

  tropicalmed-08-00089




tropicalmed-08-00089







Trop. Med. Infect. Dis. 2023, 8(2), 89; doi:10.3390/tropicalmed8020089




Review



Challenges and the Way forward in Diagnosis and Treatment of Tuberculosis Infection



Kai Ling Chin 1,2,*[image: Orcid], Luis Anibarro 3,4,*[image: Orcid], Maria E. Sarmiento 5 and Armando Acosta 5,*





1



Faculty of Medicine and Health Sciences, Universiti Malaysia Sabah, Kota Kinabalu 88400, Malaysia






2



Borneo Medical and Health Research Centre, Faculty of Medicine and Health Sciences, Universiti Malaysia Sabah, Kota Kinabalu 88400, Malaysia






3



Tuberculosis Unit, Infectious Diseases and Internal Medicine Department, Complexo Hospitalario Universitario de Pontevedra, 36071 Pontevedra, Spain






4



Immunology Research Group, Galicia Sur Health Research Institute (IIS-GS), 36312 Vigo, Spain






5



School of Health Sciences, Universiti Sains Malaysia, Health Campus, Kubang Kerian 16150, Malaysia









*



Correspondence: chinkl@ums.edu.my (K.L.C.); luis.anibarro.garcia@sergas.es (L.A.); ducmar13@gmail.com (A.A.)







Academic Editor: John Frean



Received: 13 December 2022 / Revised: 20 January 2023 / Accepted: 23 January 2023 / Published: 28 January 2023



Abstract

:

Globally, it is estimated that one-quarter of the world’s population is latently infected with Mycobacterium tuberculosis (Mtb), also known as latent tuberculosis infection (LTBI). Recently, this condition has been referred to as tuberculosis infection (TBI), considering the dynamic spectrum of the infection, as 5–10% of the latently infected population will develop active TB (ATB). The chances of TBI development increase due to close contact with index TB patients. The emergence of multidrug-resistant TB (MDR-TB) and the risk of development of latent MDR-TB has further complicated the situation. Detection of TBI is challenging as the infected individual does not present symptoms. Currently, there is no gold standard for TBI diagnosis, and the only screening tests are tuberculin skin test (TST) and interferon gamma release assays (IGRAs). However, these tests have several limitations, including the inability to differentiate between ATB and TBI, false-positive results in BCG-vaccinated individuals (only for TST), false-negative results in children, elderly, and immunocompromised patients, and the inability to predict the progression to ATB, among others. Thus, new host markers and Mtb-specific antigens are being tested to develop new diagnostic methods. Besides screening, TBI therapy is a key intervention for TB control. However, the long-course treatment and associated side effects result in non-adherence to the treatment. Additionally, the latent MDR strains are not susceptible to the current TBI treatments, which add an additional challenge. This review discusses the current situation of TBI, as well as the challenges and efforts involved in its control.
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1. Introduction


Tuberculosis (TB) has remained an undefeatable disease for more than a century. In 2020, 10 million new TB cases and over 1.3 million deaths were reported [1]. Drug-resistant TB is one of the main challenges of the TB pandemic [2,3]. It is estimated that half a million new multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB) cases appear every year [2,3]. Only 57% of patients with MDR-TB who receive the treatment recommended by WHO were cured [2,4]. MDR-TB is increasing at an annual rate of >20 percent; hence, it will contribute to the estimated 31.8 million TB deaths that will be produced over the period of 2020–2050 [5]. Other estimates calculated that over the next 35 years, MDR-TB will kill 75 million people and could cost the global economy a cumulative $16.7 trillion [6].



TBI, formerly known as LTBI, is a state where a persistent immune response to stimulation Mtb antigens (Ags) is demonstrated without the presence of clinical signs and symptoms of manifested active tuberculosis (ATB) [7]. Among the TBI individuals, 5 to 10% will develop ATB [4]. Globally, it is estimated that one-quarter of the world’s population has TBI [8], representing an important reservoir for future TB cases, mainly in risk groups such as the elderly, children, patients with human immunodeficiency virus (HIV), diabetes, primary immunodeficiency, cancer, and under immunosuppressive treatment, among others, some of them infected with MDR-TB [9,10]. It was reported that the South-East Asia, Western-Pacific, and Africa regions had the highest prevalence of TBI, accounting for around 80% in 2014, where China had the highest estimated LTBI burden with 350 million infections, followed by India with around 120 million infections [11]. It is estimated that three in every 1000 people globally carry a latent MDR-TB infection and are at risk to develop MDR-TB, so prevention of new MDR-TB cases from this growing reservoir is a priority [12].



