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Despite advancements in modern medicine, tuberculosis continues to be one of the leading causes of death globally. Findings indicate that COVID-19 may trigger the activation of tuberculosis infection (TB), leading to its spread. Despite the development of new immunological diagnostic methods for latent tuberculosis infection (LTBI), it is still unclear how the infection transitions to an active TB state. The goal of the study is to provide insights into the progression of tuberculosis infection from a latent to an active state. This article presents recent research data focused on investigating the pathogenesis of LTBI, particularly the immune responses in the interaction between Mycobacteria tuberculosis (Mtb) and the host. It describes the mechanisms of T-cell immunity and cytokine activation, supporting the concept of type 1, type 2, and type 3 immune responses. According to the conducted studies, Th17 cells have a significant role in the development of type 3 antigen-specific responses. The cytokines IL-6 and IL-23 activate STAT3, which is necessary to trigger the expression of Th17. Future research on the role of Th17 cells and cytokines, particularly IL-6 and IL-21, may be beneficial in understanding the shift from LTBI to active TB.
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1 Introduction

In the first quarter of the 21st century, tuberculosis continues to be a significant problem that mankind has not yet been able to solve. Despite the achievements of modern medicine, this infectious disease remains one of the leading causes of mortality globally. Consequently, the prevalence of tuberculosis infection can be considered as an indicator of the socio-economic well-being of a country, reflecting the level of development of health care systems, the quality of life of the population and the effectiveness of measures taken to combat this pandemic (1, 2).

The problem of tuberculosis infection was not solved before the pandemic of the new coronavirus infection, despite successes in reducing morbidity and mortality by 2019, and has become even more urgent with the global spread of SARS-CoV-2 (Severe acute respiratory syndrome-related coronavirus 2) virus (3–6).

Despite all measures taken, starting in 2010, the estimated number of new cases increased from 8.8 million to 10.4 million by 2016, but between 2017 and 2020, there was a decline in this figure to 10.0 million cases (including 0.3 million people with HIV infection) (2, 5). In 2021, according to the WHO Global Report (2022), the number of new TB cases increased to 6.4 million cases (6).

Since 2018, there has been a steady downward trend of up to 1.2 million deaths among tuberculosis patients not infected with HIV-infection (2). Nevertheless, according to the WHO experts, in the post-coronavirus period (after the COVID-19 (Coronavirus Disease 2019) pandemic), against the background of a subjective reduction in morbidity rates, the mortality rate from tuberculosis infection may increase by 15%. It is assumed that this increase may be due to excessive burden on health systems, insufficient epidemiological monitoring of tuberculosis, and decreased quality and coverage of population with using X-ray (7, 8).

Against the background of the COVID-19 pandemic, as expected according to WHO data, in 2021 the number of new TB cases decreased to 7.8 mi and mortality increased to 1.3 million (9), which is associated with the termination of developed programmers to detect TB infection. SARS-CoV-2 virus has been shown to affect a reduced immune response (10). The findings suggest the possibility of activation of tuberculosis infection, leading to the spread of infection after COVID-19. The development and introduction of new immunological methods of diagnostics of latent tuberculosis infection (LTBI) do not allow us to answer the question about the transition of the organism to the state of active TB (11, 12). The aim of the study: To provide insights into the pathogenesis of tuberculosis infection from latent tuberculosis infection to active tuberculosis.



2 Pathogenesis of active tuberculosis and latent tuberculosis infection according to experimental studies

Tuberculosis infection (TB) is characterized by great variability at different stages of infection, from pre-malignant to manifest disease, depending on the virulence and quantity of the pathogen ingested, the duration of contact and routes of infection, and the state of host immunity. These characteristics do not allow the creation of an accurate animal model of the disease with the ability to replicate the development of the disease in humans (13).

The first host-pathogen interaction in tuberculosis occurs when M. tuberculosis is recognized by cells of the innate immune system (11). It is thought that at this point innate immunity is crucial for triggering the early antimycobacterial response, but this initial contact also appears to determine the progression of infection and the long-term control of M. tuberculosis spread. It is this primary interaction between pathogen and host cells that is a prerequisite for antigen capture and presentation by cells of the adaptive immunity system, as well as being responsible for subsequent responses aimed at regulating inflammation (12). However, cells of innate immunity are often ‘niches' for mycobacterial replication, and M. tuberculosis utilizes various strategies that reduce the efficiency of primarily innate immune system reactions in order to induce chronic infection (13).

Various models of pulmonary and extrapulmonary TB have been tested on laboratory animals considered most susceptible to TB infection, such as guinea pigs, rabbits and non-human primates, as well as on less susceptible animals, such as dogs and cats. Animal models of TB are used to study pathomorphological changes in organs and tissues, as well as to test the efficacy of new vaccines and methods of TB treatment and for other purposes. At the same time, different lines of animals are used to solve specific tasks, as well as methods of their infection (13, 14).

In a mouse experiment, it has been shown that lymph node involvement occurs within the first month after TB infection. M. tuberculosis is thought to be defined in macrophages, although infected dendritic cells (DCs) have been observed. Following aerosolized infection, M. tuberculosis are phagocytosed by alveolar macrophages, myeloid DCs, and neutrophils in the lungs (15, 16).

It has been shown that TB phagocytic cells of different phenotypes, with the predominant population of infected cells changing over time, and that myeloid DCs in the lungs and lymph nodes are the major population of cells infected by M. tuberculosis. It was also found that bacteria in the lymph node draining the lungs are transported there from the lungs by a CCL19/CCL21-dependent mechanism and that bacterial transport to the lymph node is a transient phenomenon despite chronic infection (17–19).

