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Tuberculosis (TB) is an infectious disease that poses a major health threat and is one of the leading causes of death worldwide. Following exposure to Mycobacterium tuberculosis (M.tb) bacilli, hosts who fail to clear M.tb end up in a state of latent tuberculosis infection (LTBI), in which the bacteria are contained but not eliminated. Type 2 diabetes mellitus (DM) is a noncommunicable disease that can weaken host immunity and lead to increased susceptibility to various infectious diseases. Despite numerous studies on the relationship between DM and active TB, data on the association between DM and LTBI remains limited. Immunological data suggest that LTBI in the presence of DM leads to an impaired production of protective cytokines and poly-functional T cell responses, accounting for a potential immunological mechanism that could leads to an increased risk of active TB. This review highlights the salient features of the immunological underpinnings influencing the interaction between TB and DM in humans.
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Introduction

Type 2 diabetes mellitus (DM) is a key risk factor for tuberculosis (TB) and augments the chances of developing active TB disease (1). Around 15% of global TB cases can be attributed to DM comorbidity. Clinically, DM amplifies TB severity and worsens TB treatment (2), while reciprocally TB impedes glycemic control in DM (3). Latent tuberculosis infection (LTBI) is considered to be a state where the individual is infected with Mycobacterium tuberculosis (M.tb), without any signs or symptoms of active TB (4). It was projected that globally, nearly 1.7 billion people were latently infected with M.tb in the year 2014 (5). More recently, a meta-analysis reported that based on the interferon-γ release assays (IGRAs) and tuberculin skin test (TST), the current prevalence rate of LTBI was 24.8% and 21.2%, respectively which accounts for one-fourth of the world’s population (6). Although the total reactivation rate of LTBI is around 10% (7, 8), the risk of reactivation is several fold greater in immunosuppressed patients and also patients with DM (9, 10). However, the exact mechanism of the progress of LTBI to active TB in the presence of DM is still unclear. The generally accepted theory is that DM presents with a weakened immune system.

DM is a gradually rising global epidemic, with 382 million global sufferers in 2014 and an anticipated 592 million estimated by the year 2035 (11, 12). In a meta-analysis, it was reported that DM increases the risk of active TB by three-fold, and the majority (95%) of TB patients were from low-and middle-income countries (1). Rising prevalence of DM is also anticipated, which may markedly amplify the public health impact of this double disease burden (13, 14). Thus, both TB and DM are presently amidst the main global public health priorities. The association of DM with increased TB severity is well described (15). It has been reported that DM is associated with an augmented likelihood of positive sputum smear results, cavitation, delayed sputum conversion, and recurrent TB (1, 16). In addition, it has also been reported that increased susceptibility to TB occurs in patients with DM and this has been ascribed to various factors, including direct effects related to hyperglycemia and insulin resistance and indirect effects related to macrophage and lymphocyte function (17). Although many published studies have reported the association between active TB and DM, very little is known about the association of LTBI with DM. In a meta-analysis published in 2017, DM was associated with a small but significant risk for LTBI (9). Another more recent meta-analysis concluded that DM increased the risk for LTBI by 60% (18). Finally, more recent comprehensive longitudinal data indicate that LTBI is associated with increased diabetes incidence (hazard ratio of 1.4) in US Veterans (19). Several studies have shown enhanced susceptibility to TB in animal models of TB-DM co-morbidity (20). Murine studies have also shown increased inflammation and susceptibility to TB in diabetic mice and enhanced production of several T-cell associated cytokines (21). To study TB susceptibility, Martens et al. (22) used streptozotocin-treated C57BL/6 mice that were hyperglycaemic for < 4 weeks (acute) or > 12 weeks (chronic) before low-dose aerosol challenge with M. tuberculosis Erdman. Chronic diabetic mice displayed >1 log higher bacterial burden and more inflammation in the lung compared with euglycemic mice indicating a delayed adaptive immune response to TB during chronic DM (22).



Host immunity to LTBI

The success of M.tb is predominantly due to its ability to stay within the host in an asymptomatic state in the form of latency and reactivate after months, years or even decades in only a minority of individuals. An individual’s lifetime risk of reactivation TB from LTBI depends on their age when infected and the occurrence of any other health condition associated with TB progression (23). Since one fourth of the global population is projected to have LTBI, this provides a huge population base from which TB can appear to fuel its global pandemic (1, 13). Elucidating the immunological responses that result in LTBI resistance or continued control or possibly clearance of M.tb or protective immunity are very important in determining correlates of risk for TB (13). Published studies have reported that T cells are very important for effective control of M.tb by macrophages in granulomas and various T cell subsets act against a broad array of M.tb antigens (24). These T cells subsets can be classified as classical MHC-restricted T cells and donor-unrestricted T cells (DURTs) (25). M.tb stimulated human CD4+ T cells secrete cytokines and chemokines with the help of macrophages (23, 26). In addition to this, CD4+ T cell subsets also deliver key helper functions for immune cells involved in LTBI, which involves CD8+ T cell and DURT expansion, and antibody production by B cells (27, 28). CD4+ T cells and CD8+ T cells from individuals with LTBI exhibit broad responsiveness to M. tb peptides (29, 30). Innate immune cells, which includes both lymphoid and myeloid, also have a fundamental role in the host response to M.tb (31–33). Recent publications have highlighted the role of a set of innate cells such as the myeloid-derived polymorphonuclear cells (PMNs) and innate lymphoid cells and DURTs, which are involved in the immune responses to M.tb (34). The function of other innate cells in LTBI is less clear.



