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Tuberculosis caused by Mycobacterium tuberculosis (MTB) is an ancient chronic infectious disease and is still the leading cause of death worldwide due to a single infectious disease. MTB can achieve immune escape by interacting with host cells through its special cell structure and secreting a variety of effector proteins. Innate immunity-related pattern recognition receptors (PPR receptors) play a key role in the regulation of signaling pathways.

In this review, we focus on the latest research progress on related signal transduction molecules in the interaction between MTB and the host. In addition, we provide new research ideas for the development of new anti-tuberculosis drug targets and lead compounds and provide an overview of information useful for approaching future tuberculosis host-oriented treatment research approaches and strategies, which has crucial scientific guiding significance and research value.
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Introduction

Mycobacterium tuberculosis (MTB), discovered in 1882 by the German bacteriologist Robert Koch, was proven to be the causative agent of human tuberculosis, which seriously endangers human health and public safety (Abrahams et al., 2018). After centuries of struggle, the disease has been gradually brought under control, but in recent years, it has become increasingly serious due to various factors. It is now one of the top ten causes of death worldwide and is the leading cause of death from infectious diseases. For example, according to the World Health Organization (WHO) 2020 World Tuberculosis Report, there were approximately 10 million new tuberculosis cases in 2019, of which approximately 3.3% of new tuberculosis cases and 17.7% of previously treated patients were MDR/RR-TB (multidrug-resistant tuberculosis/rifampicin-resistant tuberculosis). Three countries accounted for the largest proportion of drug-resistant tuberculosis, namely, India (27%), China (14%) and Russia (8%), with approximately 1.5 million deaths (Global tuberculosis report, 2020). Thus, the current situation of tuberculosis prevention and treatment remains very severe.

MTB is an intracellular bacterium, and the results of MTB infection largely depend on the host’s response to the invading pathogen and how the pathogen escapes from the host’s immune response. For this reason, elucidating the interaction between MTB and the host helps to explain the molecular mechanism involved in the infection of specific mycobacterium proteins (Brennan et al., 2007). The primary host cell targets of MTB are alveolar macrophages, which are the main effector cells for clearing MTB. After the MTB pattern recognition receptor expressed on the surface of macrophages binds to specific MTB surface-related molecules, macrophages can enact a variety of immune responses to eliminate MTB. Meanwhile, MTB utilizes a variety of mechanisms to escape the body’s immune killing to survive in its cells. As a typical intracellular bacterium, MTB has evolved a variety of immune escape strategies for long-term coexistence with the host (Barreteau et al., 2008). This review is followed by an introduction of the molecular mechanisms triggered by signal transmission molecules in the interaction between Mycobacterium and the host to provide new ideas for the study of tuberculosis infection and pathogenicity.



Structural features of mycobacterium tuberculosis

MTB is an obligate, aerobic, slender, slightly curved bacillus, with a size of 1-4×0.4 μm, without flagellum, with fimbriae and microcapsules but without forming spores. The structural characteristics of MTB cells are summarized in Figure 1. MTB grows slowly mainly because the lipid content accounts for approximately 60% of the dry weight of the cell wall, which affects the absorption of nutrients (Marrakchi et al., 2014).




Figure 1 | Cell structure of MTB.



The unique cell wall components of MTB play a crucial role in immune escape and are also an important target of many anti-tuberculosis drugs (Kalscheuer et al., 2019). Compared with other pathogenic bacteria, the bacterial wall of MTB has neither lipoteichoic acid, teichoic acid (major wall components of most Gram-positive bacteria) nor lipopolysaccharide (major wall components of most Gram-negative bacteria) (Figure 2) (Table 1).




Figure 2 | Specific structural components of the MTB cell wall. (A) The cell wall structure of gram-positive bacteria; (B) The cell wall structure of MTB; (C) The cell wall structure of gram-negative bacteria. (TA, teichoic acid; LTA, lipoteichoic acid; PG, peptidoglycan; PM, plasma membrane; LP, lipoprotein; MAP, membrane-associated protein; GL, glycolipid; LAM, lipoarabinomannan; MA, mycolic acid; AG, arabinogalactan; LPS, lipopolysaccharide; OM, outer membrane).




Table 1 | Some immune escape molecules of MTB interacting with host cells.



