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Mycobacterium tuberculosis (Mtb) modulates diverse cell death pathways to escape the host immune responses and

favor its dissemination, a complex process of interest in pathogenesis-related studies. The main virulence factors of Mtb

that alter cell death pathways are classified according to their origin as either non-protein (for instance, lipomannan) or

protein (such as the PE family and ESX secretion system). The 38 kDa lipoprotein, ESAT-6 (early antigen-secreted protein

6 kDa), and another secreted protein, tuberculosis necrotizing toxin (TNT), induces necroptosis, thereby allowing

mycobacteria to survive inside the cell. The inhibition of pyroptosis by blocking inflammasome activation by Zmp1 and

PknF is another pathway that aids the intracellular replication of Mtb. Autophagy inhibition is another mechanism that

allows Mtb to escape the immune response. The enhanced intracellular survival (Eis) protein, other proteins, such as

ESX-1, SecA2, SapM, PE6, and certain microRNAs, also facilitate Mtb host immune escape process. 
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1. Introduction

Mycobacterium tuberculosis (Mtb) is a member of the Mycobacterium tuberculosis complex (MtbC) and the primary

causative agent of tuberculosis (TB) in humans. Mycobacterium africanum and Mycobacterium bovis also induce TB in

humans under specific conditions, such as immunosuppression . According to the World Health Organization (WHO),

despite a reduction in the number of new TB cases in 2020 and 2021, the last WHO report (2022) showed an increase in

TB-related deaths. This observation could possibly be attributed to the overestimation of the TB reduction, mainly due to

undiagnosed TB due to disrupted access to TB diagnosis as a consequence of the COVID-19 pandemic .

Mtb is an intracellular pathogen, mainly infecting the respiratory tract; initially, it specifically infects resident alveolar

macrophages (AMs) and replicates to survive intracellularly by avoiding the host immune response . The innate immune

cells in the lungs are the earliest defenders; they engulf the pathogen, degrade it, and regulate inflammation, whereas

adaptive immune cells, such as CD4 and CD8 T cells, engage in the defense through an antigen-specific T cell response

.

Cell death is an active process that critically regulates embryonic development, maintaining tissue homeostasis and

eliminating damaged tissue and potentially harmful cells . Although cell death is considered generally destructive, it is

also a defensive process to preserve homeostasis. However, simultaneously activating several types of cell death could

be detrimental to the organism that can be attributed to the induction of a hyper-inflammatory process .

Some Mtb antigens block apoptosis and activate other cell death pathways, such as necrosis, which allow its spread,

thereby modulating cell death as a survival mechanism . Currently, how Mtb leverages cell death to evade the host

immune response is not entirely understood. However, a growing body of evidence indicates that virulence is a critical

determining factor in the type of cell death triggered or inhibited by Mtb .

2. Mtb Virulence Factors: Who Are Involved in Disturbing Cell Death?

Virulence is the ability of a pathogen to cause disease . To define Mtb virulence, the following factors should be

considered: (1) the ability of a bacterium to avoid the host’s immune response; (2) its capacity to cause lung damage; and

(3) its successful transmission to infect a new host .

Unlike other pathogens, such as Vibrio cholerae or Corynebacterium diphtheriae, Mtb does not use toxins and enzymes,

which are the typical virulence factors; instead, several virulence-associated genes compensate for them .
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Mycobacterial virulence factors can be divided based on their nature into (a) non-protein molecules, such as lipids,

sugars, and (b) proteins. The following Mtb molecules can modify cell death pathways:

2.1. Non-Protein Virulence Factors

Lipids, glycolipids, glycans, nucleic acids, and metabolites are included in this group; many are vital cell surface

components involved in host–pathogen interaction, recognition, intracellular survival, and virulence .