Host immunity in type 2 diabetes mellitus

DM is a common chronic non-communicable disease, and is prevalent in a huge proportion of adults. DM can be associated with compromised host immunity that consequently increases the rate of various infections including TB (35). Published studies have revealed that various changes occur in glucose and lipid metabolism which in turn lead to alterations from an anti-inflammatory to pro-inflammatory milieu which makes the DM host more susceptible to bacterial infections (36). It has been reported that during DM, insulin resistance due to insulin signaling inhibition results in a series of immune responses that worsen the inflammatory state, which leads to hyperglycemia (37). During DM, there is an impaired innate immune response due to dysfunction of neutrophils and macrophages (38, 39) and also dysfunction in the adaptive immune response (including T cells) (40–42). DM can also affect cellular immunity which in turn worsens insulin resistance and hyperglycemia (42). Several published reports have demonstrated the diabetes-related mechanisms that impair host defence against pathogens and these mechanisms include suppression of cytokine production, defects in phagocytosis, dysfunction of immune cells, and failure to kill microbial agents (35). Findings from these reports demonstrate that the immune system is altered in DM, which involves altered levels of specific cytokines and chemokines, changes in the number and activation state of various immune cell subsets, and increased apoptosis and tissue fibrosis (43). Together, these changes suggest that inflammation participates in the pathogenesis of type 2 diabetes, but how these changes affect the immune response to bystander antigens or newly acquired infections remains unclear. Currently, a better understanding of the mechanisms by which hyperglycemia impairs host defense against pathogens is essential for the development of novel strategies to treat infections in diabetic patients.



Innate immune responses of LTBI individuals with DM

To elucidate the phenotypic profile of innate immune subsets at homeostasis, Kumar et al. (44) examined the ex-vivo phenotypic profile of dendritic cells (DC) and monocyte subsets in the whole blood of individuals with LTBI with or without DM. LTBI with DM individuals demonstrated significantly diminished frequencies of both myeloid DC and plasmacytoid DC compared with LTBI without DM individuals Hence, the potential to activate the adaptive immune response by initiating antigen presentation in the periphery could potentially be affected in TB-DM co-morbidity. The functional consequences of this altered phenotypic distribution of DC subsets was not reported (44). In addition, in the same study LTBI with DM individuals exhibited significantly diminished frequencies of classical and intermediate monocytes and significantly elevated frequencies of non-classical monocytes in comparison to LTBI without DM individuals (44). The importance of monocyte subsets in M.tb infection suggests that functional modifications in these cells in DM patients will contribute to their enhanced susceptibility to TB. Therefore, TB-DM co-morbidity is also characterized by an altered proportion of monocyte subsets, with the potential to influence innate and adaptive immunity to TB (44). Another recent study (45) has characterized innate lymphoid cells (ILCs) using flow cytometry and findings from that study reported that individuals with LTBI and DM had decreased frequencies of ILC2 and ILC3 in comparison to LTBI or DM alone individuals. In the same study, authors have also reported that ILC producing IFNγ was increased whereas IL-13 expression was diminished in LTBI and DM groups, indicating the fact that LTBI and DM are associated with alteration in the ILC compartment (45). A recent study has reported that LTBI individuals with DM showed TB antigen specific diminished frequencies of γδ T cells expressing Type 1 (IFNγ, TNFα) and Type 17 (IL-17F, IL-22) cytokines, cytotoxic markers (Perforin, granzyme B, granulysin), and immune activation (CD69 and PDL-1) markers compared to LTBI group (46). Another recent study from Kathamuthu GR et al., (47) has shown that TB purified protein derivative (PPD) and whole cell lysate (WCL) specific NK and iNKT cells expressing Type 1 (IFNγ, TNFα, and IL-2), Type 17 [(IL-17A, IL-17F and IL-22) cytokines, and cytotoxic markers (perforin and granzyme B) were significantly reduced in LTBI DM individuals compared to LTBI individuals (47). These findings reveal that the innate immune cell compartment, including γδ T cells, NK cells and iNKT cells are compromised in their ability to respond to M.tb antigens in DM individuals. In contrast, another study from Kathamuthu GR et al., (48) on Mucosal-associated invariant T (MAIT) demonstrated that the percentage of MAIT cells expressing Type 1 and Type 17 cytokines and cytotoxic markers were significantly higher in LTBI-DM individuals in comparison to the LTBI individuals, indicating that not all the innate immune cell subsets are impaired in their ability to mount TB-antigen specific or non-specific immune responses (48). Altogether, the published data reveals that DM comorbidity is associated with altered innate immune markers and possibly related to poor correlates of immune protection and elevated mycobacterial pathogenesis in LTBI individuals.