The cell wall of MTB is mainly composed of Peptidoglycan (PG), Arabino galactose (AG), Trehalose-6,6’-dimycolate (TDM), Mycolic acid (MA) and Muramyl dipeptide(MDP). The MTB cell membrane has a PG layer similar to that of gram-positive bacteria, which plays a key role in cell growth, communication, and stimulation of the host’s immune response (Kanji et al., 2019). The outer layer is the arabinan chain formed by highly branched AG, and the nonreducing end of the glycan chain is connected to the MA (Canezin et al., 2018) in the outer layer, which affects the permeability of dyes into MTB cells (Kleinnijenhuis et al., 2011). Thus, the outer layer of MTB, comprising predominantly lipids and carbohydrates, plays a crucial role in MTB survival and infection (Arcos et al., 2011).

In addition, many researchers have found that MTB can reduce the concentration of bacterial drugs through the efflux pump system, alleviate damage to itself, and induce drug resistance, which is another key mechanism of MTB immune escape (Richa et al., 2019). The efflux pump system of MTB is achieved by transporters located on the plasma membrane. There are currently five known MTB related transporter families, namely, ATP-binding cassette (ABC), Major Facilitator Superfamily (MFS), Resistance Nodulation Division (RND), Small Multidrug Resistance (SMR) and Multidrug and Toxic-Compound Extrusion (MATE) (Kallenius et al., 2016). Recent work indicated that THP-1 cells infected with MTB H37Rv and subsequently exposed to rifampicin for 72 hours expressed 10 efflux pump-related genes. Four genes in the ABC family and 1 gene in the MFS family were significantly increased at 0.0015 mg/L rifampicin (Benjawan et al., 2015). Therefore, the MTB surface proteoglycan and its unique Mycoplasma acid of its cell wall and the efflux pump on the plasma membrane are important mechanisms used to protect itself from injury and to promote immune escape.



Mechanisms of interaction between MTB effector proteins and the host

The mechanism of MTB immune escape is related to its special cell wall structure as well immune damage caused by the toxicity of metabolites produced by MTB proliferation in host cells (Ji-Hae et al., 2021). MTB is an intracellular pathogen that secretes a variety of effector proteins into host cells, which in turn interfere with cell signaling pathways and biological functions and ultimately promote the survival of pathogens in host cells and lead to host cell lesions. For example, lipopolysaccharide (LPS) and lipoarabinomannan (LAM) in the cell wall of MTB can be recognized by TLR2/TLR1 or TLR2/TLR6 heterodimers on the membrane of host immune cells, which in turn activate the expression of NF-κB and cytokines, further leading to host cell injury (Wong, 2017).

At present, recent studies have revealed the dynamic process and molecular mechanism of the interaction between MTB effector proteins, such as protein tyrosine phosphatase (PtpA), MCE family proteins (Mce2E and Mce3E) and the host cell. PtpA can be secreted into host cells to bind ubiquitin molecules and be activated by the latter, which in turn dephosphorylates host p-JNK and p-p38 and inhibits the activation of the JNK/p38 signaling pathway. For example, PtpA can antagonize the host interaction protein TRIM27 (a ubiquitin ligase) mediated JNK/p38 signal pathway by binding to the ring domain of TRIM27 protein (Jing et al., 2016). In addition, PtpA can also inhibit the activation of the NF-κB signaling pathway in a phosphatase activity-independent manner (Valérie et al., 2014; Mohd et al., 2021). Similar research results have shown that PtpA can regulate innate immune signaling pathways in the host cytoplasm as well as enter the host nucleus to regulate potential target genes, and PtpA can directly bind to the promoter region of the GADD45A gene and inhibit its transcription (Wang et al., 2017). The MTB genome contains four MCE (Mammaian cell entry) operons (Mce1-4), and the proteins encoded by them constitute a large class of MCE family. Previous studies have suggested that MCE family proteins play an important role in the entry, intracellular survival and pathogenesis of MTB, but its host regulatory function and mechanism are far from clear (Foot Perkowski et al., 2016; Singh et al., 2016). Recent studies have found that the Mce3E protein of MTB can specifically target the ERK signaling pathway of the host through its DEF motif (a MAPK binding motif), and ultimately promote the intracellular survival of mycobacteria. And MTB Mce2E operon contained a D motif (another MAPK binding motif) by further bioinformatics analysis. And the results showed that in macrophages, Mce3E specifically inhibited ERK signaling pathway through its DEF motif, while Mce2E simultaneously inhibited ERK and JNK signaling pathway through its D motif (Li et al., 2015). It is worth mentioning that Mce2E can also inhibit the K48 ubiquitination of the host cell proliferation promoting protein eEF1A1 in epithelial cells and increase its protein stability, thereby promoting the proliferation of human non-small cell lung cancer A549 cells derived from epithelial cells, while Mce3E does not have this function (Wei et al., 2019) (Figure 3). Therefore, these studies suggest that MTB can secrete a variety of effector proteins to co regulate some host signal pathways and functions, but the specificity and intensity of different effector proteins may be different. And the breakthrough of this research result will provide new ideas and specific targets for the future development of anti-MTB drugs from the perspective of the interaction between MTB effector proteins and host cells (Augenstreich and Briken, 2020).