A study by Reichler et al. (2020) showed that the main predisposing factors or the likelihood for acquiring TBI are close contact proximity with an index patient with cavitation in both left and right lungs and positive-sputum smear, sharing a bedroom with an index patient within a household, exposure of more than 250 h, and exposure to more than one index patient [13]. Among the high-risk factors that significantly increase the risk of progression from TBI to ATB are HIV infection, organ transplantation, silicosis, use of tumor necrosis factor-alpha blockers, close contact with TB patients within the past 2 years, and chronic renal failure (end-stage renal disease, ESRD) under dialysis treatment [10,14]. Medium-risk factors include fibronodular lung diseases, immigration from high TB burden countries, healthcare workers, prisoners, and homeless persons; while low-risk factors include diabetes mellitus, smoking, corticosteroids use, and underweight/malnutrition [10,14].



Although TB incidence showed a decrease of about 2% per year between 2015 and 2019, with a cumulative reduction of 9%, this trend, if maintained, will not allow us to meet the milestone of the End TB Strategy by 2050, which is set at a 20% reduction [4]. It is hardly possible to create a world free of TB unless progression to ATB is prevented, underlining the need for TBI screening and preventive therapy as key interventions for TB control.



Here, we will review the common modalities for TBI screening and their applications in testing the high-risk populations, including the children, elderly, immunocompromised individuals, healthcare workers, and immigrants and travelers from high-endemic TB countries, among others. Additionally, new host- and Mtb-derived biomarkers to be used for detection of TBI are discussed. Additionally, issues related to non-adherence and resistance in TBI treatment and new trial programs for MDR-TB strains in TBI are reviewed.




2. Screening Tests for TBI


As TBI is asymptomatic, the first issue to be considered is who should be screened for TBI. Generally, high-risk groups fall into two categories, i.e., persons with recent exposure to Mtb and persons with immunosuppressive treatment or medical conditions that weaken the immune system. These patients should be screened for Mtb infection. Once a risk individual is identified, the second issue is what screening modalities should be used to detect TBI. Currently, only two methods have been approved for TBI screening, i.e., tuberculin skin test (TST) and interferon-gamma release assays (IGRAs) (Figure 1, Table 1) [15]. They are “indirect tests” as they do not detect the bacilli directly, but instead evaluate the cell-mediated immune response/reactivity of the T lymphocytes toward Mtb Ags. These tests cannot discriminate TBI from ATB, recently acquired and old infections, and cannot monitor the clinical efficacy of TBI treatment; thus, it is necessary to perform clinical assessments and laboratory diagnostic studies for ATB once TST/IGRA is positive (Figure 1, Table 1). Another issue is how frequently a suspected TBI individual should be screened. A one-time screening is recommended for persons who are at low risk for TB exposure, and annual screening among persons who are at continued risk of exposure [16]. Evaluating the accuracy of TST and IGRAs in diagnosing TBI remains a problem since there is no “gold standard”. Persistently, TST/IGRA negative individuals were detected among highly Mtb-exposed healthcare workers, household contacts, and gold miners living and working in close quarters in contact with ATB cases. These individuals are dubbed as “resisters”, meaning resistance to primary infection and TBI [17,18]. Due to the lack of accuracy of current diagnostic methods for TBI, here we will also review new modalities that have been tested/developed for screening of TBI.



2.1. Skin Tests


Tuberculin skin test (TST) is also known as the Mantoux test. It is performed by injecting 0.1 mL (5 IU) of tuberculin purified protein derivative (PPD) intradermally into the forearm. After 48 to 72 h, the delayed-type hypersensitivity (DTH) response is monitored by measuring the diameter of the induration (firm swelling due to inflammation) at the site of injection by a trained health professional [23]. The induration measurement result should be interpreted based on the patient’s history and risk of developing ATB, with cut-offs set at ≥5 mm of induration in HIV patients, immunosuppressed individuals, or recent close contacts; ≥10 mm of induration in immigrants from high TB burden countries, drug users, residents and employees of high-risk congregate settings (e.g., prisons, nursing homes, hospitals, homeless shelters, etc.), or mycobacteriology laboratory workers; and ≥15 mm for a person with no risk factors for TB [23,24] (Table 2).