Adaptive immune responses of LTBI individuals with DM

Published studies have described that immunity to TB is mainly dependent on CD4+ T cells and more specifically that CD4+ Th1 and Th17 cells play an important role in protective immunity, in both human and animal models (49). Kumar et al. (50) have reported that LTBI with DM individuals exhibited diminished frequencies of mono and dual functional Th1 (IFNγ, IL-2 and TNFα), Th2 (IL-4, IL-5 and IL-13) and Th17 (IL-17A, IL-17F and IFNγ) CD4+ T cells at baseline and following TB antigen stimulation in comparison to LTBI without DM individuals, indicating that coincident DM alters the function of CD4+ T cells. Further in this article, the authors have also demonstrated that this altered frequency of multifunctional T cells is mainly dependent on IL-10 and TGFβ, since neutralization of either cytokine resulted in significantly augmented frequencies of Th1 and Th2 cells in LTBI with DM individuals (50). Subsequently, the same group (51) also reported that CD8+ T cells play an important role in the immunity to LTBI with DM individuals. They reported that LTBI with DM individuals showed diminished frequencies of CD8+ T cells producing Tc1 (IFNγ, IL-2 and TNFα), Tc2 (IL-4, IL-5 and IL-13) and Tc17 (IL-17A, IL-17F and IFNγ) cytokines at baseline and upon TB antigen stimulation in comparison to only LTBI individuals. In contrast, CD8+ T cells expressing the Granzyme B and perforin were significantly elevated in LTBI with DM group upon TB antigen stimulation, indicating that coincident DM modulate the cytotoxic T cell function in LTBI individuals (51).

Few other published studies (44) have characterized the phenotypic profile of T and B cell subsets, such as memory T cells and memory B cells at homeostasis. Kumar et al. have reported that LTBI with DM individuals demonstrated significantly diminished frequencies of CD4+ effector memory T cells in comparison the LTBI individuals (44) Moreover, LTBI with DM individuals showed significantly elevated frequencies of activated memory B cells and atypical B cells and lower frequencies of naïve B cells compared to LTBI, indicating that TB-DM profoundly modulates cells of the adaptive immune system (44). Thus, DM in LTBI appears to be associated with major impairment in T cell activation and function. Thus, functional and phenotypic alterations in the adaptive immune cell compartment in LTBI offer important insights into the potential mechanism by which DM could influence the progression from LTBI to active tuberculosis.



Immune biomarkers to LTBI individuals with DM

Cytokines play an important role in the host immune response against M.tb (52). IFN-γ and TNF-α are critically important for protective immunity in both human infections and animal models (49, 52). Other cytokines such as IL-17A, the prototypical type 17 cytokine, are known to play an essential role in mediating memory immune responses to M.tb in mice (53). Another proinflammatory cytokine, IL-22 has been to shown to contribute to the human antimycobacterial response (54). IL-1 family of cytokines, mainly IL-1α and IL-1β, are essential for resistance to tuberculosis (55, 56). In addition, IL-18 (57) and IL-12 (58, 59) are both recognized to be vital in immunity to M.tb and finally, IL-6 has also been shown to facilitate inhibition of disease progression (60). A study published by Kumar et al. (61) has described that LTBI with DM individuals displayed diminished circulating levels of type 1 (IFNγ, IL-2 and TNFα), and type 17 (IL-17A, IL-17F and IL-22) cytokines and also other pro-inflammatory cytokines such as IL-1β and IL-18 in comparison to non-DM group. In addition, diminished levels of Type 1 and Type 17 cytokines were seen upon TB antigen stimulation, indicating that presence of DM, is characterized by lower production of protective cytokines, allowing for a probable immunological mechanism that could account for the augmented risk of active tuberculosis in latently infected individuals with DM (61).

Subsequently by Kumar at al., (62) in another study reported that IL-20 subfamily of cytokines are associated with LTBI-DM comorbidity. They studied the association of IL-20 subfamily of cytokines in LTBI-DM co-morbidity because the IL-20 subfamily of cytokines plays an essential role in both host defense mechanisms and glucose metabolism. Findings from this study revealed that individuals with LTBI with DM exhibited diminished systemic plasma levels of IL-10, IL-19, IL-20 and IL-24 but increased levels of IL-22 in comparison to the LTBI group, signifying that the diminished production of cytokines may affect immunity against TB infection (62). In another study, the authors illustrate the effect of coexistent DM on adipocytokine levels in LTBI individuals (63). Findings from this study revealed that LTBI with DM individuals displayed diminished plasma levels of adiponectin and adipsin and heightened plasma levels of leptin, visfatin and PAI-1. Moreover, adiponectin and adipsin revealed a significant negative association, whereas leptin, visfatin and PAI-1 and displayed a significant positive association with HbA1C levels. These findings clearly reveal that due to metabolic dysfunction, an imbalance in the appearance of pro- and anti- inflammatory adipocytokines arises in TB-DM, which is an important feature that could influence the development of TB pathogenesis (63). There was a study by Aravindhan V et al., who have shown that inflammatory markers such as IL-1β, IFNγ and adiponectin were significantly elevated in LTBI individuals with newly diagnosed DM (NDM) in comparison to LTBI negative individuals with NDM (64). Subsequently from the same group, another study demonstrated that there was elevated IL-27 and IL-10 levels in the LTBI NDM, compared to LTBI group (65). Finally, they also reported that IL-38 was significantly reduced in LTBI infected DM in comparison to LTBI negative DM, thus implying that these cytokines play a role in the LTBI-DM nexus (66).