Lung cell population that are infected with M. tuberculosis with high frequency are relatively ineffective in stimulating Ag-specific CD4+ T lymphocytes, which may inhibit Ag presentation by MHC class II without decreasing in surface expression of MHC class II. These results suggest that Mtb targets DCs migration and Ag presentation in vivo, promoting persistent infection. While other respiratory viral and bacterial pathogens induce migration of DCs to lymph nodes to activate the immune system within 1-3 days after infection (8), this important process is delayed in TB (20, 21, 23).

Several studies have shown that Mtb-infected DCs do not migrate to the lymph node and present T cells until 9-11 days after infection with the tuberculosis pathogen. This delayed spread of Mtb into lymph nodes is thought by some authors to play a role in the increased susceptibility of C3H/HeJ mice to Mtb, compared to C57BL/6 mice (10, 11). DCs migration was also shown to be transient, slowing down after peaking at 21 days post infection, an interesting observation given the chronic nature of TB.

Not only migration functions of DCs but also of interstitial macrophages, which transport M. tuberculosis to lymph nodes, are dysregulated and relatively poorly stimulated T-cell responses to M. tuberculosis antigens (6, 12, 13).

One of the earliest (5-15 days after infection) observations in the lungs is inflammation of pulmonary lymphatic vessels (8). Marked enlargement of intrathoracic lymph nodes was determined about 20 days after infection, which progressed to severe lymphadenopathy 30 days infected by M. tuberculosis (14, 15). Lymph node involvement has also been reported in rabbit models (16).

Currently, there is no clear understanding changes in the immune response is fundamental in developing new methods for preventing, diagnosing, and treating tuberculosis infection (Figure 1).
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FIGURE 1
 Cytosolic DNA- and Mtb RNA-sensitive pathways for immune recognition of Mycobacteria tuberculosis (13).


At the same time, questions remain regarding the mechanisms of transition of latent tuberculosis infection (LTBI) to active tuberculosis infection (17). Studying the dynamics of the transition from M. tuberculosis and pathogen multiplication to the development of inflammation in tissues is extremely difficult due to the characteristics of the pathogen and the lack of a clear understanding of the possibility of the duration of mycobacterial persistence in the human body (18).

Under experimental conditions, the dynamics of TB of lungs and lymph nodes were analyzed in the macaque model. When Cynomolgus macaques were infected by M. tuberculosis, it was shown that in 50% of cases macaques became ill with active tuberculosis, but in the other half of the animals latent tuberculosis infection was determined (19).

At the same time, Rhesus macaques are more susceptible to M. tuberculosis. They always develop active tuberculosis when infected with a virulent strain of M. tuberculosis (20).

It has been shown that if TB infection the lymph nodes, an adaptive immune response occurs. The primary mechanism of bacterial killing is probably related to the production of cytokines, chemokines, cytolytic and other effector molecules by lymph node cells (21).

The results of experimental studies on Cynomolgus macaques have brought us closer to understanding the development of tuberculosis infection and, most importantly—which is practically impossible to do in humans—latent tuberculosis infection and allowed us to assess the immune response to specific M. tuberculosis antigens and the efficacy of preventive chemotherapy in individuals with LTI. These mechanisms cause its ineffectiveness, in particular in widespread granulomas of thoracic LU, which will allow us to find ways to solve the problems of treatment of preclinical tuberculosis infection. At the same time, understanding of changes in the immune response is one of the fundamental in the development of new methods of prevention, diagnosis and treatment of tuberculosis infection.



3 M. tuberculosis and cells innate immunity

Numerous surface determinants or pathogen associated molecular patterns (PAMPs) of M. tuberculosis have now been described that are efficiently recognized by various pattern-recognizing receptors of the innate immune system. It should be noted that the spectrum of these pattern-recognizing receptors is broad and includes C-type lectins (e.g., mannose receptor, DC-SIGN, Dectin-1, Dectin-2, etc.), receptors for components of the complement cascade (e.g., CR3), and various collectins (sulfactant proteins A and D, mannose-binding lectin), scavenger receptors or skevenger receptors (including MARCO, SR-A1, CD36, SR-B1), as well as various types of receptors for immunoglobulin class D (Fcg receptors) and Toll-like receptors (including TLR-2, TLR-4, TLR-9). Among the PAMPs recognized by these receptors, which can be located both on the cell membrane surface and as part of the endosomes and cytosol of cells, PAMPs from the cell wall and cytoplasm of M. Mannosylated lipoarabinomannan (ManLAM), phosphatidylinositolmannosides (PIM), phthioceroldimicocerosates (PDIM), phenolic glycolipids (PGL), trehalosodimicolate (TDM), peptidoglycan, and several others are among the most recognized of these receptors (4).

During infection, M. tuberculosis is taken up by phagocytic cells of the host. M. tuberculosis-induce damage to phagosomes releases bacterial DNA and RNA into the host cytosol. The cytosolic sensors GAS, IFI204 and AIM2 recognize M. tuberculosis DNA, whereas RIG-I, MDA5 and PKR detect RNA. Although NLRP3 and NOD2 also respond to Mtb infection, it remains unclear whether they are directly activated by M. tuberculosis RNAs.

TLR2 forms heterodimers with either TLR1 or TLR6. These heterodimers are involved in the recognition of mycobacterial cell wall glycolipids such as LAM, a mycobacterial glycoprotein, and PIM, triacylated (TLR2/TLR1) or diacylated (TLR2/TLR6) lipoproteins. TLR2 is thought to play an important role in the induction of host innate immunity responses through activation of TNFα expression and secretion in macrophages. In turn, TLR2 and TLR6, but not TLR4 or TLR9, play an important role in stimulating IL-1β production. TLR4 is activated by heat shock proteins 60/65, which are secreted by different strains of M. tuberculosis. In turn, TLR9 recognizes unmethylated CpG repeats in bacterial DNA (5).