A positive TST reaction could be due to ATB, TBI, or a previously resolved infection with Mtb [23]. Therefore, a medical evaluation based on TB history, physical examination, radiography, and, if necessary, microbiological tests are indicated to rule out ATB before prescribing TBI treatment. A current concern of the test is that a false-positive response can be produced due to vaccination with the live attenuated M. bovis bacillus Calmette-Guérin (BCG) vaccine, or infection with non-tuberculous mycobacteria (NTM) as the tuberculin used in TST is a mixture of a large number of Mtb Ags, which are also present in other mycobacteria [23]. Hence, to avoid these non-specific responses, individual more specific proteins from Mycobacterium tuberculosis complex (MTBC) members and Mtb have been tested for their ability to induce DTH responses [25,26]. These Ags could serve as the next-generation PPD candidates. Nonetheless, it should be noted that skin tests, more specific than TST, are not yet available for everyday clinical practice. Additionally, all skin tests use the same intradermal injection procedure, subjective interpretation, and lack of positive or negative controls, making it possible to have false-negative results, for example in immunocompromised people.



Early secretory antigenic 6 kDa (ESAT-6) and culture filtrate protein 10 kDa (CFP-10) are Mtb highly specific region of difference 1 (RD1)-encoded proteins that are not present in BCG and most of NTM. A study in guinea pigs showed that skin tests with these antigens induced strong DTH responses only in Mtb-infected guinea pigs, but not in BCG-vaccinated, M. avium-sensitized, and control groups [25]. Although PPD had high sensitivity in the diagnosis of TB (82%) compared to a combination of ESAT-6 and CFP-10 Ags (73%), the latter had a higher specificity of 93% compared to 7% in PPD [25]. A study on guinea pigs also showed the possibility to use this combination of Ags as a prognostic skin test to predict the risk of developing ATB based on the observation that larger skin test responses correlated with a shorter time of active infection presentation, and vice versa [27].



A first human trial with intradermal recombinant dimer ESAT-6 (rdESAT-6) in 2008 showed that the response to 0.1 µg of rdESAT-6 was similar to tuberculin, the induration only caused transient redness after 24 h with no serious side effects and did not cause sensitization, suggesting its potential as a skin test reagent [28]. In 2010, further investigation with rdESAT-6 and recombinant CFP-10 (rCFP-10) in combination showed that this skin test reagent was safe and non-sensitizing as well [29]. In 2012, Diaskintest® was developed (containing recombinant CFP-10 and ESAT-6) [30]. This test had high sensitivity for PTB (97.3% in children and adolescents, 84.2% in adults), EPTB (89.7%) and TBI (94.9%), and high specificity in BCG-vaccinated (100%), pulmonary non-TB diseases (94.6%), and extrapulmonary non-TB diseases (98.5%) [30]. A specificity study in NTM-infected patients showed negative responses in M. avium-, M. xenopi-, M. fortuitum-, and M. chelonae-infected patients, while positive responses were observed in M. kansasii-infected patients [31]. The efficiency of Diaskintest® for TB screening in children and adolescents showed that it had comparable sensitivity with the Mantoux test and was suitable for mass screening as it showed high specificity under the conditions of mass BCG vaccination [32]. A study by Hoff et al. (2015) found that the sensitivity of these antigens would be reduced in HIV-infected patients with severe immunosuppression [33].



Other RD1 Ags, i.e., PE35 and PPE68, also induced strong DTH responses in Mtb-immunized guinea pigs, but not in BCG-vaccinated or in M. avium- and M. vaccae-infected groups. However, the responses were lower than with ESAT-6 and CFP-10 [34].



A study suggested that MPT64 induced stronger DTH responses compared to ESAT-6 and CFP-10 only in Mtb-infected guinea pigs, but not in BCG-vaccinated and control groups, and the combination of ESAT-6 and MPT64 Ags induced higher DTH responses than PPD [35]. However, MPT64 is considered a MTBC-specific Ag [36]. MPT64, MPT70, MPT63, and MTC28 induced 8 to 15 times stronger DTH responses in BCG-immunized guinea pigs than in M. avium-infected animals, while 19 kDa, MPT51, Ag85B, 38 kDa, MPT32, and KatG were non-specific Ags as DTH responses were observed in both BCG- and M. avium-immunized guinea pigs [36].