Figure 3 | Mechanism by which MTB-PtpA enters the host cell nucleus to inhibit natural immune function. MTB PtpA is secreted into the host cell to bind ubiquitin molecules and is activated, and activated PtpA can inhibit the transcription of TNFRSF8 in the host nucleus, thus inhibiting the NF-κB signaling pathway. PtpA can also bind directly to the promoter region of the GADD45A or RNF187 gene and inhibit its transcription, dephosphorylating p-JNK and p-p38 to inhibit the activation of the JNK/p38 signaling pathway. (TNFRSF8, a member of the TNF-receptor superfamily; Trim27, belonging to E3 ubiquitin ligase family, can activate JNK/p38 signal pathway of host cells in a ubiquitin ligase activity dependent manner; GADD45A, a regulator of p38 MAPKs by inhibiting p38 phosphorylation and activity).



In addition, it has been demonstrated that, when MTB enters the host lung tissue, the hydrolytic enzymes in alveolar lining fluid (ALF) can hydrolyze mannose and glucose of the MTB cell envelope molecules, thereby disrupting the structure of the MTB cell wall (Mika et al., 2013). In recent years, many researchers have suggested that this change significantly reduces the virulence factors mannose-capped lipoarabinomannan (Man-LAM) and trehalose-6,6’-dimycolate (TDM) on the surface of MTB (Tuladhar and Kanneganti, 2020). For example, MTB-secreted ESAT-6 protein can improve the permeability of phagosomes in host phagocytes and activate NLRP3 (Jain et al., 2020). Thus, after thousands of years of development, MTB has coevolved with humans. Its unique cell structure and metabolic effector proteins, in addition to the acquired drug resistance caused by gene mutations coexisting with the host under the action of drugs, have become primary reasons for the escape mechanism of MTB. MTB has become one of the most successful pathogens by changing its morphology, colonies, virulence, immunogenicity and drug resistance.



Molecular mechanism of MTB escape from host PPR signal transduction

In recent years, the interaction between MTB and its host has become increasingly understood. However, at present, the molecular mechanism of the interaction between the secreted proteins of MTB and the proteins of the host cell is not completely clear, especially how MTB escapes from host pattern recognition receptor signaling (Allue-Guardia et al., 2021). Studies have demonstrated that MTB can change the immune function of host cells by secreting different effector proteins at different stages of infection. These results suggest that the immune escape of MTB is closely related to the host cell membrane surface pattern receptor (PPR) (Pathak and Das, 2020). For example, after entering the host, the cell wall components of MTB, such as phosphatidylinositol mannose (PIM), lipoarabinomannan (LAM), and some other outer membrane molecules, are recognized by macrophages through membrane surface pattern receptors. These receptors include Toll-like receptors (TLRs), Nod-like receptors (NLRs), C-type lectin receptors (CLRs) and complement receptors (CRs), mannose receptors (MRs), and Fc receptors of immunoglobulin (FcRs) (Cervantes et al., 2017). Most recognition and activation of the host immune system requires the above receptors to further activate downstream related signaling pathways and trigger host immune defense, including programmed cell death of different types, such as cell apoptosis and autophagy. Therefore, understanding the different innate recognition pathways of the host can help to reveal the pathogenic mechanisms of MTB and develop new control measures (Krakauer et al., 2019). Next, we will focus on the interaction between MTB effector proteins and host surface pattern receptors (PPRs), such as CLRs, NLRs, and TLRs, and the latest research on how MTB evades these receptors (Table 1).