M. tuberculosis DNA and some secondary messengers (e.g., cyclo-diadenosine monophosphate) can be recognized by cytosolic PRRs such as cGAS and STING, resulting in the triggering of cytokine production and induction of autophagy in the infected cell. In addition, NOD-like receptors (from the English “nucleotide oligomerization domain-like receptors” or NLRs), localized in the cytosol of most cells in the body, recognize M. tuberculosis PAMPs such as muramyl dipeptide and cause activation of a multiprotein complex called the “inflammasome”. Inflammasome is sometimes considered as the main signaling pathway for activation of antimycobacterial host defense, since it is this complex, through caspase-1 activation, leads to the processing (or limited proteolysis) of proform cytokines of the IL-1 family—IL-1β and IL-18, which have pronounced proinflammatory activity.

In addition, M. tuberculosis actively secrete several compounds that induce the expression of genes encoding type I interferons (IFN-I), which include double-stranded DNA and the bacterial secondary messenger cyclic di-AMP (6). These compounds are recognized by various cytosolic PRRs including cGAS, IFI-204, AIM2 and possibly NOD2. Activation of these cytosolic PRRs leads to the activation of STING (from the Stimulator of Interferon Genes), which subsequently forms a complex with TANK-binding kinase-1. This STING-TBK1 complex activates the transcription factor IRF3, which leads to the production of IFN-β in mice, as well as activation of human dendritic cells with subsequent production of type I IFN.

Mice defective in IRF3 produce IFN-β poorly, but are more resistant to M. tuberculosis infection, indicating a negative role of IFN-I in the pathogenesis of tuberculosis. The main effects of IFN-I during the infectious process caused by M. tuberculosis include the following: IFN-I mediate the recruitment of myeloid cells to the focus of pathogen entry (primarily population of monocytes/macrophages with pro-inflammatory activity, as well as DCs); IFN-I suppress the production and effects of IL-1β by these cells, which is essential for the initial stages of the host immune response to the microbacterium; prolonged production of IL-1β in the focus of inflammation is accompanied by destruction of surrounding tissues by activated cells, whereas type I IFNs and IFNγ can be considered as factors blocking the uncontrolled development of the inflammatory response. In addition, type I IFNs are able to influence IL-12 production by activated DCs. Thus, the excess of these cytokines in the environment can suppress IL-12 production, which reduces the efficiency of type I response development and “polarization” of Th0 toward Th1. Moreover, against the background of high concentrations of type I IFN, activated DCs are unable to respond to IFNγ, but enhance the production of anti-inflammatory IL-10. Thus, it prevents further IL-12 production by dendritic cells, inhibits their activation by IFNγ and leads to the “M. tuberculosis-permissive” phenotype (6, 7).

Thus, the “functional redundancy” of these multiple receptors probably allows a wide range of these PRRs to efficiently recognize a wide range of ligands within Mtb, which is accompanied by activation of various cells in the focus of pathogen invasion. Activation of multiple innate immune receptor signaling pathways simultaneously leads to a number of subsequent cellular antimicrobial responses, including enhanced phagocytosis and apoptosis. However, these defense responses can be modulated by Mtb,, which may provide some of the pathogen's cells with long-term intracellular survival (5, 8).

It should be recalled that dendritic cells circulating in the peripheral blood are heterogeneous population of leukocytes, which are traditionally divided into myeloid orCD123-CD11c+ (cDC, “conventional dendritic cell”) and CD123+CD11c-plasmacytoid dendritic cells (pDC, “plasmacytoid dendritic cell”) dendritic cells. cDC, in turn, are usually divided into two main subpopulation—cDC1 and cDC2, which differ both in their phenotype and functions. Thus, cDC1 cells carry BDCA-3 (CD141), Clec9A, CADM1, BTLA and CD26 on their membrane, and are also capable of cross-presentation of antigens by cytotoxic T-lymphocytes and “polarization” of “naive” T-helper cells toward Th1 (Figure 2) (3).
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FIGURE 2
 Dendritic cells and the “polarization” of T helper cells (3).


Whereas cDC2 have a CD1c+ phenotype (as well as FcεR1+SIRPA+) and play a leading role in the initiation of the response mediated by T-helper cells of various types. In recent years, two cell types have been distinguished within cDC2– CD5+ DC2 and CD5– DC3, with the marker CD14 also found on the surface of DC3 (22, 23).

Within type 1 inflammation, pDCs, with a CD123+CD11c– phenotype, play a pivotal role through the production of type I and III IFNs, as well as IL-12, necessary for Th1 “polarization” and ILC1 activation. Importantly, pDCs carry on their surface histocompatibility class II (MNS-II) and co-stimulatory molecules CD40, CD80 and CD86, which are necessary for antigen presentation to CD4+ T-lymphocytes (8). However, the antigen-presenting function of pDCs is not as efficient as that of DCs (cDCs). Expression of major histocompatibility complex class I and II molecules (MHC I and MHC II) together with co-stimulatory molecules (CD80, CD86 and CD40) allow pDCs to perform antigen presentation to both CD8+ T-lymphocytes and CD4+ T-helper cells. Whereas the secretion of type I IFN and IL-12 by pDCs is able to stimulate proliferation, differentiation and maturation of effector CD8+ T-lymphocytes, as well as differentiation and “polarization” of “naive” CD4+ T cells toward Th1. Moreover, the pDCs population is one of the main sources of type I interferons (α, β) at the early stages of immune response development (9). These cells due to the expression of TLR-7 and TLR-9 in endosomes are able to recognize viral nucleic acids—single-stranded RNA (ssRNA) and CpG sequences within DNA. The fact that pDCs activated through TLRs produce 100–1,000 times more type I IFN than ordinary somatic cells of the organism deserves special attention, which determines the most important role of these cells in the formation of signals necessary for the initiation of antiviral response.