Rv2645, an RD13 protein, stimulated DTH responses that can differentiate between Mtb-infected mice from the BCG-immunized group [37]. Another protein that has been used as a stimulating Ag that showed specificity to TB infection was the Rv2654, which belongs to the RD11 region [38].



WHO has recently released a rapid communication: TB antigen-based skin tests for the diagnosis of TB infection using new Mtb antigen-based skin tests (TBST), i.e., C-Tb (Serum Institute of India, India), C-TST (formerly known as ESAT6-CFP10 test, Anhui Zhifei Longcom, China), and Diaskintest® (Generium, Russian Federation). They conclude that TBSTs were found to be accurate for the detection of TB infection compared with IGRAs and TSTs, have a good safety profile, and may be cost-effective for the detection of Mtb infection [19].




2.2. Interferon-Gamma Release Assays (IGRAs)


IGRAs are based on the stimulation of blood lymphocytes with Mtb specific antigens, which induce the production of IFN-γ in individuals with previous contact with Mtb. A combination of ESAT-6 and CFP-10 Ags induces IFN-γ production by T cells sensitized to Mtb from individuals with previous contact with the bacteria, which supports their use in all the IGRAs alone or in combination with other Ags [39]. IGRAs are immunological assays that are not influenced by BCG vaccination or exposure to most NTM infections and are more robust than TST in their performance in immunocompromised patients as specific Mtb Ags are used for stimulating host T lymphocytes to produce IFN-γ [40]. The results of the test could be obtained within 24 h [41]. The accuracy of IGRAs for children aged <5 years old is still a matter of debate [41,42,43,44]. However, both TST and IGRA had similar limitations in differentiating ATB and TBI, differentiating recently acquired and old infections, or predicting the progression of TBI to ATB [45]. IGRAs should not be used to confirm or rule out ATB, particularly in high TB burden regions because false-negative IGRA results were reported in one-tenth of culture-confirmed pulmonary TB (PTB) cases [46].



In 2011, WHO recommended blood-based IGRAs including QuantiFERON®-TB Gold-In-Tube (QFT®-GIT; Qiagen, Hilden, Germany) and T-SPOT®.TB (Oxford Immunotec Ltd., Milton, UK) for the diagnosis of TBI. In recent years, many new IGRAs have been available commercially, including QuantiFERON®-TB Gold Plus (QFT®-Plus; Qiagen, Hilden, Germany), QIAreachTM QuantiFERON®-TB (QIAreachTM; Qiagen, Hilden, Germany), Beijing Wantai’s TB-IGRA (Wantai; WanTai Biological Pharmacy Enterprise Co., Ltd., Beijing, China), Standard E TB-Feron ELISA (TBF; SD Biosensor, Suwon-si, Gyeonggi-do, Republic of Korea) and T-Cell SelectTM (Oxford Immunotec Ltd., Milton, UK). In 2022, WHO recommended that QFT®-Plus and Wantai to be used as alternative IGRAs as the available data showed that the performance of both tests is comparable to WHO-recommended IGRAs [20].



2.2.1. QuantiFERON®-TB Gold-In Tube (QFT®-GIT), QuantiFERON®-TB Gold Plus (QFT®-Plus) and QIAreachTM QuantiFERON®-TB (QIAreachTM)


QFT®-GIT and QFT®-Plus are methods based on evaluation by an enzyme-linked immunosorbent assay (ELISA) of the amount of INF-γ that is released upon stimulation of blood lymphocytes with highly specific Mtb Ags. The tests were approved by the U.S. Food and Drug Administration (FDA) in 2007 and 2017, respectively. QFT®-GIT was solely based on CD4 T cell responses to a combination of synthetic peptides from highly specific Mtb Ags (ESAT-6, CFP-10, and TB7.7) in a single tube. While the new generation QFT®-Plus has two tubes (TB1 and TB2) with different Ag cocktails, i.e., each tube consists of whole Mtb Ags (ESAT-6 and CFP-10), and tube TB2, in addition, has six short peptides that can also stimulate CD8 T cells. Theoretically, the presence and strength of the CD8 response may help the clinical assessment of patients with new or active infections as it is usually shut off in old and not active diseases [47]. Nonetheless, some studies have failed to confirm the relationship between a high CD8 response and recent Mtb infection [48].