Molecular mechanism by which MTB escapes host TLR receptor signaling

Toll-like receptors (TLRs) are intrinsic pattern recognition receptors. The acquired immune response can be induced by the recognition of pathogen-associated molecular patterns (PAMPs) on the surface of specific microorganisms to promote the synthesis and release of cytokines and the maturation of antigen-presenting cells (Kawai et al., 2011). TLRs are a family of single membrane-spanning receptors that can be divided into three parts: the extracellular domain, cytoplasmic domain and transmembrane domain (Takeuchi et al., 2010). The extracellular domain of TLRs contains three extracellular domain proteins, namely, MD-1, MD-2 and RP105, which are used to recognize receptors and form receptor complexes with other coreceptors. The cytoplasmic domain of TLRs is highly homologous to that of IL-1R family members and is called the Toll-IL-1 receptor domain (TIR domain). There are 11 members of the TLR family. According to TLR protein localization and recognition substrates, they can be divided into two categories: plasma membrane-anchored TLRs and endosomal TLRs (Kumar et al., 2018). These are distinct molecular structures on microbes, and different sets of TLRs have been associated with the recognition of pathogens, such as the recognition of viruses by TLR3, TLR7, TLR8 and TLR9 (Kay et al., 2013; Liu et al., 2013; Hossain et al., 2013). TLRs mainly function through two signal transduction pathways, the myeloid differentiation factor 88 (MyD88)-dependent signaling pathway and the MyD88-independent signaling pathway, which induce the production of both proinflammatory cytokines and type I IFNs (Nguyen et al., 2020). These two distinct responses are mediated via the selective use of adaptor molecules recruited to the Toll/IL-1 receptor (TIR) domains of TLRs after ligand binding (Kawai et al., 2006). Thus, when TLRs are activated, they activate their downstream IL-1R-associated kinase (IRAK), tumor necrosis factor receptor (TNFR), and TNFR-associated factor 6 (TRAF-6), which further activate NF-κB and lead to immune and inflammatory responses (Liu et al., 2007). Many studies have confirmed that TLRs play a crucial role in TB infection (Doyle et al., 2006). For instance, among the TLR family, TLR2 can recognize lipoprotein, LPS, and CpG DNA at the cell wall of MTB and secreted membrane vesicles (Liu et al., 2018). In addition, it can activate the downstream NF-κB signaling pathway and stimulate the secretion of TNF-α to activate macrophages (Fiske et al., 2019). Meanwhile, it can stimulate the expression of vitamin D receptor and vitamin D-1-hydroxylase gene to induce the release of cathelicidins (Liu et al., 2021). Another study found that TLR2 could recognize the MTB LPQH (19 kDa lipoprotein) and lysosomal inhibiting LPRI and activate macrophages, which initiate innate immunity and activate T lymphocytes to participate in the clearance of MTB (Picard et al., 2003). TLR2 can form heterodimers with both TLR1 and TLR6. These heterodimers have been implicated in the recognition of mycobacterial cell wall glycolipids, including LAM, lipomannan (LM), mycobacterial glycoproteins (MGs), phosphatidylinositol mannitol (PIM), triacylated (TLR2/TLR1) and diacylated (TLR2/TLR6) lipoproteins (Bulut et al., 2005; Singh et al., 2019).

To date, studies agree that LAM, as a cell wall component of nonpathogenic mycobacterium, is a TLR2 activator with strong immunogenicity. LAM from pathogenic mycobacteria lacks immunogenicity (Drage et al., 2009). TLR2 is believed to be important in the initiation of the innate host defense against MTB (Kleinnijenhuis et al., 2009). In addition, IL-1β production is dependent upon TLR2 and TLR6 stimulation but not TLR4 or TLR9 (Yang et al., 2019). TLR2 polymorphisms affect host susceptibility to MTB. TLR2 ligands of MTB can change the host cell environment, which is conducive to bacterial retention (Konowich et al., 2017). MTB can affect the fate of infected cells by regulating the TLR signaling pathway. For example, LRP of MTB can inhibit the PI3K/Akt signaling pathway activated by TLR2 and inhibit the production of anti-inflammatory factors and macrophage antigen presentation. PtpA and Mce3E of MTB regulate the MAPK and NF-κB signaling pathways. Interestingly, it has been reported that GRP160 can also regulate the entry of MTB into macrophages through the MAPK/ERK signaling pathway, indicating that the GPCR and TLR signaling pathways may play a synergistic role (Mercedes Romero et al., 2014; Mehta et al., 2021). The interaction between TLRs and MTB infection is shown in Figure 4.




