction; they serve as the alarm signals of mitophagy. How, then, do these cues enlist
the mitophagy pathways? In the next section, we explore the principal mitophagy pathways in Mtb infection.

Mitophagy in Mtb Infection and New Targets for Anti-Tuberculosis
The Ubiquitin-Dependent Mitophagy Pathways

PINK1, an enzyme with serine/threonine kinase activity, typically resides within the inner mitochondrial membrane.
Under conditions of normal mitochondrial membrane potential, PINK1’s mitochondrial-targeting sequence (MTS) with
positive charge facilitates its import into the mitochondrial matrix, where it undergoes stepwise cleavage. In impaired or
depolarized mitochondria, PINK1 accumulated on the outer mitochondrial membrane (OMMSs) and phosphorylates
ubiquitin (Ub) molecules at S65.5%%°

Upon Mtb infection of macrophages, the pathogen utilizes its primary virulence factor, the type VII secretion system
ESX-1, to promote phagosome penetration.®® ESX-1-mediated permeabilization of the phagosome permits entry of the
ubiquitination machinery, enabling ubiquitination of Mtb-containing phagosomes, as observed in infections involving
both Salmonella®-®* and Mtb.*> Additionally, it is possible that segments of the Mtb surface can also undergo
ubiquitination.®*-**

Subsequently, PINK1, as a detector for mitochondrial damage, phosphorylates OMM protein, recruiting additional
Parkin into the mitochondria and generating more ubiquitin chains.®>®” Ubiquitin chains on their own do not interact
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with isolated autophagic membranes or ATGS8 family proteins attached to those membranes. As a result, when ubiquitin
binds to phagosomes harboring Mtb, it attracts autophagy adaptor proteins, such as SQSTM1/p62, Optineurin (OPTN),
CALCOCO2, Tax! binding protein 1 (TAX1BP1), and NBR1 autophagy cargo receptor (NBR1), which facilitate their
recognition via ubiquitin-binding domain (UBD), and then interaction with MAP1LC3 (microtubule associated protein 1
light chain 3) through an LC3 interacting region (LIR). This linkage directs autophagy substrates to ubiquitinated Mtb or
Mtb-containing compartments including Mtb-containing phagosomes, autophagosomes, phagolytic lysosomes, and
autophagolytic lysosomes.**® Impaired or depolarized mitochondria are eventually encapsulated by autophagosomes
and digested by lysosomes’®’" (Figure 1B).

E3-Ub Ligase PRKN, SMURFI and TRIM Family Confer Innate Defense Against Mtb

Parkin, an E3-Ub ligase, is found in the cytoplasm, and contains a ring finger protein 1 domain that interacts with
phosphorylated Ub, thereby leading to Parkin activation and subsequent conformational changes.”? Following activation,
Parkin ubiquitinates enhances E3 ligase function and affinity to promote the attraction of phosphorylated Ub, and orchestrates
ubiquitination of various OMM proteins including voltage-dependent anion channel-1 (VDACI1), MFN1 and MFN2 on the
surface of mitochondria, and enhancing mitophagy. During Mtb infection, Park2-/- cells were defective conversion of LC3
into its lipidated form LC3-II, indicating the necessity of Parkin for effective autophagy of mycobacteria.”” In Parkin-deficient
macrophages, K63-linked ubiquitination of organelles harboring Mtb is impaired, further demonstrating that Parkin’s essential
role in K63-dependent ubiquitination in Mtb-infected macrophages’ (Figure 1B).

Recent studies have revealed that Parkin modulates MFN2-mediated mitochondrial degradation, thereby impacting
the intracellular survival of Mtb through apoptotic pathways.’® Beyond Parkin’s role in promoting K63-linked ubiqui-
tination and recruiting autophagy adaptor proteins, other E3-Ub ligases drive the ubiquitination event: SMAD-specific E3
ubiquitin protein ligase 1 (Smurfl) and the tripartite motif (TRIM) proteins 16.°"* Specifically, Smurfl, as a well-
conserved HECT E3-Ub ligase, facilitates the ubiquitination of multiple substrates, marking them for proteasomal
degradation.”>”® Tt is essential for regulating various biologically important processes such as cell growth and migration,
immune response, bone morphogenesis, and embryonic development.”” Smurfl has also been implicated in the regula-
tion of mitophagy.”®