There is a rising body of evidence that indicates that immunocompromise is an important part of DM and that this compromise could have severe consequences in the face of intracellular pathogens like M.tb (61). Thus, DM appears to profoundly alter a variety of host immune biomarkers important in the immune response to M.tb in LTBI individuals.



Effect of pre-diabetes in LTBI individuals

Pre-diabetes (PDM) or intermediate hyperglycemia is an abnormal risk state for DM that is diagnosed if the glucose levels are above the normal thresholds but below the levels of overt diabetes (67). There is an increase in the incidence of PDM globally, and it is projected that over 470 million people will have PDM by 2030 (68). The two core functional defects in PDM are insulin resistance and pancreatic beta-cell dysfunction, and these changes manifest before the occurrence of glucose level abnormalities (67, 69). A relationship of PDM with TB risk is not completely well characterized (70). To characterize the impact of PDM in LTBI, Kumar et al. (71) examined the CD4+ and CD8+ T cell expression of cytokines in LTBI with coincident PDM. The study findings demonstrated that LTBI-PDM individuals are associated with diminished multifunctional frequencies of CD4+ Th1 cells expressing IFNγ, IL-2 and TNFα and Th17 cells expressing IL-17A, IL-17F and IFNγ at baseline and upon TB antigen stimulation in comparison to LTBI only individuals. In addition, the study findings also revealed that LTBI-PDM is also characterized by diminished frequencies of mono-functional CD8+ Tc1 (IFNγ, IL-2 and TNFα) and Tc17 (IL-17A, IL-17F and INFγ) cells at baseline and upon TB antigen stimulation, indicating that PDM is correlated with alterations of the immune response in LTBI with compromised CD4+ and CD8+ T cell function. These study results also imply that diminished T cell cytokine production is an important feature of LTBI-PDM and could possibly contribute to the increased risk posed by PDM in the pathogenesis of active TB (71). Finally, one other study examining the circulating plasma levels of a broader panel of pro and anti-inflammatory cytokines in LTBI-PDM individuals has revealed that systemic levels of IFNγ, IL-2, TNFα, and IL-17F were diminished in comparison to LTBI only individuals, indicating that an imbalance in the pro- and anti-inflammatory cytokine milieu is an important feature of LTBI-PDM comorbidity. Researchers have reported that LTBI individuals with PDM presented with a decreased TB antigen specific frequency of γδ T cells expressing Type 1, Type 17 cytokines, cytotoxic markers, and immune activation (CD69 and PDL-1) markers compared to LTBI individuals without PDM (46). Subsequently, another study from Kathamuthu GR et al., (47) has shown that TB purified protein derivative (PPD) and whole cell lysate (WCL) specific NK and iNKT cells expressing IFNγ, TNFα, and IL-2, IL-17A, IL-17F and IL-22 and cytotoxic markers (perforin and granzyme B) were significantly reduced in LTBI-PDM individuals compared to LTBI individuals (47). Finally, there was also another recent finding from the same group on MAIT cells demonstrating that the percentage of MAIT cells expressing Type 1 and Type 17 cytokines and cytotoxic markers were significantly higher in LTBI-PDM individuals in comparison to the LTBI individuals (48). These findings clearly indicate that LTBI-PDM is associated with major perturbations in innate immune cell activation and function and this could potentially have profound effects on the immunity to TB.



Conclusions

In conclusion, the mechanisms that are associated with the pathogenesis of TB in the presence of DM are not completely clear. But it is apparent that various immune parameters are altered in the LTBI infected host due to DM, in whom both innate and adaptive immunity is affected (Figure 1). Further research is needed for better understanding the biological mechanisms involved, enhance timing of DM testing and clinical care for diabetic or hyperglycemic TB patients. In addition, it would be important to evaluate the potential impact of targeted LTBI screening among the DM individuals.




Figure 1 | Summary of the immunological interactions between latent tuberculosis infection (LTBI) and type 2 diabetes mellitus (DM). The outcomes of DM on the distinctive arms of the innate and adaptive immune systems is represented by arrows indicating increased or decreased function compared to LTBI without DM.





Author contributions

NP wrote the first draft of the manuscript. SB contributed to manuscript revision, read and approved the submitted version. All authors contributed to the article and approved the submitted version.



Acknowledgments

We would like to thank our ICMR-NIRT Director for the constant support. We also thank Dr Thomas Nutman of LPD, NIAID, NIH and Dr. Hardy Kornfeld University of Massachusetts Medical School for their continued support. We would also like to thank the members of the Chennai ICER program for their contributions towards this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Jeon, CY, and Murray, MB. Diabetes mellitus increases the risk of active tuberculosis: a systematic review of 13 observational studies. PloS Med. (2008) 5:e152. doi: 10.1371/journal.pmed.0050152

2. Baker, MA, Harries, AD, Jeon, CY, Hart, JE, Kapur, A, Lonnroth, K, et al. The impact of diabetes on tuberculosis treatment outcomes: a systematic review. BMC Med. (2011) 9:81. doi: 10.1186/1741-7015-9-81

3. Niazi, AK, and Kalra, S. Diabetes and tuberculosis: a review of the role of optimal glycemic control. J. Diabetes Metab. Disord. (2012) 11:28. doi: 10.1186/2251-6581-11-28