Figure 4 | The interaction between TLRs and MTB infection. TLRs play a vital role in TB infection. Toll-like receptors are divided into plasma membrane-anchored TLRs and endosomal TLRs according to the localization of TLR proteins. As TLRs are activated, they activate downstream IRAK, TNFR and TRAF-6 through the MyD88-dependent signaling pathway, further activating NF-kB and AP-1 and producing a series of inflammatory reactions.



In addition, TLR4 is an important pattern recognition receptor that is expressed in mononuclear macrophages, dendritic cells and alveolar II-type epithelial cells and plays a crucial role in resistance to MTB infection. In the TLR family, TLR4 is a type I transmembrane protein. However, unlike the TLR2 signal transduction pathway, TLR4 can activate the MyD88-dependent pathway, induce the release of inflammatory cytokines and costimulators, and also activate the MyD88-independent pathway to produce type I interferon (IFN) (Niu et al., 2018). After TLR4 is stimulated by ligands, TLR4 activates transcriptional regulatory factors by connecting and transmitting TLR4 downstream signals through transduction molecules, such as NF-κB, inducing infected cells to secrete inflammatory factors and type I IFN, which ultimately initiates innate and acquired immune responses (Thada et al., 2021). TLR4 was found to be involved in LPS-induced activation of alveolar II-type epithelial cells (AEC II), leading to the large-scale release of TNF-α and IL-6, while single immunoglobin IL-1 receptor-related protein (SI-GIRR) overexpression inhibited TLR4 signal transduction in LPS-triggered AEC II, alleviating the inflammatory response (Alemnew et al., 2021). Recent studies have found that AEC II cells infected with strong MTB strains demonstrate an inhibition trend on TLR2 and TLR4 signaling pathways, and the inflammatory response of cells is significantly stronger than that of weak MTB strains, indicating that AEC II also differ in the immune regulation mechanism of MTB infection with different virulence levels (Krutzik et al., 2003). Overexpression of TLR2 and TLR4 in human cell lines is directly related to MTB infection (Kang et al., 2002). Furthermore, polymorphisms in both TLR2 and TLR4 are possibly associated with increased susceptibility to MTB infection (Lorenz et al., 2000; Rook et al., 2005).

At present, an increasing number of clinical diagnostic studies have confirmed that the gene expression levels of the TLR family are closely related to MTB patients. For example, the TLR distribution in MTB granuloma lesions indicates that TLR1, TLR2, and TLR4 are expressed in both immune cells and nonimmune cells; however, TLR9 is only detectable in immune cells (Martinez-Perez et al., 2020). Interestingly, similar results were found in which the relative mRNA expression levels of TLR2, TLR4, and TLR8 in tuberculosis patients were significantly increased (Davila et al., 2008). Furthermore, in an animal model of TB, TLR8-deficient mice succumb more rapidly to MTB infection, despite efficiently controlling the number of viable bacilli in different organs. Thus, in this model of MTB infection, TLR8 plays a key role in dampening inflammation and tissue damage (Najmi et al., 2010).

Other studies have also confirmed that the expression and activation of TLRs can be used as auxiliary indicators for the diagnosis and differential diagnosis of tuberculosis. For instance, mice lacking the TLR ligand protein MyD88 are more sensitive to MTB infection, and the same phenomenon was found following TLR2 gene deletion. However, whether the TLR signaling pathway resists MTB infection is controversial; for instance, it has been reported that MyD88 rather than TLRs plays a key role in the activation of the macrophage response, and the release of cytokines does not depend on TLRs (Kramnik and Beamer, 2016).