Smurfl mediates selective autophagy, particularly through K48-linked ubiquitination, to regulate the degradation of
Mtb within host cells (Figure 1B). Additionally, this study reveals that Smurfl works in concert with Parkin, utilizing
distinct ubiquitin linkages to jointly mediate the selective autophagy of Mtb. Increased growth of Mtb is observed not
only in cells doubly knockout for Smurfl and Parkin but also in Smurfl-deficient mice model and human primary
macrophages.®® In addition, similarly to Smurfl, HECT-type E3-Ub ligases NEDD4-1 also enhances autophagy and Mtb
clearance.”’

The tripartite motif (TRIM) proteins are a large family of ubiquitin ligases, and many of them function as E3
ubiquitin ligases that influence the autophagy process at various stages.”* Among them, TRIM16 mediates Mtb
ubiquitination and autophagosome phagocytosis though attaching to Galectin-3.%° TRIM27 has been identified as a host-
protective factor that enhances autophagy flux against Mtb independent of E3 ligase activity.®' TRIM32 was found to
protect against Mtb by supporting the recruitment of Beclin-1 for autophagosome formation and by ubiquitination-
mediated phagocytosis of Mtb autophagosomes (Figure 1B). And, its expression in THP-1 cells leads to increased Mtb
growth, which was associated with impaired ubiquitination of Mtb and impaired formation of autophagosomes.** Given
their capacity to regulate protein stability and function with high substrate specificity, E3-Ub ligases represent highly
attractive candidates for pharmacological targeting. In the field of oncology and diabetic nephropathy, several researches
have explored the role of ubiquitination in targeted drug development and disease treatment.’***** The development of
selective inhibitors targeting specific E3-Ub ligases has emerged as a critical area of focus, particularly for the
membrane-associated RING-CH family of E3 ligases® and F-box only protein 38 (FBXO038), which regulates the
proteasomal breakdown of programmed cell death protein 1.%¢*” The role of Parkin, Smurfl and TRIM in Mtb-induced
mitophagy is now well recognized, but the specific molecular mechanisms by which these E3-Ub ligases regulate
mitophagy and the specific substrates during Mtb infection deserve further investigation.
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Considering the intriguing role of E3-Ub ligases in host innate defense against Mtb, the development of modulators of
E3-Ub linker activity that increase ubiquitination of intracellular pathogens represents an innovative and largely
unexplored approach. This strategy holds significant potential to leverage ubiquitin-mediated mitophagy as a means to
promote Mtb clearance.

The Ubiquitin-Independent Mitophagy Pathways

In addition to Ub-dependent mitophagy, a number of mitophagy receptor proteins, such as BCL2 interacting protein 3
(BNIP3), BCL2 interacting protein 3 like (BNIP3L/NIX),*® FUN14 domain containing 1 (FUNDC1),* BCL2 like 13
(BCL2L13),”° and FK506 binding protein 8 (FKBP8)?' and NOD-like receptor X1 (NLRX1)*? possess a unique capacity
to interact with processed LC3. These receptors function by anchoring to the OMM and interacting directly with LC3,
thereby triggering mitophagy independently of ubiquitin. Notably, NLRX1 has emerged as a new mitophagy receptor
found in Listeria monocytogenes. Its virulence factor listeriolysin O (LLO) induces the oligomerization of NLRX1,
facilitating the interaction between the LIR motif and LC3, thus initiating mitophagy.”® Although no ubiquitin-dependent
mitophagy appears to play a key role in cellular maturation and specialization, BNIP3/NIX-mediated mitophagy is of
particular important in TB. As mentioned above, the most well-recognized mechanism by which BNIP3/NIX-mediated
mitophagy is through interactions with ATGS8 family proteins, through which BNIP3L attracts autophagosomes to
targeted mitochondria.””> However, there may be other potential mechanisms underlying BNIP3/NIX-mediated mito-
phagy in Mtb-infected macrophages. Due to resulting mitochondrial malfunction, BNIP3/NIX may induce ROS genera-