Whole blood is used in QFT®-GIT and QFT®-Plus, which must be processed within 16 h of extraction. Each sample is inoculated into individual tubes (1 mL per tube) of Nil Control (NC), TB antigen (TBA), and Positive Control (PC; mitogen). The tubes are incubated at 37 °C for 16–20 h, followed by plasma collection for IFN-γ determination by ELISA [47] (Table 2).



IFN-γ response using ESAT-6 and CFP-10 as single Ags was lower compared to Ag combinations, i.e., ESAT-6+CFP-10 and ESAT-6+CFP-10+TB7.7 [49]. However, IFN-γ response to ESAT-6+CFP-10+TB7.7 was not significantly greater than the response to ESAT-6+CFP-10 [49]. Thus, although QFT®-Plus uses two Ags instead of three in the QFT®-GIT version, sensitivity has not been globally affected [20,50]. Nonetheless, false-positive results were observed in low-risk patients, frequently with results close to the cut-off limits of the test [51]. Among healthcare workers with no identified risk factors and no history of TBI, a higher positivity rate was found with QFT®-Plus (3.0%) compared to QFT®-GIT (2.1%) [52].



A study by Nemes et al. (2017) showed that among individuals with QFT®-GIT IFN-γ values <0.2 IU/mL, 0.2–0.34 IU/mL, 0.35–0.7 IU/mL, and >0.7 IU/mL, TST positive results (≥5 mm) were 15%, 53%, 66%, and 91%, respectively [53]. Overall, 43% of individuals with IFN-γ values between 0.2 and 0.7 IU/mL had discordant results between QFT and TST, whereas 85% of concordance between <0.2 and >0.7 IU/mL was found [53]. Hence, deep attention has been given to the concept of the positivity threshold of QFT, defining the IFN-γ values ranging from 0.2 to 0.7 IU/mL as a “zone of uncertainty”. In follow-up samples, a high rate of conversions from negative to positive IGRA results occurred when the first QFT result was between 0.2–0.35 IU/mL, and a high rate of reversions of positive to negative IGRA results occur when the initial result was between 0.35–0.7 IU/mL, which had led to the proposal of the establishment of a borderline or equivocal range [54,55]. It is recommended that patients that fall in this zone during their first visit should repeat the QFT test to avoid over-treatment or under-treatment [55]. Another study recommended a borderline range of 0.2–0.99 IU/mL for a follow-up sample [56]. It is recommended that individuals that fall in this zone on their first visit should repeat the test after 2 weeks or it should be considered positive if the patient comes from a TB endemic country, is exposed to TB, or had chest X-ray with scars on the upper lobes. It should be noted that, in the same way it happens with TST, QFT poses a window period of about 8 weeks after exposure to Mtb [57,58].



QIAreachTM QuantiFERON®-TB has been commercialized since 2021. It uses the same antigens in the TB2 tube of QFT®-Plus, but without the need to perform ELISA after incubation. The stimulated sample is placed on a lateral flow, digital detection cartridge named eStick, which is inserted into a battery-operated portable device named eHub for the detection of IFN-γ via nanoparticle fluorescence. Eight tests could be performed in a single run in 3–20 min, providing qualitative positive or negative results [59,60]. This assay shows comparable results with QFT®-Plus [59,60,61] and is suitable to be implemented in high-prevalence, low-resource settings [62]. Further studies are needed to accurately evaluate its performance in different populations, particularly in immunocompromised patients, children, and people living with HIV [61].




2.2.2. T-SPOT®.TB and T-Cell SelectTM


T-SPOT®.TB, approved by the U.S. Food and Drug Administration (FDA) in 2008, is an enzyme-linked immunospot-based assay (ELISPOT) that measures the number of cells that release IFN-γ upon stimulation with Mtb Ags [63]. Whole blood samples must be processed within 8 h, or within 32 h if T-Cell Xtend® (Oxford Immunotec Ltd., Milton, UK) reagent is added. Peripheral blood mononuclear cells (PBMCs) need to be collected with FicollPaque® (GE Healthcare, Chicago, IL, USA), and 250,000 ± 50,000 of PBMCs are seeded into each well of Nil Control (NC), Panel A (PA) (ESAT-6), Panel B (PB) (CFP-10), and Positive Control (PC) (mitogen). The plate is incubated at 37 °C with 5% carbon dioxide (CO2) for 16–20 h, and the IFN-γ released from the cells is determined by ELISPOT [63] (Table 2).