Molecular mechanism of MTB escaping the host NLR receptor signal

Recently, the role of the cytoplasmic receptor NLR in microbial infection has attracted much attention. The nucleotide oligomerization domain (NOD)-like receptor (NLR) is a kind of innate immune intracellular recognition receptor in the cell cytoplasm that plays a key role in the regulation of innate immunity (Nargis et al., 2016; Alvarez-Jiménez et al., 2018). The interaction between monocyte-derived dendritic cells and MTB was observed under an electron microscope. It was found that MTB could escape from the phagocyte to the cytoplasm depending on early secretory antigen target (ESXA). ESXA is also a cell wall-binding protein with periodic replication from phagocytosed lysosomes to the cytoplasm (Tan et al., 2020). Thus, cytoplasmic pattern recognition receptors are also involved in host innate and acquired immunity against MTB.

The NLR acts as a scaffold protein in the cytoplasm, assembling signaling platforms that trigger the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways and control inflammatory caspase activation. Muramyl dipeptide (MDP) of MTB recognized by NOD2 can stimulate the release of host inflammatory factors and nitrogen oxides (NO) to play a bactericidal role, and activated NOD2 induces autophagy (Cubillos-Angulo et al., 2021). The MTB MDP is unique in that it has an N-glycolyl modification rather than the N-acetylated modification found in other bacteria (Donovan et al., 2017). Studies have demonstrated that MDP in MTB can promote macrophages through the receptor-interacting protein kinase 2 (PIP2) and interferon regulatory factor 5 (IRF5) pathways, producing type I IFN signaling, such as IFN-α/β, which counteracts the role of the host protective IL-1β and IFN-γ signaling pathways (Sabir et al., 2017). Mice with type I IFN receptor deficiency did not have altered MTB burdens in the lungs, possibly even promoting the reproduction of extrapulmonary bacteria (Wan et al., 2018). Furthermore, the cytoplasmic receptor NLR plays a role in pyroptosis in host cells. Studies have demonstrated that, after MTB activates host cells, NLR is recruited to the inflammasomes of the macromolecular complex, causing host cells to secrete IL-1β, IL-18, and IL-33 and leading to pyroptosis (Qu et al., 2020). In addition, the inflammation caused by MTB infection of host cells is mainly related to NLRP3 in the NLR family (Beckwith et al., 2020). Recent studies have demonstrated that, in human macrophages, MTB relies on ESAT-6 to activate the inflammatory response and release IL-1β, leading to pyroptosis, while in mouse dendritic cells, IL-1β secretion is independent of NLRP3, and no evidence of pyroptosis has been found (Wilson et al., 2015).



Molecular mechanism of MTB evasion of host CLR receptor signaling

C-type lectin receptors (CLRs) are a superfamily of proteins containing carbon hydrate recognition domains (CRDs). According to subcellular localization, it can be divided into two categories, soluble and membrane-type C-type lectins, and it is a crucial pattern recognition receptor (PRR) in the innate immune system (Zhao et al., 2014). Mycobacterium cord factor TDM (trehalose-6,6’-dimycolate) is a glycosolipid of mycoacid and trehalose that exists in the outer layer of bacterial cells. Studies have confirmed that TDM can bind to macrophage C-type lectin receptor (CLR) to induce changes in downstream pathways (Barkan et al., 2010).

Interestingly, researchers have found that TDM-induced acellular granulomas are very similar to Mycobacterium tuberculosis-infected granulomas when TDM-emulsified oil droplets are injected into mice (Behr et al., 2015). The genes responsible for TDM synthesis in MTB include cyclopropane synthase PcaA and CmaA2. If these genes are deleted, the structure of Cladophyll acid changes, and the host’s immune response changes accordingly. Recently, it was found that mutant strains of MTB-PcaA lacking cyclopropane synthase induced a reduced ability of wild-type mouse macrophages to produce proinflammatory cytokines and to form new granulomas (Hayley et al., 2017).

Studies have confirmed that, after the binding of TDMS receptors to CLRs, macrophages are activated through the SYK/CARD9/BCL10 pathway to produce cytokines (Mohlopheni et al., 2010). Further studies have shown that CARD9-deficient mice can initiate an effective adaptive immune response, but the growth of MTB in host cells is not restricted (Matthew Wagener et al., 2018). These findings suggested that MTB can produce an inflammatory level sufficient to promote granulomatous development without stimulating host cell death by fine-tuning mycoacid synthesis, allowing MTB to slowly persist or proliferate, thereby evading the host immune response.