Major Non-Protein Virulence Factors Inside the Cell Wall

Mtb has a lipid-rich envelope essential for its survival and virulence . The mycobacterial cell wall contains up to 60%

lipids , and many cell wall components that are secreted, shed, or localized on the bacterial surface, interact with the

host cells . Before describing how virulence factors modulate the cell death pathway, a brief description of the more

abundant non-protein ones is provided below:

Phosphatidyl-myo-inositol mannosides (PIMs) are the most abundant glycolipids in the mycobacterial cell envelope and

are precursors of lipomannan (LM) and lipoarabinomannan (LAM) . The PIMs comprise variable numbers of

mannose units and levels of acylation. Virulent species possess PIMs with five or six mannoses that bind to the

mannose receptor (MR), contributing to macrophage uptake. A few of the mannoses also interact with the dendritic cell

(DC)-specific intercellular adhesion molecule-3-grabbing non-integrin DC-SIGN from DC . Acyl phosphatidyl-myo-

inositol dimannoside (AcPIM2) is a part of the inner membrane in most mycobacterial species, and AcPIM6 is involved

in maintaining cell envelope integrity ;

LM is a multi-glycosylated lipid or polymannosylated PIMs, which is the basic structure of LAM. LM efficiently activates

the innate immune response via a tetra-acylated form that activates macrophages through toll-like receptor-2 and 4

(TLR2 and TLR4, respectively). In contrast, its di-acylated form regulates and inhibits nitric oxide (NO) production and

cytokine secretion in activated macrophages ;

LAM is a glycolipoconjugate composed of LM bound to multiple arabinose residues. When LAM acquires extra and

random formation of mannose-capped LM, it is called ManLAM. An addition of phosphoinositol-capped LM makes it

known as PILAM, and uncapped or arabinofuranosyl-terminated LM makes it AraLAM. PIMs, LM, LAM, and ManLAM,

are recognized by specific receptors, expressed on the cell surface of antigen-presenting cells, such as MR, DC-SIGN,

and dendritic cell activating receptor (DCAR), facilitating Mtb uptake into host cells . Indeed, the diversity in Mtb

mannosylated cell walls alters its virulence, affecting pathogeny and host adaptation ;

Phthiocerol dimycocerosates (PDIM) are lipids present on the outer leaflet of the outer membrane that may be secreted

or shed from mycobacteria. PDIM promotes Mtb’s evasion of TLR-mediated pathogen detection, delaying the

recruitment of immune cells and adaptive responses to the infection site . In addition, PDIM has been suggested to

be crucial for phagocytosis and in the rupture of phagosomes and mitochondrial membranes .

2.2. Protein Virulence Factors

Along with abundant lipids, the Mtb cell wall also contains proteins that directly affect the host’s immune response. Various

reports have shown that protein families, such as PE, PPE, and lipoproteins, alter the host immune response. The effects

include modulating cytokine production and arresting phagosome maturation, phagosome escape, autophagy, and cell

death .

3. Cell Death Mechanisms Activated by Mtb Virulence Factors: The Good
and the Bad

Cell death was initially classified into three main types based on morphological, biochemical, and immunological criteria:

type I (apoptosis); type II (autophagy); and type III (necrosis) . Currently, novel types of cell death are characterized by

a more integrative profile, including trigger stimuli, molecular mechanisms, and morphological, enzymological, and

immunological characteristics.

In 2018, the Nomenclature Committee on Cell Death (NCCD) proposed a new classification based on the mechanistic

aspects of regulated cell death (RCD) and a definition based on the molecular and essential aspects. Some of these cell

death types include intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability transition (MPT)-driven necrosis,

necroptosis, ferroptosis, pyroptosis, autophagy-dependent cell death, parthanatos, endothelial cell death, NETotic cell

death, lysosome-dependent cell death, immunogenic cell death, cellular senescence, and mitotic catastrophe .
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Intriguingly, the molecular mechanisms involved in each RCD type have a considerable degree of interconnectivity,

sharing key mediators. The novel signaling pathways involved in RCD are still being characterized.

Apoptosis and necrosis can be considered as light and shadows in the immune response. Apoptosis is a “double-edged

sword“ for the host because Mtb can inhibit or activate apoptosis for its benefit. Grover et al. showed that apoptosis

disseminates Mtb infection in lung granulomas during later stages . Necrosis enhances bacterial replication and

facilitates reinfection .

Recently, it was reported that Mtb virulence factors block molecules of the BCL-2 family to inhibit conventional apoptosis.

Moreover, it also simultaneously alters the levels of molecules involved in inducing apoptosis (related to RE stress),

necroptosis, and pyroptosis; thus, this phenomenon might possibly be a strategy for Mtb to survive .