When analyzing the peripheral blood of patients infected with Mtb, decreased levels of both cDC and pDC were shown compared to healthy donors. Another study showed that the amount of cDC (HLA-DR+CD11c+CD123–) was reduced in the blood of patients with pulmonary tuberculosis compared to patients with pleural tuberculosis, who have a better prognosis. A significant decrease in IL-12-producing mDCs was observed in patients with pulmonary TB compared with mDCs in patients with pleural TB and in healthy subjects. In vitro infection of human DCs with M. tuberculosis or BCG also induce production of the anti-inflammatory cytokine IL-10 and impaired IL-12 secretion and type I IFN production. In addition, it was shown that some proteins secreted by M. tuberculosis or included in mycobacterial coverslips were able to modulate the activity of dendritic cells, which allows us to consider them as one of the mechanisms of immune response avoidance (24–26).

For example, under in vitro conditions, Man-LAM significantly suppressed IL-12 secretion in human DCs pre-activated by LPS. Man-LAM also inducepartial maturation of DCs compare to LPS-induce maturation. Man-LAM also induces partial maturation of DCs compared to LPS-induce maturation. As mentioned above, Man-LAM is a ligand for the mannose receptor and DC-SIGN, which are presented on the surface of DCs. The interaction between Man-LAM and DC-SIGN promoted the uptake of live M. tuberculosis and prevented LPS-induce DC maturation. Notably, inhibition of this interaction using DC-SIGN-blocking monoclonal antibodies reduced M. tuberculosis uptake by 90%. In addition, the interaction between BCG and DC-SIGN induce uptake of live M. tuberculosis, partial DC maturation and IL-1 production. Notably, BCG cell wall components induce the maturation of human DCs through the secretion of TNFα and IL-12, which was dependent on the activation of TLR2 and TLR4. Moreover, recognition of M. tuberculosis through signaling from TLRs led to effective development of a proinflammatory response, whereas binding of bacteria to DC-SIGN or mannose receptor on the surface of human dendritic cells was accompanied by triggering IL-10 production and development of an anti-inflammatory response by DCs.

Thus, another way of avoiding the immune response used by M. tuberculosis is switching the synthesized cytokines by dendritic cells from IL-12, which promotes the development of type 1 inflammation, to IL-10, which has pronounced immunosuppressive properties. All this is accompanied by a decrease in the efficiency of development of specific immune response mediated by M. tuberculosis-specific Th1 cells. Moreover, in addition to blockade of IL-12 production, the ability of M. tuberculosis to suppress the expression, formation of active forms and secretion of IL-18, the second most important cytokine that ensures the formation of Th1 cells, was noted. Natural killer cells (NK cells) belong to the system of innate immunity, are able to secrete IFNγ and perform cytolytic functions through the induction of apoptosis in target cells, which allows them to control various intracellular pathogens, including M. tuberculosis (22). Various components of the M. tuberculosis cell wall can directly bind to the NKp44 receptor of NK cells, and NK cells can independently recognize cell stress molecules, the expression of which is increased on the surface of M. tuberculosis cells. NK cells, due to their cytolytic properties, can perform direct killing of M. tuberculosis-infected macrophages, but can also limit intracellular bacterial replication by secreting IL-22 and IFNγ, which increase the fusion efficiency of lysosomes and phagosomes containing M. tuberculosis. In addition, NK cells can enhance immunity against M. tuberculosis indirectly by increasing IFNγ production by CD8+ T cells, promoting proliferation of γδ T cells and killing regulatory T cells (23, 24).



4 Activation of the acquired immunity system in tuberculosis

In M. tuberculosis infection, the key effector T-helper cells are Th1 cells, which, upon recognition of a specific antigen in peripheral tissues, are able to produce IFNg, which activates the widest range of immunocompetent cells, including CD8+ cytotoxic T-lymphocytes, ILC1, macrophages, and B-cells that participate in the elimination of pathogens localized inside cells (25–27). It is now known that the infectious process caused by M. tuberculosis induces the differentiation of various subpopulations of T-helper cells other than Th1. It has also been shown that maturation of monocyte-derived DCs during M. tuberculosis infection induces IL-17 production by autologous CD4+ T cells. It is important to emphasize that activation of the dectin receptor involved in mycobacterial recognition increased the production of both IL-17 (the main effector cytokine Th17) and IFNg (the main effector cytokine Th1) (24, 28).

In contrast, activation of mannose receptor or DC-SIGN by Man-LAM M. tuberculosis significantly reduced IL-17 production but stimulated IFNg release by cells, although the exact mechanisms of this process are still poorly understood. In vitro experiments, it was shown that the presence of M. tuberculosis during the differentiation of dendritic cells of monocytic origin promoted a more efficient “polarization” of Th0 toward Th2 and Th17 when compared to mature DCs stimulated with M. tuberculosis. Moreover, the preferential formation of Th2 and Th17 from Th0 was associated with reduced expression of DC-SIGN and mannose receptor by dendritic cells against a background of high expression of the Dectin-1 receptor. Thus, differentiation of Th2 and Th17 to the detriment of Th1 may represent another immune response evasion strategy employed by M. tuberculosis. It should also be noted, ESAT-6 protein under in vitro conditions suppressed DC maturation induceby LPS and CD40L stimulation, decreased T cell proliferation and IFNg production, but increased IL-17 production. There is also evidence that such M. tuberculosis antigen as Rv1917c enhanced dendritic cell production of IL-10 under in vitro conditions and promoted “polarization” of Th0 toward Th2 (16).