Molecular mechanism of MTB escaping the host macrophage effect

After being engulfed by macrophages, MTB can block the fusion of phagocytes and lysosomes, thus avoiding lysosomal attack. The phagosome of Mycobacteria cannot be incorporated into the vesicular ATP enzyme; thus, the transmembrane transport of the intimal system cannot be controlled by the energy produced by hydrolyzing ATP (Yu et al., 2018). The specific molecular mechanism by which MTB inhibits phagosome-lysosome fusion is not yet known and needs further study. At present, it is believed that the serine/threonine protein kinases (STPKs) of MTB are effective molecules for inhibiting phagosome-lysosome fusion (Shukla et al., 2014). A recent study showed that MTB containing STPKs could inhibit phagosome-lysosomal fusion, while MTB without STPKs could not locate the lysosome-like structure of host cells (Lee et al., 2018). It is suggested that the mechanism may be related to the regulation of the tricarboxylic acid cycle and the perception of amino acid content by effector molecules containing Ser/Thr kinase through the phosphorylated substrate GarA (Alber, 2009; Pahari et al., 2020).



Molecular mechanism of MTB escaping host autophagy

Autophagy is a process in which the host is responsible for cell homeostasis and can be induced, which can remove damaged organelles or unnecessary subcellular structures. Autophagy first forms autophagic vesicles with a double-membrane structure. When the inclusion bodies in the cytoplasm fuse with lysosomes, the substances swallowed by autophagy vesicles are digested.

Research has found that MTB can be located in autophagy vesicles in host cells, and lysosomes obtained from phagocytes containing MTB can cause autophagy in host cells by acidification, thus eliminating MTB. After lipopolysaccharide treatment of host cells, the number of MTB in autophagy vesicles increases sharply, which suggests that TLR4 mediates autophagy induction (Mohd et al., 2021; Romagnoli et al., 2018). A further study found that MTB activates macrophage autophagy mainly by intracellular vitamin D receptor and IL-1R (Degiacomi et al., 2017; Strong et al., 2020).

The antigenic target protein ESX-1 of MTB is a multibasement membrane complex that forms a channel on the membrane (Niu et al., 2011). Recent research found that ESX-1 can increase the permeability of phagocytes and activate NLRP3 receptors. When the ESX-1 content decreases, the virulence of MTB also decreases. In addition, MTB can use the host miRNA pathway to coordinate autophagy and reprogram host lipid metabolism to ensure its intracellular survival and retention (Martinez et al., 2016; Mirzaei et al., 2021).



Summary and prospects

In this review, we focus on the special cell structure of MTB and the research progress of the interaction between MTB and host cell surface pattern recognition receptors (such as CLRs, NLRs, and TLRs), as well as macrophage effector molecules and autophagy. At present, through the study of these signaling pathways, researchers have a certain understanding of the mechanism by which MTB resides in the host but a very limited understanding of the molecular mechanism of escape from host pattern recognition receptor signal transduction. MTB can change host cell immune function through a variety of molecular mechanisms (Bussi and Gutierrez, 2019). In this paper, we reviewed a large number of papers about how the immune system senses and fights MTB and how MTB escapes the immune system. We also introduced the structure of MTB, the interaction of MTB effector proteins and the host and the molecular mechanism of MTB escape from host membrane surface pattern receptors. This study may provide research ideas for the discovery of new anti-tuberculosis drugs and the development of host-oriented treatment strategies.

In the future, we should continue exploring the effector components of MTB interacting with host cells through various effective screening techniques, such as transposon mutation libraries (López-Agudelo et al., 2020) and Crispr-Cas9 mutation libraries (Qiyao et al., 2020). In addition, the protein–protein interactions between MTB and host cells usually involve bacterial pathogenicity and persistence, and these proteins play a potential role in the pathogenesis of tuberculosis. Therefore, further understanding of the MTB-host molecular interaction network will be helpful to understand the molecular mechanisms by which MTB escape the host’s immune response. These studies will help identify new methods and strategies for the prevention and treatment of tuberculosis and lay a foundation for the early eradication of tuberculosis.
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