4. Pai, M, Behr, MA, Dowdy, D, Dheda, K, Divangahi, M, Boehme, CC, et al. Tuberculosis. Nat. Rev. Dis. Primers (2016) 2:16076. doi: 10.1038/nrdp.2016.76

5. Houben, RM, and Dodd, PJ. The global burden of latent tuberculosis infection: A re-estimation using mathematical modelling. PloS Med. (2016) 13:e1002152. doi: 10.1371/journal.pmed.1002152

6. Cohen, A, Mathiasen, VD, Schon, T, and Wejse, C. The global prevalence of latent tuberculosis: a systematic review and meta-analysis. Eur. Respir. J. (2019) 54(3):1900655. doi: 10.1183/13993003.00655-2019

7. Corbett, EL, Watt, CJ, Walker, N, Maher, D, Williams, BG, Raviglione, MC, et al. The growing burden of tuberculosis: global trends and interactions with the HIV epidemic. Arch. Intern. Med. (2003) 163:1009–21. doi: 10.1001/archinte.163.9.1009

8. Gutti, G, Arya, K, and Singh, SK. Latent tuberculosis infection (LTBI) and its potential targets: An investigation into dormant phase pathogens. Mini Rev. Med. Chem. (2019) 19:1627–42. doi: 10.2174/1389557519666190625165512

9. Lee, MR, Huang, YP, Kuo, YT, Luo, CH, Shih, YJ, Shu, CC, et al. Diabetes mellitus and latent tuberculosis infection: A systematic review and metaanalysis. Clin. Infect. Dis. (2017) 64:719–27. doi: 10.1093/cid/ciw836

10. Hasan, T, Au, E, Chen, S, Tong, A, and Wong, G. Screening and prevention for latent tuberculosis in immunosuppressed patients at risk for tuberculosis: a systematic review of clinical practice guidelines. BMJ Open (2018) 8:e022445. doi: 10.1136/bmjopen-2018-022445

11. Emerging Risk Factors, C, Sarwar, N, Gao, P, Seshasai, SR, Gobin, R, Kaptoge, S, et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: a collaborative meta-analysis of 102 prospective studies. Lancet (2010) 375:2215–22. doi: 10.1016/S0140-6736(10)60484-9

12. Guariguata, L, Whiting, DR, Hambleton, I, Beagley, J, Linnenkamp, U, and Shaw, JE. Global estimates of diabetes prevalence for 2013 and projections for 2035. Diabetes Res. Clin. Pract. (2014) 103:137–49. doi: 10.1016/j.diabres.2013.11.002

13. Harries, AD, Murray, MB, Jeon, CY, Ottmani, SE, Lonnroth, K, Barreto, ML, et al. Defining the research agenda to reduce the joint burden of disease from diabetes mellitus and tuberculosis. Trop. Med. Int. Health (2010) 15:659–63. doi: 10.1111/j.1365-3156.2010.02523.x

14. Kapur, A, and Harries, AD. The double burden of diabetes and tuberculosis - public health implications. Diabetes Res. Clin. Pract. (2013) 101:10–9. doi: 10.1016/j.diabres.2012.12.001

15. Martinez, N, and Kornfeld, H. Diabetes and immunity to tuberculosis. Eur. J. Immunol. (2014) 44:617–26. doi: 10.1002/eji.201344301

16. Odone, A, Houben, RM, White, RG, and Lonnroth, K. The effect of diabetes and undernutrition trends on reaching 2035 global tuberculosis targets. Lancet Diabetes Endocrinol. (2014) 2:754–64. doi: 10.1016/S2213-8587(14)70164-0

17. Kumar Nathella, P, and Babu, S. Influence of diabetes mellitus on immunity to human tuberculosis. Immunology (2017) 152:13–24. doi: 10.1111/imm.12762

18. Liu, Q, Yan, W, Liu, R, Bo, E, Liu, J, and Liu, M. The association between diabetes mellitus and the risk of latent tuberculosis infection: A systematic review and meta-analysis. Front. Med. (Lausanne) (2022) 9:899821. doi: 10.3389/fmed.2022.899821

19. Magee, MJ, Khakharia, A, Gandhi, NR, Day, CL, Kornfeld, H, Rhee, MK, et al. Increased risk of incident diabetes among individuals with latent tuberculosis infection. Diabetes Care (2022) 45:880–7. doi: 10.2337/dc21-1687

20. Saiki, O, Negoro, S, Tsuyuguchi, I, and Yamamura, Y. Depressed immunological defence mechanisms in mice with experimentally induced diabetes. Infect. Immun. (1980) 28:127–31. doi: 10.1128/iai.28.1.127-131.1980

21. Martinez, N, Vallerskog, T, West, K, Nunes-Alves, C, Lee, J, Martens, GW, et al. Chromatin decondensation and T cell hyperresponsiveness in diabetes-associated hyperglycemia. J. Immunol. (2014) 193:4457–68. doi: 10.4049/jimmunol.1401125

22. Martens, GW, Arikan, MC, Lee, J, Ren, F, Greiner, D, and Kornfeld, H. Tuberculosis susceptibility of diabetic mice. Am. J. Respir. Cell Mol. Biol. (2007) 37:518–24. doi: 10.1165/rcmb.2006-0478OC