In 2019, it was shown that in TB patients in peripheral blood the relative content of Th2 cells significantly increased and the level of Th17 significantly decreased, while no significant differences between groups were observed in the case of Th1 and Tfh cells (20). Similar results were obtained when analyzing the subpopulation composition of Th cells in peripheral blood in TB using nonspecific stimulation methods in vitro, when it was shown that the level of CD4+IL-17A+ cells decreased against the background of infection, while the content of CD4+IL-4+ lymphocytes in patients significantly increased (24). However, there are also diametrically opposite observations, when Wang et al. found an increased content of IL-17+CD4+ cells in circulation in TB patients compared to the control group, which confirmed previously published studies on the increased level of IL-17 mRNA in peripheral blood lymphocytes of patients with active TB (29, 30).

On the other hand, two independent groups of researchers noted a decrease in Th17 levels in the peripheral blood of patients. Moreover, decreased IL-17 levels in the peripheral blood of TB patients were closely associated with low efficacy of the applied therapy and unfavorable outcome of the disease. Disruption of T-helper polarization is accompanied by a change in the pattern of effector cytokines that are secreted in the foci of pathogen penetration, which has a critical impact on the effector phase of the immune response. For example, the Th1 cytokine IFNg can induce macrophage autophagy, which promotes more efficient elimination of mycobacteria, whereas the Th2 cytokines IL-4 and IL-13 abolish the enhancement of autophagy, which interferes with the destruction of intracellular mycobacteria and promotes their survival within infected cells.


4.1 Th1 cells

During the development of the adaptive immune response, after TCR activation in a specific cytokine microenvironment, “naive” CD4+ T cells can differentiate or “polarize” into Th1 cells. A crucial role in the polarization of Th0 into Th1 cells is played by IL-12, which can be secreted by APCs in response to recognition of certain PAMPs. IL-12 activates the transcription factor STAT4. At the same time, IFNγ produced by NK cells activates another transcription factor, STAT1. Simultaneous activation of expression of STAT1 and STAT4 transcription factors in Th0 lymphocytes can induce expression of the main Th1-polarizing factor T-bet. T-bet, together with other transcription factors (Hlx, Runx3, Ets-1 and Bhlhe40), triggers the expression of the gene encoding IFNγ (31, 32).

T-bet, alone or in combination with Runx3, inhibits the expression of the transcription factors GATA3 and RORγt, which control the polarization of Th0 into other types of Th (Th2 and Th17). Recently, IL-23 and IL-27 have also been found to have the ability to “polarize” Th0 into Th1. Not only “naive” CD4+ T lymphocytes are capable of polarization into Th1. Due to the significant “plasticity” of polarized helper cells, Th1 can originate from other T helper subpopulations, including Th17, Treg, and Tfh cells. Th1 express a characteristic set of chemokine receptors that regulate their migration into the inflammatory focus. The main chemokine receptor of Th1 cells are CXCR3+ and CCR5, which determines the ability of these cells to migrate along the concentration gradient of chemokines CXCL9, CXCL10 and CXCL11– ligands of CXCR3+ and the concentration gradient of CCL3, CCL4 and CCL5– ligands of CCR5. Under the influence of IFNγ, keratinocytes and epithelial cells produce CXCL9, CXCL10 and CXCL11, which contributes to additional recruitment of Th1 cells to the focus of pathogen invasion and enhancement of type 1 inflammation. High levels of these three chemokines have been reported in the circulating blood of patients with tuberculosis (31), with serum CXCL9 levels correlated with systemic organ involvement and CXCL10 levels strongly correlated with respiratory outcomes in patients infected with Mtb (32). In Tbc, high levels of CXCL9 and CXCL10 have been reported in patients with active pulmonary TB and latent TB infection (33, 34).

The chemokine receptor CXCR3+ is thought to play an important role in T cell migration into lung during TB (35). Moreover, a mouse model of TB showed ~three-folds more number of CD4+ CXCR3+ T cells and ~six-folds more CD8+ CXCR3+ T cells in lung airway lumen compared to controls (36). Whereas, in the peripheral blood of patients with active pulmonary tuberculosis, there was an increase in the subpopulation of CD4+ CXCR3+ cells, which can be considered as Th1 cells (37). It was also recently shown that the level of CXCR3+ cells in TB patients increased in all major subpopulation of Th cells at different stages of maturation, including CD45RA-CD62L+ central and CD45RA-CD62L– effector memory cells, as well as mature effector cells of the TEMRA population (CD45RA+CD62L–).

Moreover, the increased content of CXCR3+ TEM and CXCR3+ TCM compared to the peripheral blood of the same patients was noteworthy in the BAL of patients with pulmonary tuberculosis (38). Probably, CXCR3+ M. tuberculosis-specific Th1 cells are able to migrate to the foci of infection. Nikitina et al. observed that lung CD4+ T-lymphocytes in active pulmonary tuberculosis resembled CXCR3+CCR6– population and predominate in lung tissue (39). Thus, Th1 in tuberculosis contribute to granuloma formation and limit the spread of TB.



4.2 CD8+ T cells

The main function of CD8+ T-lymphocytes is to destroy infected or tumor target cells. These cells realize their effector potential by three main mechanisms. The first mechanism is based on the production of effector cytokines IFNγ and TNF upon recognition of target cells via the T cell receptor. The second mechanism is “contact cytolysis” based on the release of perforin and granzymes from granules, as previously described for NK cells. Finally, the third way to kill target cells is to trigger apoptosis by activating receptors belonging to the TNF-like protein family on their surface (the classic example is the Fas/FasL interaction).