3.1. Apoptosis

Apoptosis is a highly regulated cell death process, wherein a broad definition of molecular mechanisms allows it to be

classified as type I cell death. It is characterized by cytoplasmic contraction, confinement of cytoplasmic contents,

chromatin condensation (pyknosis), nuclear fragmentation (karyorrhexis), and blebs in the plasma membrane, forming

tiny, apparently intact vesicles (known as apoptotic bodies) that can be removed by phagocytosis . Furthermore, the

nature of the stimuli may trigger two different apoptotic pathways, the extrinsic and intrinsic (or mitochondrial) pathways,

with convergence, overlap, and synergism in different steps, mainly in the effector caspases .

The factors initiating the intrinsic pathway include cytotoxic stresses, such as radiation, toxins, hypoxia, reactive oxygen

species, virus infection, and cytokine deprivation . Extracellular alterations induce the extrinsic pathway, where cell-

surface death receptors, such as FAS (also CD95 or APO-1), members of the TNF receptor superfamily , and

dependence receptors (such as netrin receptors DCC and UNC5B) trigger apoptosis in the absence of ligands .

Extrinsic apoptosis mediated by the oligomerization of death receptor signaling may occur in two ways: (a) caspase-8/-10

activation, leading to caspase-3 activation to cleave critical proteins for cell survival and DNA fragmentation ; and (b)

caspase-8 activation leading to BID cleavage and mitochondrial outer membrane permeabilization (MOMP) induction. It

has also been suggested that extrinsic apoptosis mediated by dependent receptors leads to the activation of caspase-9

and caspase-3 .

After ligand-death receptor interactions, monomeric caspase-8 is recruited through its death-effector domain (DED) to the

death-inducing signal complex (DISC) in the cytoplasmic domain of the death receptor . In addition, a conformational

change allows the association of the adapter protein FAS-associated death domain (FADD) or TNF receptor-associated

death domain (TRADD), leading to caspase-8 dimerization and activation of effector caspases, thereby impacting the

methods previously described to induce cell death . Caspase-8 autocleavage is essential for apoptosis; however, this

process also inhibits necroptosis and affects lymphocyte homeostasis via the RIPK3/ mixed lineage kinase domain-like

protein (MLKL) signaling axis .

In the intrinsic apoptosis, the BH3-only proteins activate the Bcl-2 family members BAX and BAK, leading to MOMP,

impact on loss of mitochondrial transmembrane potential (ΔΨm), and induce release to cytosol apoptotic mitochondrial

factors, such as cytochrome c, which interacts with Apaf-1 (Apoptotic protease activating factor-1) via their WD domain.

This interaction induces conformational changes to induce APAF-1 oligomerization and interaction with dATP. Apaf-1-

CARD domains are exposed in the apoptosome complex to recruit and activate initiator caspase-9. The assembly of

CARD domains occurs in two kinds of complexes depending on apoptosome localization, which stimulates caspase-9

catalytic activity and suppresses inhibitory CARD activity in free caspase-9 . Some pro-apoptotic proteins, such as

SMAC and OMI, may be released by MOMP, inhibiting the caspase inhibitor XIAP (X-linked inhibitor of apoptosis protein).

Generating tBID (a BH3-only protein) by caspase-8 may link the intrinsic and extrinsic apoptotic pathways. However, tBID

may promote MOMP, and proapoptotic factors are released independently of BAX and BAK but positively impact SMAC

.

3.2. Necrosis

Necrosis is considered to be a form of accidental cell death induced by pathological or physiological conditions, such as

heat shock, mechanical stress, oxidative stress, inhibition of caspase activity, reduced levels of ATP, and radiation. This

process encompasses several cell death modalities, commonly including the loss of plasma membrane integrity and the

release of intracellular components that favor the inflammatory response, unlike that in apoptosis .
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NCCD includes MPT-driven necrosis, a form of RCD induced by specific perturbations of the intracellular

microenvironment triggered by severe oxidative stress and cytosolic Ca  overload . An abrupt loss of the inner

mitochondrial membrane’s impermeability to small solutes leads to a rapid Δψm dissipation and osmotic breakdown of

both mitochondrial membranes and, consequently, RCD .