tion, thereby activating mitophagy,”>**

or competes with Beclin-1 for binding to BCL-xL, disrupting the BCL2—Beclinl
complex and releasing Beclin-1 to activate mitophagy”” (Figure 1C). The same seems to be true in macrophages infected
with Mtb.” Initially perceived as distinct from the ubiquitin-dependent PINK 1/Parkin pathway, the BNIP3 and BNIP3L
mitophagy pathways have now been shown by recent studies to be tightly regulated together. For example, NIX can
participate in the Parkin-regulated mitophagy by serving as a substrate for Parkin via ubiquitination. In addition, BNIP3
also interacts with PINKI1, promoting its accumulation on the OMM, which facilitates Parkin’s translocation to

mitochondria and triggers mitophagy to remove destroyed mitochondria®® (Figure 1C).

BNIP3/NIX Plays a Key Role in the Regulation of Mitophagy During Mtb Infection
BNIP3 and its highly similar protein, BNIP3-like (BNIP3L), also known as NIX, are mitochondrial OMM proteins. They
carry an atypical BCL2-homology 3 (BH3) domain that mediates hypoxia-induced apoptosis. BNIP3 and NIX not only
involve in cell death while also triggering autophagy.”® Further investigations have indicated that the mitophagy
pathways driven by distinct among BCL-2 family members, since it has been found that neither Bax/Bak, Bim, nor
PUMA are required for mitophagy.’® Nevertheless, while BNIP3/NIX may operate through distinct mechanisms, they are
functionally interconnected.”

Functionally, BNIP3/NIX-mediated mitophagy plays a crucial role in the regulation of mitochondrial mass. During
erythrocyte maturation, NIX-mediated mitophagy is upregulated to facilitate the complete removal of mitochondria,”®
and a significant decrease in mitochondrial mass is observed during embryonic retinal neuron differentiation.”” Besides,
BNIP3 triggers mitochondrial swelling and increases membrane permeability via the Bax/Bak pathway. Cells over-
expressing BNIP3 exhibit loss of mitochondrial electrical potential and activation of permeability transition channel.”®
During Mtb infection, mitophagy is induced in macrophages, with strong upregulation of BNIP3/NIX.”” Comparative
RNA sequencing analysis of peripheral blood mononuclear cells (PBMC) from TB patients reveals that Mtb infection
disrupts multiple metabolic routes and upregulates the expression of BNIP3/NIX within the mitophagy pathway.
Knockdown of NIX not only inhibits glycolysis and mitophagy, but also significantly impairs the secretion of inflam-
matory mediators such as TNF-a, IL-6 and IL-1f, which are essential for bacterial clearance. These observations imply
that modulation of BNIP3/NIX-mediated mitophagy facilitates host resistance to Mtb through multiple pathways.”® The
similar phenomenon has been observed in the study conducted by Lee et al. On the one hand, upregulation of BNIP3 is
required to induce mitophagy, while on the other hand, downregulation of BNIP3 inhibits mitophagy, resulting in
increased mROS generation and decreased Mtb survival. This manner may be achieved through activation of the HIF L a-
BNIP3 axis.”® In renal fibrosis, HIF1 a-BNIP3-mediated mitophagy guards against hypoxia-triggered injury of renal
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epithelial cells by inhibiting mtROS and preventing activation of NLRP3 inflammasome.'® Additionally, the Chinese
medicine baicalein inhibits pyroptosis induced by Mtb by promoting autophagy and downregulating AIM2 and NLRP3
protein levels.'®" These findings suggest that mitophagy-directed drugs could be used as an adjunctive treatment for TB
by both modulating immune function and enhancing host antimicrobial resistance.

Additional studies on various cell types indicate that BNIP3 activation leads to mitochondrial dysfunction and
increased ROS generation.'”> Zhu et al thought that BNIP3-induced mitophagy functions as a defense mechanism
against mitochondrial malfunction in response to lactate by controlling ROS production.'® These findings suggest
a close link between BNIP3 and ROS generation, with both contributing synergistically to mitophagy in response to Mtb
infection. Moreover, BNIP3 has been shown to promote mtROS production in Mtb-infected macrophages and suppressed
Mtb intracellular survival through the production of pro-inflammatory cytokine.”® Thus, BNIP3 emerges as a critical
factor in the host’s ability to control intracellular Mtb. Meanwhile, BNIP3 represents a promising candidate for targeted
therapeutic interventions in TB.