Similar to CD4+ Th1 differentiation, IFNγ and IL-12 promote the differentiation and maturation of cytotoxic CD8+ T lymphocytes. The transcription factor T-bet activates in cytotoxic T cells to produce IFNγ and is also essential for their cytolytic potential. Moreover, CD8+ T-lymphocytes (primarily Tc1) express on their surface the chemokine receptors CCR5 and CXCR3+, which are also characteristic of Th1, allowing these two T cell population to migrate in a directed manner to the same inflammatory focus localized in peripheral tissues. The importance of CD8+ T cells in M. tuberculosis infection is related to their ability to secrete cytokines and cytolytic effector molecules that can limit bacterial replication. In addition to IFNγ and TNFα, CD8+ T cells secrete perforin to induce apoptosis in M. tuberculosis-infected macrophages. In addition, CD8+ T cells can also release granulysis in from cytotoxic granules to directly kill intracellular M. tuberculosis.

Recently, we have shown that Tc1 (CCR6-CXCR3+) CD8+ T-cells decreased in the peripheral blood of patients with tuberculosis, which may be associated with the directed migration of these cells to the foci of inflammation, where ligands for the chemokine receptor CXCR3+ are actively expressed (40). Similar results were obtained by Alduenda et al. (41) who found a decrease of CXCR3+CD8+ Tcells in the circulation in patients without therapy, whereas administration of therapy was accompanied by a restoration of the pool of these cells in the peripheral blood. This is also supported by the fact that CD8+ Tcells are detected in the walls of alveoli and pulmonary cavities on immunohistochemical examination of biopsy specimens in pulmonary tuberculosis (42), which may indicate effective migration of CXCR3+CD8+ T cells into the focus of inflammation. In experiments on Cxcr3(–/–) mice, the crucial role of CXCR3+ CD8+ T cells in defense against intracellular pathogens was also demonstrated (43). In addition, in patients with tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) infected with both TB and HIV, a decrease in the proportion of CXCR3+ CD8+ T-cells was observed (44). Moreover, an inverse correlation between the content of “naïve” CXCR3+ CD8+ T cells and the risk of TB-IRIS development was found, whereas an increase in the level of CXCR3+ effector CD8+ T cells was closely associated with the probability of TB-IRIS development.

Th17 cells play a leading role in the development of the type 3 antigen-specific response aimed at defense against extracellular bacteria and fungi and are involved in the development of many autoimmune diseases, including multiple sclerosis (10, 11). Several independent studies analyzing the role of IL-23 and IL-12 in the development of autoimmune pathologies, published in 2003, served as a basis for the designation of Th17 cells as a separate type as early as 2005. Bacterial and fungal cell wall components can activate APCs to produce proinflammatory cytokines IL-1β, IL-6, and IL-23, which in turn direct “naive” CD4+ T cells to differentiate toward Th17.

Interestingly, more regulatory molecules are required for Th0 differentiation and “polarization” into Th17 than for “polarization” into other helper types. The cytokines IL-6 and IL-23 activate STAT3, which is required to trigger expression of the major Th17-polarizing transcription factor RORγt. TCR signaling can also induce RORγt expression indirectly, through activation of NFAT/NF-κB/AP-1. In turn, RORγt, along with other transcription factors (IRF4, BATF and Runx1), promotes the activation of Th17 cell-specific gene expression. TGF-β in combination with IL-6 and IL-21 are involved in the differentiation of Th17 cells under in vitro conditions, although the possibility of a TGF-β-independent pathway of Th17 cell differentiation has been reported in the literature. Th17 secrete effector cytokines, IL-17A, IL-17F, and IL-22, which induce the secretion of matrix metallopeptidases (MMP), nitric oxide (NO), cytokines and antimicrobial peptides in different types of immune and non-immune cells. Th17 cells also play an important role in defense against M. tuberculosis (45).

In analyzing the subpopulation composition of Th peripheral blood in TB with the use of nonspecific stimulation methods in vitro conditions. It was shown that the level of CD4+IL-17A+ cells in the circulation decreased against the background of infection, while the content of CD4+IL-4+ lymphocytes in patients significantly increased (46). Thus, Wang et al. found an increased IL-17+CD4+ cell content in the circulation in TB patients compared to controls (47), which confirmed the previously published data on the increased IL-17 mRNA level in peripheral blood lymphocytes of patients with active TB (48). On the other hand, two independent groups of researchers noted a decrease in the level of Th17 in the peripheral blood of patients (48, 49).

It was noted that the decrease in circulating Th17.1 cells and CCR6+DP Th17 cells in the peripheral blood of patients significantly increased compared to the control group (45, 50). On the other hand, the accumulation of IFN-γ+IL-17+ Th17.1 cells correlated with the disease severity, and the maximum levels of these cells were observed in low responder TB patients, individuals displaying severe pulmonary lesions, and longest length of disease evolution (51). It is also worth mentioning the work of Marín et al. (52) who showed that in patients with active TB during in vitro stimulation with PPD the level of IL-17-producing CD4+ T cells exceeded the values of patients with LTB, while in patients with LTB the level of IFN-γ-producing CD4+ T cells was higher than in healthy controls.



4.3 Follicular T cells (Tfh)

Follicular T cells (Tfh) play a crucial role in the maturation and differentiation of B cells within the germinal center reaction in peripheral lymphoid organs (53). These cells control the processes of switching the classes of antibodies synthesized by the B cells, triggering somatic hypermutations, and selecting high-affinity B cells clones that further differentiate into plasma cells and memory cells. Currently, follicular T-helper cells (Tfh) circulating in the peripheral blood are considered as a heterogeneous cell population, within which, based on the co-expression of chemokine receptors CCR6 and CXCR3+, as well as the presence of various transcription factors peculiar to “polarized” T-helper subpopulation, they can be divided into several independent groups (54). Thus, Th1-like Tfh or Tfh1 carry only CXCR3+ on their surface, and the transcription factor Tbet is found in their nuclear compartment. Whereas Th2-like Tfh or Tfh2 are negative for both of the above chemokine receptors but express high levels of the transcription factor GATA3. Finally, Th17-like Tfh or Tfh17 have a CXCR3+ CCR6+RORγt+ phenotype (50, 54).