23. Chee, CBE, Reves, R, Zhang, Y, and Belknap, R. Latent tuberculosis infection: Opportunities and challenges. Respirology (2018) 23:893–900. doi: 10.1111/resp.13346

24. Flynn, JL, Chan, J, and Lin, PL. Macrophages and control of granulomatous inflammation in tuberculosis. Mucosal Immunol. (2011) 4:271–8. doi: 10.1038/mi.2011.14

25. Hensel, RL, Kempker, RR, Tapia, J, Oladele, A, Blumberg, HM, and Magee, MJ. Increased risk of latent tuberculous infection among persons with pre-diabetes and diabetes mellitus. Int. J. Tuberc. Lung Dis. (2016) 20:71–8. doi: 10.5588/ijtld.15.0457

26. Ernst, JD. Mechanisms of m. tuberculosis immune evasion as challenges to TB vaccine design. Cell Host Microbe (2018) 24:34–42. doi: 10.1016/j.chom.2018.06.004

27. Crotty, S. A brief history of T cell help to b cells. Nat. Rev. Immunol. (2015) 15:185–9. doi: 10.1038/nri3803

28. Laidlaw, BJ, Craft, JE, and Kaech, SM. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. (2016) 16:102–11. doi: 10.1038/nri.2015.10

29. Lindestam Arlehamn, CS, Lewinsohn, D, Sette, A, and Lewinsohn, D. Antigens for CD4 and CD8 T cells in tuberculosis. Cold Spring Harb. Perspect. Med. (2014) 4:a018465. doi: 10.1101/cshperspect.a018465

30. Yang, JD, Mott, D, Sutiwisesak, R, Lu, YJ, Raso, F, Stowell, B, et al. Mycobacterium tuberculosis-specific CD4+ and CD8+ T cells differ in their capacity to recognize infected macrophages. PloS Pathog. (2018) 14:e1007060. doi: 10.1371/journal.ppat.1007060

31. Srivastava, S, Ernst, JD, and Desvignes, L. Beyond macrophages: the diversity of mononuclear cells in tuberculosis. Immunol. Rev. (2014) 262:179–92. doi: 10.1111/imr.12217

32. Mayer-Barber, KD, and Barber, DL. Innate and adaptive cellular immune responses to mycobacterium tuberculosis infection. Cold Spring Harb. Perspect. Med. (2015) 5(12):a018424. doi: 10.1101/cshperspect.a018424

33. Joosten, SA, Ottenhoff, THM, Lewinsohn, DM, Hoft, DF, Moody, DB, Seshadri, C, et al. Harnessing donor unrestricted T-cells for new vaccines against tuberculosis. Vaccine (2019) 37(23):3022–30. doi: 10.1016/j.vaccine.2019.04.050

34. Boom, WH, Schaible, UE, and Achkar, JM. The knowns and unknowns of latent mycobacterium tuberculosis infection. J. Clin. Invest. (2021) 131(3):e136222. doi: 10.1172/JCI136222

35. Berbudi, A, Rahmadika, N, Tjahjadi, AI, and Ruslami, R. Type 2 diabetes and its impact on the immune system. Curr. Diabetes Rev. (2020) 16:442–9. doi: 10.2174/1573399815666191024085838

36. Hodgson, K, Morris, J, Bridson, T, Govan, B, Rush, C, and Ketheesan, N. Immunological mechanisms contributing to the double burden of diabetes and intracellular bacterial infections. Immunology (2015) 144:171–85. doi: 10.1111/imm.12394

37. Hotamisligil, GS, Shargill, NS, and Spiegelman, BM. Adipose expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science (1993) 259:87–91. doi: 10.1126/science.7678183

38. Restrepo, BI, Twahirwa, M, Rahbar, MH, and Schlesinger, LS. Phagocytosis via complement or fc-gamma receptors is compromised in monocytes from type 2 diabetes patients with chronic hyperglycemia. PloS One (2014) 9:e92977. doi: 10.1371/journal.pone.0092977

39. Chao, WC, Yen, CL, Wu, YH, Chen, SY, Hsieh, CY, Chang, TC, et al. Increased resistin may suppress reactive oxygen species production and inflammasome activation in type 2 diabetic patients with pulmonary tuberculosis infection. Microbes Infect. (2015) 17:195–204. doi: 10.1016/j.micinf.2014.11.009

40. Reinhold, D, Ansorge, S, and Schleicher, ED. Elevated glucose levels stimulate transforming growth factor-beta 1 (TGF-beta 1), suppress interleukin IL-2, IL-6 and IL-10 production and DNA synthesis in peripheral blood mononuclear cells. Horm. Metab. Res. (1996) 28:267–70. doi: 10.1055/s-2007-979789

41. Tanaka, T, Narazaki, M, and Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. (2014) 6:a016295. doi: 10.1101/cshperspect.a016295

42. Tessaro, FHG, Ayala, TS, Nolasco, EL, Bella, LM, and Martins, JO. Insulin influences LPS-induced TNF-alpha and IL-6 release through distinct pathways in mouse macrophages from different compartments. Cell Physiol. Biochem. (2017) 42:2093–104. doi: 10.1159/000479904