A study by Janssens et al. (2007) showed that the number of spot-forming units (sfu) in culture-proven TB patients (107 ± 56) was higher than in TBI patients with a TST > 5 mm (54 ± 60) and TBI patients with a TST ≤ 5 mm (19 ± 27). At a threshold of 49.5 sfu, T-SPOT®.TB had a sensitivity of 83% and specificity of 74% in distinguishing TBI from ATB [64]. The consideration of the borderline T-SPOT® results has demonstrated its utility to increase the test resolution [65].



T-Cell SelectTM, manufactured since 2018 and approved by the FDA in 2022, is a reagent that enables the whole blood (stored at room temperature) to be processed within 54 h after collection. Additionally, it uses a magnetic bead-based system to automatically isolate PBMCs without negatively impacting the T cell function and the performance of T-SPOT® [66].




2.2.3. Beijing Wantai’s TB-IGRA (Wantai)


Wantai has been manufactured since 2011 and has been approved by the State Food and Drug Administration of China (CFDA). It contains three tubes, i.e., NC, PC, and TB-specific (containing a ESAT-6 and CFP-10 fusion protein) tubes. After 22 h of incubation, the IFN-γ level is quantified by ELISA [20,67]. According to the manufacturer product information sheet, Wantai has high specificity without interference from BCG vaccination and it showed superior performance compared to QFT®-Gold [67].




2.2.4. TS-SPOT


TS-SPOT (Tongsheng Biotech, Beijing, China) contains ESAT-6, CFP-10, and an additional RD-1 Ag, Rv3615c, which is broadly recognized by CD4+ and CD8+ T cells. TS-SPOT results had excellent concordance with T-SPOT®.TB (kappa value of 0.91) [68]. The addition of Rv3615c increased the sensitivity of TS-SPOT in the diagnosis of ATB (80.00% vs. 76.77%), but decreased its specificity (83.45 vs. 85.52%). This assay is cost-effective in low-income settings compared to current available IGRAs and has been proposed for its use in low-income/high-incidence settings [68].




2.2.5. LIOFeron®TB/LTBI


LIOFeron®TB/LTBI (Lionex GmbH, Braunschweig, Germany) consists of two tubes containing Mtb Ags, namely TB-A (ESAT-6, CFP-10, and TB7.7) and TB-B (alanine dehydrogenase (Ala-DH)). Ala-DH is a Mtb-specific Ag as it is not present in the BCG strains and is recognized by CD8+ T cells [69]. LIOFeron®TB/LTBI demonstrated concordance in sensitivity and specificity with QFT®-Plus in the diagnosis of ATB (90%, 98% vs. 98%, 97%) and TBI (94%, 97% vs. 85%, 94%) [69]. The high sensitivity of LIOFeron®TB/LTBI (94%) for the TBI group was based on the results of tube TB-B, suggesting that Ala-DH had higher sensitivity than ESAT-6 and CFP-10 for TBI [69].





2.3. Comparison of TST, QFT®, and T-SPOT®.TB in Screening of TBI among Different Populations


The American Thoracic Society, Infectious Diseases Society of America, and Centers for Disease Control and Prevention (ATS/IDSA/CDC) have recommended screening tests using either TST or IGRAs for those that are likely to be infected with Mtb [70]. In high-risk populations (TST ≥ 5 mm indicating likely to be infected and high risk of progression to ATB), both IGRA and TST are acceptable as screening tests for adults, while TST is preferable for children < 5 years old. In intermediate-risk populations (TST ≥ 10 mm indicating likely to be infected and low/intermediate-risk of progression to ATB), IGRA is preferable. In low-risk populations (TST ≥ 15 mm indicating unlikely to be infected), testing for TBI is not recommended. Repeated screening should be considered for positive results among low-risk patients and in the case of negative results among high-risk patients [70].