It is believed that the balance between different Tfh population is the basis for effective functioning of the humoral link of acquired immunity, whereas its shift—primarily, an increase in the level of cells capable of stimulating B cells (population with Tfh2 and Tfh17 properties)—may be accompanied by the development of autoimmune reactions and chronic inflammation. Thus, using experimental models on laboratory animals, it was shown that IFNg-secreting Th17 negatively affect the formation of long-term immune defense against repeated M. tuberculosis infiltrations, whereas accumulation of CXCR5+ Th17 in lung tissue increases the efficiency of protective reactions at least in mice (55). Immunohistological analysis of granulomas in experimental infection of laboratory animals (56), as well as samples obtained from primates (57) and patients infected with M. tuberculosis (58) revealed the presence of decorated clusters of lymphocytes, which included not only CD3+ but also CD19+ lymphocytes, forming structures resembling germinal centers of lymph nodes and containing proliferating B-cells. Moreover, the formation of highly organized ectopic lymphoid clusters containing CXCR5+ T cells in granulomas was closely associated with a favorable outcome in LTBI, whereas poorly organized or diffuse lymphoid masses with low levels of Tfh cells were formed in active TB and had poorly organized Tfh cells (25).

The latter study also showed that CD4+CXCR5+ lymphocytes were capable of IFNg production, which allowed us to consider them as Tfh1. During Tbc, we observed a change in the subpopulation composition of Tfh associated with an increase in the circulating Tfh2 with CXCR3-CCR6- phenotype against the background of a decrease in the relative content of CXCR3+CCR6– Tfh1 cells, while no significant changes in the percentage of the remaining two types of Tfh– Tfh17 and “double-positive” Tfh– were observed (50, 59). Disturbances in the functional activity of circulating Tfh cells were observed in a study conducted by Kumar et al. on the peripheral blood of patients with active TB (59). It was shown that not only the level of IL-21-producing cells in the blood of patients was reduced relative to control values, but also the concentrations of this cytokine in the systemic bloodstream in the case of infection with mycobacteria were lower than those of the comparison group. Moreover, the level of IFNg, the production of which is traditionally associated with the Tfh1 cell population, was also reduced in patients, which confirms the results we obtained on changes in the subpopulation of Tfh lymphocytes in TB patients.




5 Risk factors and mechanism of LTBI reactivation

The mechanism of reactivation of the tuberculosis process is caused mainly by damage to the mechanisms of immune containment of M. tuberculosis. Some of the key cytokines that inhibit the dissemination of M. tuberculosis are TNFα and IFNγ. Both of these cytokines are involved in type 1 T cell immune response. TNFα promotes activation of macrophages (59) in the lesion site, granuloma formation (60), initiation of apoptosis of infected cells (61), as well as the migration of predominantly CXCR3+T cells to the site of infection through the induction of CXCL9 (MIG) and CXCL10 (IP-10) (62). IFNγ has similar functions. It also promotes macrophage activation and tuberculous granuloma formation (63). In addition, IFNγ can prevent M. tuberculosis from blocking phagolysosome assembly by inducing apoptosis of the infected cell (64). Disruption of production of these cytokines, as well as defects in their signaling cascades, can contribute to reactivation of tuberculosis infection. Thus, Scanga et al. in their study demonstrated the transition of latent tuberculosis infection to active upon blocking TNFα in a modified Cornell murine model (65). There are also numerous reports on the development of tuberculosis in patients using anti-TNFα therapy (66, 67), which requires preliminary diagnosis of LTBI before starting to use these drugs. In vitro TNFα blockade models have demonstrated negative modulation of Th1 and Th17, as well as marked changes in tuberculous granuloma structure (68). Similar to TNFα blockade, IFNγ neutralization can also lead to reactivation of latent tuberculosis infection, as shown in mouse models (65, 69). Moreover, recently there have been reports on the positive effect of adding IFNγ to the therapy of patients with tuberculosis. Thus, Gao et al. in their meta-analysis, including nine clinical trials, demonstrated a statistically significant effect of IFNγ as an adjunctive drug for the treatment of tuberculosis infection (70).

The main cells producing TNFα and IFNγ are Th1 and Tc1, and the main effector cells influenced by the above-mentioned cytokines are macrophages. Foreman et al. demonstrated in their study that increased proliferation of granzyme B-expressing memory CD8+ T cells correlates with protection against reactivation of tuberculosis infection (71). Accordingly, drugs and diseases that cause a decrease in these cells can cause LTBI reactivation. For example, in HIV infection, there is a decrease in CD4+ T cells in the peripheral blood, which contributes to an increased risk of reactivation of tuberculosis infection (72). In the case of diabetes mellitus, there is a violation of monocyte migration and adhesion, as well as a predominance of the anti-inflammatory phenotype of macrophages (73). Thus, diabetes mellitus increases the risk of active tuberculosis (74). The use of an immunosuppressant such as azathioprine requires alertness regarding the development of active tuberculosis disease. Thus, it has been proven that in patients with IBD, the risk of developing tuberculosis increases when azathioprine is prescribed (75). In addition, when using this drug in patients with dermatomyositis, the risk of tuberculosis infection also increases (76). Also, the use of immunosuppressants in kidney, liver, and heart transplantation increases the risk of tuberculosis (77). Chronic kidney disease (CKD) may contribute to immunosuppression (78). It has been shown that patients with CKD have decreased proliferation (79) and increased apoptosis of CD4+ and CD8+ T cells (80). Thus, patients with CKD have an increased risk of M. tuberculosis infection due to immunosuppression, which has been proven by numerous studies (81–83).