43. Donath, MY, and Shoelson, SE. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. (2011) 11:98–107. doi: 10.1038/nri2925

44. Kumar, NP, Moideen, K, Dhakshinraj, SD, Banurekha, VV, Nair, D, Dolla, C, et al. Profiling leucocyte subsets in tuberculosis-diabetes co-morbidity. Immunology (2015) 146:243–50. doi: 10.3389/fimmu.2021.716819

45. Ssekamatte, P, Nakibuule, M, Nabatanzi, R, Egesa, M, Musubika, C, Bbuye, M, et al. Type 2 diabetes mellitus and latent tuberculosis infection moderately influence innate lymphoid cell immune responses in Uganda. Front. Immunol. (2021) 12:716819. doi: 10.1101/cshperspect.a018465

46. Kathamuthu, GR, Kumar, NP, Moideen, K, Menon, PA, and Babu, S. Decreased frequencies of Gamma/Delta T cells expressing Th1/Th17 cytokine, cytotoxic, and immune markers in latent tuberculosis-Diabetes/Pre-Diabetes comorbidity. Front. Cell Infect. Microbiol. (2021) 11:756854. doi: 10.3389/fcimb.2021.756854

47. Kathamuthu, GR, Kumar, NP, Moideen, K, Menon, PA, and Babu, S. High dimensionality reduction and immune phenotyping of natural killer and invariant natural killer cells in latent tuberculosis-diabetes comorbidity. J. Immunol. Res. (2022) 2022:2422790. doi: 10.1155/2022/2422790

48. Kathamuthu, GR, Pavan Kumar, N, Moideen, K, Dolla, C, Kumaran, P, and Babu, S. Multi-dimensionality immunophenotyping analyses of MAIT cells expressing Th1/Th17 cytokines and cytotoxic markers in latent tuberculosis diabetes comorbidity. Pathogens (2022) 11(1):87. doi: 10.3390/pathogens11010087

49. O'garra, A, Redford, PS, Mcnab, FW, Bloom, CI, Wilkinson, RJ, and Berry, MP. The immune response in tuberculosis. Annu. Rev. Immunol. (2013) 31:475–527. doi: 10.1146/annurev-immunol-032712-095939

50. Kumar, NP, Moideen, K, George, PJ, Dolla, C, Kumaran, P, and Babu, S. Coincident diabetes mellitus modulates Th1-, Th2-, and Th17-cell responses in latent tuberculosis in an IL-10- and TGF-beta-dependent manner. Eur. J. Immunol. (2016) 46:390–9. doi: 10.1002/eji.201545973

51. Kumar, NP, Moideen, K, George, PJ, Dolla, C, Kumaran, P, and Babu, S. Impaired cytokine but enhanced cytotoxic marker expression in mycobacterium tuberculosis-induced CD8+ T cells in individuals with type 2 diabetes and latent mycobacterium tuberculosis infection. J. Infect. Dis. (2016) 213:866–70. doi: 10.1093/infdis/jiv484

52. Cooper, AM, and Khader, SA. The role of cytokines in the initiation, expansion, and control of cellular immunity to tuberculosis. Immunol. Rev. (2008) 226:191–204. doi: 10.1111/j.1600-065X.2008.00702.x

53. Khader, SA, and Cooper, AM. IL-23 and IL-17 in tuberculosis. Cytokine (2008) 41:79–83. doi: 10.1016/j.cyto.2007.11.022

54. Scriba, TJ, Kalsdorf, B, Abrahams, DA, Isaacs, F, Hofmeister, J, Black, G, et al. Distinct, specific IL-17- and IL-22-producing CD4+ T cell subsets contribute to the human anti-mycobacterial immune response. J. Immunol. (2008) 180:1962–70. doi: 10.4049/jimmunol.180.3.1962

55. Sugawara, I, Yamada, H, Hua, S, and Mizuno, S. Role of interleukin (IL)-1 type 1 receptor in mycobacterial infection. Microbiol. Immunol. (2001) 45:743–50. doi: 10.1111/j.1348-0421.2001.tb01310.x

56. Mayer-Barber, KD, Andrade, BB, Barber, DL, Hieny, S, Feng, CG, Caspar, P, et al. Innate and adaptive interferons suppress IL-1alpha and IL-1beta production by distinct pulmonary myeloid subsets during mycobacterium tuberculosis infection. Immunity (2011) 35:1023–34. doi: 10.1016/j.immuni.2011.12.002

57. Schneider, BE, Korbel, D, Hagens, K, Koch, M, Raupach, B, Enders, J, et al. A role for IL-18 in protective immunity against mycobacterium tuberculosis. Eur. J. Immunol. (2010) 40:396–405. doi: 10.1002/eji.200939583

58. Altare, F, Durandy, A, Lammas, D, Emile, JF, Lamhamedi, S, Le Deist, F, et al. Impairment of mycobacterial immunity in human interleukin-12 receptor deficiency. Science (1998) 280:1432–5. doi: 10.1126/science.280.5368.1432

59. Holscher, C, Atkinson, RA, Arendse, B, Brown, N, Myburgh, E, Alber, G, et al. A protective and agonistic function of IL-12p40 in mycobacterial infection. J. Immunol. (2001) 167:6957–66. doi: 10.4049/jimmunol.167.12.6957