In contrast to the above studies, Song et al demonstrate that Mycobacterium bovis (M. bovis) employs mitophagy
mechanism to promote its own survival.'® M. bovi-induced PINK1-dependent mitophagy demands phosphorylated
TBK1 (pTBK1), that is significant for bacteriophagy.'® Thus, the competitive utilization of pTBK1 between mitophagy
and phagolysis contributes to Mtb evasion of degradation mechanisms. Furthermore, M. bovis-induced mitophagy is
affected by PINK1 knockdown.'® However, analysis of gene expression in TB patients revealed that PINK1/Parkin
pathway genes are not significantly upregulated.”” Instead, NIX and BNIP3 expression is markedly increased in PBMCs
and THP-1 cells.”® Although the differences between Mtb- and M. bovis-mediated mitophagy require further exploration,
current evidence suggests that BNIP3/NIX-mediated mitophagy plays a predominant role in Mtb-infected macrophages.

Regarding drug development, an antibiotic called thiopeptide has been shown potent antibacterial activity against
Mtb, and to induce mitophagy i independently of bacterial protein translation inhibition. However, this autophagy does
not appear to be significant to Mtb clearance.'® Excitingly, a small-molecule agonist, imiquimod, can help clear Mtb in
macrophages by enhancing BNIP3-induced mitophagy. Imiquimod also enhances mitophagy by inducing mtROS
production.'®® Although imidazoquinoline derivatives, known as TLR7 agonists, are effective in inducing autophagy
to inhibit tumor growth,'®’ their antitumor and pro-inflammatory effects may be independent of TLR7 activation. While
there is no direct evidence that TLR7 is required for mitophagy, autophagy triggered by TLR signaling may contribute to
anti-tuberculosis activity. Findings also suggest that imiquimod enhances mitophagy through interaction between BNIP3
and Beclin-1, thereby limiting Mtb survival. This study provides crucial insights into the potential of BNIP3/NIX-
mediated mitophagy as a therapeutic target for Mtb clearance.'”” Presently, there exists no definitive proof of
a fundamental role for BNIP3/NIX in particular disease nor are there clinical approaches targeting BNIP3/NIX.
However, we believe that BNIP3/NIX-mediated mitophagy is essential for controlling Mtb replication.

Challenges and Future Perspectives

Given the rise of drug resistance, host-targeted therapies (HDTs) are emerging as promising adjuncts aimed at mitigating
host pathology and enhancing immune response, particularly by restoring mitochondrial health. This study provides
preliminary evidence supporting the advancement of mitochondrial function as a feasible HDT strategy. However, the
crucial question remains whether targeting human mitophagy can modulate beneficial immune responses in tuberculosis?
The current literature lacks consensus on this question, with conflicting perspectives regarding its implications. While
mitophagy has the potential to confer protective effects by removing damaged mitochondria and contribute to innate
immunity through mechanisms like ROS release, but when overactivated or improperly regulated it may cause cellular
dysfunction and death, and even facilitate pathogen immune evasion.

Mitophagy is a key upstream regulator of host cell fate and cell death, with profound implications for HDT.
Analogous evidence from other infectious models reinforces this concept. In influenza-infected mice, mitophagy-
mediated reduction of mROS suppresses NLRP3 inflammasome activation, alleviating inflammatory lung lesions.'*®
Purple sweet potato anthocyanins (PSPAs) activate the NRF2 pathway to enhance PINK1/Parkin-mediated mitophagy,
which attenuates Klebsiella pneumoniae-induced pyroptosis in alveolar macrophages and reduces lung injury and
inflammation in infected mice.'” Conversely, dengue virus (DENV) and hepatitis B virus (HBV) both exploit mitophagy
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to prolong host cell survival, facilitating viral replication and persistence.''®!"! In the rice gall dwarf virus (RGDV)
vector, the Pnsll protein interacts with VDACI to activate PINK1/Parkin-mediated mitophagy, suppress excessive
apoptosis, and enable ongoing infection.''? These examples demonstrate that mitophagy’s role varies dramatically across
infection contexts: protecting the host from inflammatory and necrotic death in some cases, yet being hijacked by
pathogens to delay apoptosis and promote their own survival in others. Future research must elucidate how mitophagy
regulates distinct forms of regulated cell death including apoptosis, pyroptosis, necroptosis, and ferroptosis, to guide the
development of more precise and effective HDT.