The presence of a necrotic morphology (i.e., rupture of the plasma membrane) can also be observed in the late stages of

apoptotic or autophagic cell death by the absence of phagocytosis; apoptotic bodies may lose their integrity, and this is

denominated as secondary necrosis caused by apoptosis or autophagy . Secondary necrosis is not accidental but is

controlled by a specific biochemical pathway regulated by caspase-3 and mediated by the GSDMD-related protein DFNA5

(deafness-associated tumor suppressor (GSDMD-related protein). Thus, this is a form of programmed necrosis similar to

pyroptosis; caspase-3 cleaves DFNA5 to produce a necrosis-promoting DFNA5-N fragment that forms a large pore in the

plasma membrane to release inflammatory molecules . Other forms of regulated necrosis, including necroptosis,

pyroptosis, and ferroptosis, have also been described.

3.3. Pyroptosis

Pyroptosis is a type of RCD that depends on the formation of pores in the plasma membrane by members of the

gasdermin protein family and is often induced by the inflammatory activation of caspases . Thus, this inflammatory form

of programmed necrosis occurs mainly in myeloid cells after activating the pattern recognition receptor (PRR) . In

humans, it is triggered by caspase-1 and/or caspase-4/-5, inflammasome activation, and the maturation and release of I-β

and IL-18 .

The inflammasome is a multiprotein complex containing PRRs, such as TLRs, nucleotide-binding domains, and leucine-

rich repeat-containing receptors (NLRs), and is Absent in Melanoma (AIM)-like receptors (ALRs). It is activated by

pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) when host cells

are exposed to microbial infections, stress, or tissue damage . NLRP1, NLRP3, AIM2, and pyrin require an adaptor

protein for inflammasome assembly, an apoptosis-associated speck-like protein containing a caspase-recruitment domain

(ASC), which facilitates the recruitment of pro-caspase-1 to the inflammasome complex .

NLRP3 is critical in bacterial, fungal, and viral infections and contributes to the host immune response . The canonical

activation of NRLP3 could be induced by two pathways: 1) by the detection of PAMPs, leading to up-regulated

transcription of NLRP3, ASC, pro-IL-1β, pro-IL-18, and pro-caspase-11 by activation of NF-κB; or 2) by detection of

DAMPS, such as abnormal levels of potassium (K ) efflux, chloride (Cl ) efflux, calcium (Ca2 ) influx, oxidized

mitochondrial DNA (ox-mtDNA), lysosomal rupture and intracellular ROS production. After recognizing PAMP or DAMP,

the NLRP3 complex is oligomerized and assembled with ASC to recruit pro-caspase-1 for cleavage into active caspase-1.

Finally, caspase-1 activates pro-IL-1β and pro-IL-18 via proteolytic cleavage into their active forms, IL-1β and IL-18,

respectively .

As a result of inflammasome activation, caspase-1 cleaves Gasdermin D (GSDMD) into its pore-forming N-terminal

fragment, GSDMD-N. Indeed, GSDMD is the primary executor of pyroptosis, forming pores in the plasma membrane

resulting in pyroptosis . Pyroptosis is another cell death mechanism that eliminates infected or compromised cells

and plays a protective role in the host’s immune response .

3.4. Necroptosis

Necroptosis is a highly regulated type of necrosis; this modality of RCD is triggered by perturbations of extracellular or

intracellular homeostasis and is modulated by the kinase activity of the receptor-interacting protein 1 (RIPK1), RIPK3, and

MLKL . RIP Kinases play an essential role not only in inflammatory cell death even also in inflammatory signaling .

RIPK1 participates in TNF-induced NF-κB activation to regulate the switch between TNF-induced apoptosis and

necroptosis, and when it is associated with RIPK3, necroptosis is induced .

Necroptosis can be triggered by impaired apoptosis, that is, the formation of necrosomes , by RIPK1-3; RIPK2 and

RIPK3 are activated by TRADD, FAS, TNFR1, or PRRs. PPRs include TLR3, TLR4, and Z-DNA-binding protein 1 (ZBP1,

also known as DAI) .

Additionally, RIPK3 can be activated following a domain-dependent interaction of the RIP-homotypic interaction motif

(RHIM) due to the activation of TLR3 by double-stranded RNA (dsRNA) within endosomes and TLR4 activation by

lipopolysaccharide (LPS) or DAMPs at the plasma membrane. RIPK3 catalyzes the phosphorylation of MLKL, leading to
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the formation of MLKL oligomers (trimers or tetramers) and their translocation to the plasma membrane, where they bind

to specific phosphatidylinositol phosphate species .