60. Martinez, AN, Mehra, S, and Kaushal, D. Role of interleukin 6 in innate immunity to mycobacterium tuberculosis infection. J. Infect. Dis. (2013) 207:1253–61. doi: 10.1093/infdis/jit037

61. Kumar, NP, George, PJ, Kumaran, P, Dolla, CK, Nutman, TB, and Babu, S. Diminished systemic and antigen-specific type 1, type 17, and other proinflammatory cytokines in diabetic and prediabetic individuals with latent mycobacterium tuberculosis infection. J. Infect. Dis. (2014) 210:1670–8. doi: 10.1093/infdis/jiu329

62. Kumar, NP, Banurekha, VV, Nair, D, Kumaran, P, Dolla, CK, and Babu, S. Type 2 diabetes - tuberculosis co-morbidity is associated with diminished circulating levels of IL-20 subfamily of cytokines. Tuberculosis (Edinb) (2015) 95:707–12. doi: 10.1016/j.tube.2015.06.004

63. Pavan Kumar, N, Nair, D, Banurekha, VV, Dolla, C, Kumaran, P, Sridhar, R, et al. Type 2 diabetes mellitus coincident with pulmonary or latent tuberculosis results in modulation of adipocytokines. Cytokine (2016) 79:74–81. doi: 10.1016/j.cyto.2015.12.026

64. Aravindhan, V, Bobhate, A, Sathishkumar, K, Patil, A, Kumpatla, S, and Viswanathan, V. Unique reciprocal association seen between latent tuberculosis infection and diabetes is due to immunoendocrine modulation (DM-LTB-1). Front. Microbiol. (2022) 13:884374. doi: 10.3389/fmicb.2022.884374

65. Bobhate, A, Viswanathan, V, and Aravindhan, V. Anti-inflammatory cytokines IL-27, IL-10, IL-1Ra and TGF-beta in subjects with increasing grades of glucose intolerence (DM-LTB-2). Cytokine (2021) 137:155333. doi: 10.1016/j.cyto.2020.155333

66. Aravindhan, V, Bobhate, A, Sathishkumar, K, and Viswanathan, V. Serum levels of novel anti-inflammatory cytokine interleukin-38 in diabetes patients infected with latent tuberculosis (DM-LTB-3). J. Diabetes Complications (2022) 36:108133. doi: 10.1016/j.jdiacomp.2022.108133

67. Tabak, AG, Herder, C, Rathmann, W, Brunner, EJ, and Kivimaki, M. Prediabetes: a high-risk state for diabetes development. Lancet (2012) 379:2279–90. doi: 10.1016/S0140-6736(12)60283-9

68. Whiting, DR, Guariguata, L, Weil, C, and Shaw, J. IDF diabetes atlas: global estimates of the prevalence of diabetes for 2011 and 2030. Diabetes Res. Clin. Pract. (2011) 94:311–21. doi: 10.1016/j.diabres.2011.10.029

69. Abdul-Ghani, MA, and Defronzo, RA. Pathophysiology of prediabetes. Curr. Diabetes Rep. (2009) 9:193–9. doi: 10.1007/s11892-009-0032-7

70. Baker, MA, Lin, HH, Chang, HY, and Murray, MB. The risk of tuberculosis disease among persons with diabetes mellitus: a prospective cohort study. Clin. Infect. Dis. (2012) 54:818–25. doi: 10.1111/j.1348-0421.2001.tb01310.x

71. Kumar, NP, Moideen, K, Dolla, C, Kumaran, P, and Babu, S. Prediabetes is associated with the modulation of antigen-specific Th1/Tc1 and Th17/Tc17 responses in latent mycobacterium tuberculosis infection. PloS One (2017) 12:e0178000. doi: 10.1093/cid/cir939


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Kumar and Babu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
< frontiers | Frontiers in Clinical Diabetes and Healthcare





OEBPS/Images/fcdhc.2023.1095467_cover.jpg
, frontiers ‘ Frontiers in Clinical Diabetes and Healthcare

Impact of diabetes mellitus
on immunity to latent
tuberculosis infection





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Impact of diabetes mellitus on immunity to latent tuberculosis infection

      

        		

          Introduction

        



        		

          Host immunity to LTBI

        



        		

          Host immunity in type 2 diabetes mellitus

        



        		

          Innate immune responses of LTBI individuals with DM

        



        		

          Adaptive immune responses of LTBI individuals with DM

        



        		

          Immune biomarkers to LTBI individuals with DM

        



        		

          Effect of pre-diabetes in LTBI individuals

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcdhc-04-1095467-g001.jpg
Innate Immune Adaptive Immune
Response Response

Dendritic cells

Monocytes TB

Innate

lymphoid cells INFECTION
vd T cells &

NK & iNKT

DM

Mucosal-

associated 1
invariant T

cells

CD4+ Th1 cytokines
“' * CD4+ Th2 cytokines
i * CD4+ Thl7cytokines
e CD8+ Th1l cytokines
e CD8+ Th17 cytokines
Y e (CD8+ Cytotoxic
,\ markers

* Memory T cells

Memory B cells

Type 1 cytokines

| Type 17 cytokines

IL-1 family cytokines
'] IL-20 family cytokines
# Adipocytokines