2.3.1. Children


Children < 5 years old are at higher risk of developing ATB and pose an increased risk of severe forms of the disease [71]. Despite the specificity of IGRA for BCG-vaccinated individuals, this test has not been entirely validated by the CDC for testing in children < 5 years old because fewer studies had been conducted previously, the difficulty in blood collection, and the high rate of indeterminate results [72,73]. However, other studies showed that IGRAs may not be influenced significantly by age <5 years [74]. Some other studies showed that IGRAs have similar sensitivity to TST in children <5 years although caution on the interpretation of both tests in children < 2 years old. [75,76]. While for children aged ≥5–18 years, IGRAs had greater sensitivity than TST. Interestingly, several studies have shown that none of the untreated children with negative IGRA progressed to ATB even with discordant test results TST+/IGRA−, suggesting that clinicians can rely on IGRA negative results as TST might be causing overdiagnosis and unnecessary treatment [77,78]. Although repeated IGRA testing was required for indeterminate results, the percentage is lower than those who fail to return for TST reads [77]. Both QFT®-GIT and T-SPOT®.TB are in high agreement (93%) for diagnosis of TBI in children, but moderate agreement (75%) was found between TST and QFT®-GIT; and TST and T-SPOT®.TB [79].




2.3.2. Elderly


A study in adult populations showed that the results of both IGRAs were significantly age-dependent with a decreasing trend of sensitivity of 93.3%, 86.5%, 76.8%, and 68.3% for QFT®-GIT and 96.7%, 94.7%, 87.5%, and 85.7% in T-SPOT®.TB in the age groups of <29 years, 30–49 years, 50–69 years, and >70 years, respectively [80]. The sensitivity decline of T-SPOT®.TB according to age was not statistically significant when adjusted with factors such as absolute lymphocyte count, lymphopenia, C-reactive protein, being immunocompromised, location of TB lesion, and sex [80]. It is well known that lymphocyte counts and T cell-mediated immune responses decrease with increasing age. Nevertheless, the fixed number of cells (250,000 cells/well) that is used in T-SPOT®.TB may be the reason for the lesser decrease in sensitivity according to age compared to QFT®-GIT. Although a high number of discordant and inconclusive IGRA (indeterminate/borderline) results is observed in older people, a study performed in the Hispanic population showed that the combination of both QFT®-GIT and T-SPOT®.TB was suitable for TBI detection in older people [81].




2.3.3. Immunocompromised Individuals


Immunocompromised patients who had low T cell counts or function, including recipients of lung and stem cell transplants, under immunosuppressive treatments or in conditions such as HIV/AIDS, diabetes, chronic renal failure, and cancer, are at a higher risk of developing ATB due to their weakened immune responses [82]. IGRAs show better sensitivity than TST in immunocompromised patients [83]. The fact of the fixed cell counts in T-SPOT®.TB might have also benefitted the use of the test for immunocompromised patients as it showed higher sensitivity (18.4%) compared to QFT®-GIT (15.1%) with lower indeterminate results of 0.6% and 7.2%, respectively [83]. Indeterminate QFT®-GIT results were associated with a lack of response in the mitogen tube, particularly in individuals under immunosuppressive treatments or with underlying conditions that affect their immune responses [55]. Following a positive diagnosis with T-SPOT®.TB, a higher rate of progression to ATB (10.37%) was observed compared to positive results with QFT®-GIT (0.65%) and TST (≥10 mm) (3.74%) [84]. The new version, QFT®-Plus, has shown improvement in the diagnosis of TBI among immunocompromised patients, with better concordance with T-SPOT®.TB (87.56%) compared to the older version, QFT®-GIT (83.19%) [85]. Despite the fact that IGRAs include a positive control tube, both tests have reduced sensitivity in detecting TBI [86,87]; therefore, IGRAs should be performed before initiating immunosuppressive treatment to rule out Mtb infection.




2.3.4. BCG-Vaccinated


BCG is the oldest vaccine currently in use and one of the most widely administered vaccines worldwide [88,89]. Besides conferring protection against severe forms of TB deaths in children, BCG has also demonstrated nonspecific beneficial effects in preventing general infant morbidity and mortality [90,91,92]. In high TB endemic countries, the administration of the BCG vaccine is recommended for infants. This has greatly influenced the specificity of TSTs in the BCG-vaccinated population, leading to a higher number of false-positive results. In this regard, the use of IGRAs, which are less affected by BCG vaccination, could avoid unnecessary treatment for TBI [93,94]. False positive TST results derived from infant BCG vaccinations are frequent during the first two years after its administration, but may persist for decades [95,96].