The cytokines TNFα and IFNγ, as well as Th1, Tc1 and macrophages are mainly involved in protection against reactivation of tuberculosis infection. In various immunodeficiency states, the pool of the above-mentioned cells is depleted, the effective synthesis of TNFα and IFNγ decreases, which leads to reactivation of tuberculosis. Thus, various immunodeficiency states, such as HIV infection, diabetes mellitus, CKD, immunosuppressants are risk factors for LTBI reactivation and require special vigilance from clinicians. In turn, the insufficiency of TNFα- and IFNγ-positive T cells in circulation can act as a predictor of the transition of latent tuberculosis infection to active disease.

According to the studies conducted, TB lymph nodes, which activates the adaptive immune response. The primary mechanism of bacterial killing is probably related to the production of cytokines, chemokines, cytolytic and other effector molecules by lymph node cells (21). Activation of multiple innate immunity receptor signaling pathways simultaneously leads to a number of subsequent cellular antimicrobial responses, including increased phagocytosis and apoptosis. However, these defenses responses can be modulated by M. tuberculosis, which may ensure long-term intracellular survival of a part of the pathogen cells. There are ways to avoid triggering an immune response. One of the ways used by M. tuberculosis is to switch the cytokines synthesized by dendritic cells from IL-12, which promotes type 1 inflammation, to IL-10, which has pronounced immunosuppressive properties. All this is accompanied by a decrease in the efficiency of development of specific immune response mediated by M. tuberculosis-specific Th1 cells. Moreover, in addition to blockade of IL-12 production, the ability of M. tuberculosis to suppress the expression, formation of active forms and secretion of IL-18, the second most important cytokine ensuring the formation of Th1 cells, was noted.

When the organism is infected with M. tuberculosis, the key effector T-helper cells are Th1 cells, which upon recognition of a specific antigen in peripheral tissues are able to produce IFNg, which activates the widest range of immunocompetent cells, including CD8+ cytotoxic T-lymphocytes, ILC1, macrophages and B-cells, participating in the elimination of pathogens localized inside the cells (27, 87). It is now known that the infectious process caused by M. tuberculosis induces differentiation of various T-helper subpopulation other than Th1. Maturation of dendritic cells during Tbc induces IL-17 production by autologous CD4+ T cells. It is important to emphasize that activation of the dectin receptor involved in mycobacterial recognition increased the production of both IL-17 (a major effector cytokine of Th17) and IFNg (a major effector cytokine of Th1). In contrast, activation of the mannose receptor or DC-SIGN by Man-LAM M. tuberculosis significantly decreased IL-17 production but stimulated IFNg release by cells, although the exact mechanisms of this process are still poorly understood (88). According to the studies conducted, Th17 cells play a key role in the development of type 3 antigen-specific response. Several independent studies analyzing the role of IL-23 and IL-12 in the development of autoimmune pathologies, published in 2003, served as a basis for distinguishing Th17 cells as a separate type already in 2005. Proinflammatory cytokines IL-1β, IL-6 and IL-23 produced under the influence of mycobacteria direct ‘naive' CD4+ T cells to differentiate toward Th17. The cytokines IL-6 and IL-23 activate STAT3, which is required to trigger expression of the major transcription factor Th17-polarizing RORγt. In addition, RORγt along with other transcription factors (IRF4, BATF and Runx1) promotes the activation of Th17 cell-specific gene expression. TGF-β in combination with IL-6 and IL-21 are involved in the differentiation of Th17 cells under in vitro conditions, although the possibility of a TGF-β-independent pathway of Th17 cell differentiation has been reported in the literature. Th17 secrete effector cytokines—IL-17A, IL-17F and IL-22, which induce the secretion of matrix metallopeptidases (MMP), nitric oxide (NO), cytokines and antimicrobial peptides in different types of immune and non-immune cells.



6 Conclusions

The COVID-19 pandemic has drawn even more attention to the problem of tuberculosis, it is associated with an increase in new cases of tuberculosis (6, 84). The development and introduction of new immunological methods of diagnostics of latent tuberculosis infection do not allow to answer the question about the transition of the organism into the state of active tuberculosis infection. A new concept of type 1, type 2 and type 3 immune reactions is presented, as well as tissue-driven reactions that play a crucial role in immune disorders or autoimmunity. Type 1 (Th1) immune reactions target intracellular pathogens such as Mycobacterium tuberculosis or viruses. CD4+ T cells (Th1), innate lymphoid cell type 1 (ILC1), natural killer (NK) cells, natural killer T cells (NK-T) and cytotoxic CD8+ type 1 (Tc1) lymphocytes detect and destroy infected cells and their contents. Interferon-gamma (IFN-γ) is the major effector cytokine and IgG1, IgG2, and IgG3 are the major antibodies. To date, there is no clear understanding of the mechanisms of latent tuberculosis infection after the organism encounters M. tuberculosis and further development of active tuberculosis infection (85, 86).

The action of all these factors is directed toward the elimination of extracellular pathogens. CXCL8 and G-CSF produced by Th17 attract neutrophils to sites of inflammation, which destroy pathogens by phagocytosis and production of a wide range of microbicidal substances. Human Th17 also synthesize IL-26, which can also be produced by Th1 cells. Perhaps future studies on the role of Th17 and cytokine levels, especially IL-6 and IL-21, may be useful in understanding the transition of LTBI to active TB.
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