MLKL promotes Ca  influx, probably by its target, the transient receptor potential cation channel, receptor subfamily M

member 7 (TRPM7). When MLK is present on the membrane, the ADAM family proteases promote the shedding of

membrane-associated proteins and form Mg  channels .

Some of the factors that regulate necrosome formation include stress-induced phosphoprotein 1 (STIP1) protein,

homology, U-box containing protein 1 (STUB1 or CHIP), A20 protein, Mg /Mn -dependent protein phosphatase 1 B

(PPM1B), aurora kinase A (AURKA), and RIPK3 .

STIP1 and STUB1/CHIP degrade RIPK1 and RIPK3 via ubiquitination and lysosomal degradation. A20 inhibits necrosome

formation by eliminating RIPK3 ubiquitination. PPM1B prevents MLKL from binding to the necrosome by reducing RIPK3

phosphorylation. Finally, AURKA physically interacts with RIPK1 and RIPK3 to inhibit the necrosomal function .

These negative necrosome regulators play an essential role in regulating necroptosis and may modulate the pathogenesis

of various diseases.

3.5. Autophagy-Dependent Cell Death

Autophagy-dependent cell death is a form of RCD that mechanistically depends on the autophagic machinery , an

evolutionarily conserved catabolic process of eukaryotes, to maintain homeostasis in response to different stress

conditions, such as starvation, hypoxia, absence of growth factors, and infection . During autophagy, double-membrane

vesicles, called autophagosomes, fuse with acidic compartments, or lysosomes, to give rise to autolysosomes that

remove unwanted components from the cell, such as long half-life proteins, damaged organelles, and intracellular

pathogens, such as Mtb. This phenomenon allows the cells to economize on macromolecule synthesis and increases cell

survival .

Three types of autophagy have been described: chaperone-mediated autophagy (CMA); microautophagy; and

macroautophagy. During CMA, cytosolic chaperones interact with soluble proteins and bind to the lysosomal receptor

LAMP-2A (lysosome-associated membrane protein type 2a) for transportation to the lysosome and degradation of

proteins . Microautophagy involves the direct immersion of the material to be degraded by the lysosome through the

lysosomal membrane’s extension, protrusion, and septation . Macroautophagy, also known as the classical autophagy

pathway, sequesters cytoplasmic portions and is named according to the content or organelle to be eliminated; for

instance, when it contains intracellular pathogens, it is called xenophagy; when it contains mitochondria, it is called

mitophagy and lysophagy .

3.6. Ferroptosis

Ferroptosis is another form of RCD triggered by oxidative perturbations of the intracellular microenvironment under the

constitutive control of glutathione peroxidase 4 (GPX4). Severe lipid peroxidation mainly depends on ROS generation and

iron availability. Iron chelators and lipophilic antioxidants can inhibit ferroptosis .

Ferroptosis is regulated by molecules of the metabolic pathways that regulate cysteine exploitation, glutathione status,

and nicotinamide adenine dinucleotide phosphate (NADP) function. Unlike other forms of RCD, such as apoptosis and

necroptosis, ferroptosis is independent of caspases, necrosome components, and autophagy. Instead, ferroptotic cells

display necrotic morphology with mitochondrial alterations, shrinkage, and electrodense ultrastructure. Additionally, they

may release damage-associated molecular patterns (DAMPs) .

4. Final Considerations

Mtb exploits its varied virulence factors to orchestrate the infection process, facilitating its growth, dissemination, and

latency. Host cell death is a critical mechanism that determines the outcome of infection. It is one of the main processes

manipulated by mycobacterium to favor itself, thereby having various consequences on the host cell. It has been

proposed that apoptosis and pyroptosis, which are the cell death mechanisms helpful for Mtb, restrict intracellular

bacterial growth and facilitate anti-Mtb immune responses. Meanwhile, necroptosis and ferroptosis benefit Mtb replication

and transmission (Figure 1).

The activation and inhibition of host cell death are driven by Mtb through its virulence factors; in fact, one virulence factor

can be critical to more than one cell death modality, allowing the persistence of Mtb in the host.
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Figure 1. Cell death pathways modulated by Mtb through their virulence factors. Mtb can use its various virulence factors

as inductors (red arrows) or inhibitors (black inhibitors) of diverse cell death mechanisms to orchestrate the infection

process.
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