Moreover, many researches have shown that BNIP3 plays complex roles across a range of diseases, including tumor,
neurodegenerative diseases, and acute brain injury. BNIP3 fulfills a twofold function in the context of cancer: on the one
hand, it has been shown to support tumor cell survival; on the other hand, it may also act as an inhibitor.''*"''® Research
into glioma cells revealed that BNIP3L is indispensable for the cell death induced by the naturally occurring substance
AT 101.""® Concurrently, another research discovered that the breakdown of endogenous BNIP3L facilitated the viability
of Ewing sarcoma cells.''” On the other hand, BNIP3 has also been implicated in promoting tumor aggressiveness. In
advanced tumors, such as cervical and breast cancers, BNIP3 expression is often upregulated, suggesting that it plays
a role in supporting tumor progression.''®*!'” In contrast, high BNIP3L levels in murine pancreatic intraepithelial
neoplasia organoids are associated with delayed progression of pancreatic ductal adenocarcinoma,'?® indicating that
BNIP3L-mediated mitophagy may promote tumorigenesis. Additionally, in acute brain injury, BNIP3 can mitigate
cerebral damage by promoting protective mitophagy.'?' This duality also extends to neurodegenerative disorders such
as Parkinson’s disease and acromegaly, where BNIP3L accelerates disease progression.'?*'** These impacts might be
connected to the various diseases’ distinct metabolic settings, but the exact mechanisms remain unclear. From this
understanding, several questions arise: What are the molecular determinants that modulate BNIP3’s dual role across
different types of tumors and neurological conditions? How do oncogenes and specific metabolic conditions influence
BNIP3-mediated mitophagy, and how can these pathways be therapeutically manipulated to yield positive outcomes?
Additionally, could targeting BNIP3/NIX provide a synergistic approach when combined with other therapeutic strate-
gies, such as immune checkpoint inhibitors or metabolic modulators? Addressing these questions will be essential to fully
elucidate the potential of BNIP3/NIX as a therapeutic target and to understand how its activity can be harnessed or
mitigated in different pathological contexts.

E3 ubiquitin ligases have also emerged as potential therapeutic targets for combination immunotherapy. However,
their clinical utility remains limited by issues such as resistance and adverse effects in cancer treatment.'** Given the
complexity and ubiquity of ubiquitin-mediated regulatory processes in cellular biology, targeting E3 ligases for
immunotherapy may lead to unintended consequences on normal physiological functions. While preclinical data suggest
that E3 ligases could be exploited therapeutically in TB, results from in vivo studies might be less promising, and
significant challenges remain in translating these findings to clinical application.

Moreover, since mitophagy is typically studied under condition of significant mitochondrial disruption within cultured
cells, it is crucial to explore these pathways under conditions that closely mimic physiological environments, with
understanding their temporal and spatial regulation. To benefit the patient, it is essential to consider how host-targeted
interventions impact every kind of cell and tissue, influence systemic responses, and affect the entire progression of the
infection. Consequently, positive outcomes at the cellular level could be offset by harmful systemic effects affecting
various responses, and the reverse may also occur. Furthermore, interventions that are beneficial at one stage of the
infection, such as early in the inflammatory process, may no longer be beneficial during later stages. Therefore, careful
consideration of the timing and duration of HDT administration is essential to maximize therapeutic efficacy and
minimize risks. While advancements in our understanding of mitophagy in Mtb infection have been made, numerous
gaps in knowledge persist.

The utilization of HDT drugs aimed at enhancing mitophagy represents a promising approach to enhancing
tuberculosis treatment outcomes, potentially extending to the management of drug-resistant strains. However, compre-
hensive understanding of the underlying mechanisms remains limited. Research into mitophagy in the field of tubercu-
losis is also at an emerging stage. Consequently, more relevant studies are necessary in the future to confirm the efficacy
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and feasibility of current HDT drugs as adjuvants to conventional chemotherapy and to identify novel HDT drugs that

target mitophagy in TB treatment.
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