2.3.5. High-Endemic TB Countries


According to Dowdy and Behr, 2022, the current annual risk of TB infection, estimated around 1% in most high-burden countries, could be underestimated and could reach 5–10% because primary surveys on tuberculin were conducted in children aged 5–12 years, but the risk of infection is higher in those aged 15 years and older, some people may have false-negative results, and transient immune responses are not taken into account [97]. A survey on policies and tools implementation for TBI diagnosis and management in 24 high TB-burden countries showed that only five countries, i.e., Brazil, Lesotho, Mozambique, Russia, and Zambia, have full implementation of TBI guidelines, while no TBI guidelines were available in Angola, China, Democratic Republic of the Congo, India, Indonesia, Kenya, and Myanmar, mostly because the focus was on ATB management, not TBI management [98]. Three countries, i.e., China, Indonesia, and Russia, have their local manufacturer of PPD. Nine countries had experienced PPD shortages in the previous year, i.e., Brazil, India, Kenya, Pakistan, Philippines, South Africa, Thailand, Vietnam, and Zimbabwe [98]. In National TB Programs, only six countries, i.e., Cambodia, China, Nigeria, Russia, Tanzania, and Thailand, used IGRAs. The lack of budget allocation and facilities were the main problems associated with limitations in the use of IGRAs [98].



According to WHO, either TST or IGRA can be used as a screening test for TBI in high TB burden settings; however, TSTs may require fewer resources and may also be more familiar to TB practitioners [14].



Immigrants from high TB endemic countries are at risk of developing ATB within the first 2 years after migration [99]. IGRA is recommended to screen immigrants that move from TB endemic countries to low-incidence countries because fewer immigrants tested positive for IGRA and more IGRA-positive immigrants develop ATB compared to TST [100]. Additionally, the post-travel IGRA test is a useful screening tool for long-term travelers to high-endemic TB countries, at least 8 weeks after return [101]. Nonetheless, both TSTs or IGRAs may pose suboptimal sensitivities in newly arrived migrants, so TB symptoms screening should also be performed on arrival in order to detect ATB diseases [102].




2.3.6. Healthcare Workers


Healthcare workers (HCWs) is at a high risk of acquiring TB through occupational exposure. A systematic review by Apriani et al. (2019) on the prevalence of TBI among HCWs in 26 low- and middle-income countries showed positive TST was 14–98% and positive IGRA was 9–86%, and the highest prevalence was in countries with a high TB incidence of ≥300 per 100,000. Positive test results among the HCWs are related to years of work, places of work, TB contact, and occupational category [103]. Occupational screening and periodic monitoring are recommended for HCWs who are at high risk of TB infection. Prevention of TB in HCWs relies on respiratory protection and administrative and environmental measures [104,105]. In addition, at least once a year screening is recommended for high-risk HCWs working in departments of pulmonology, TB infection clinics, respiratory and emergency departments, intensive care units, bronchoscopy suites, sputum induction rooms, spirometry rooms, TB-related laboratories, and aerosol-producing rooms [106].



In a study of HCWs working in TB-related departments in Korea (a country with a medium-burden TB incidence and high BCG coverage), high rates of TST conversion (baseline TST < 10 mm and follow-up TST ≥ 10 mm, with an increment of 6 mm from baseline in two years) were recorded; between 7–30%. Interestingly, only 26% of TST converters were IGRA-positive and none of the TST+/IGRA− employers progressed to ATB during the follow-up period [107]. Another large study from USA HCWs showed that 66% of TST converters were IGRA-negative. Among 123 employers who converted TST, only 44% commenced TBI treatment and none developed ATB [108]. This study prompted CDC to change recommendations on serial testing in HCW, being now not routinely recommended unless identification of Mtb exposure or considering it only in certain groups with increased occupational risk exposure [109]. IGRAs, rather than TSTs, might be better selected for serial testing results given their 8-fold higher risk of progression to ATB in QFT converters compared to non-converters and their high negative predictive value for the risk of developing ATB [110]. Close observation of HCW is highly recommended for employers with initial borderline IGRA results, particularly for those HCWs in TB low-endemic countries due to the high rate of conversion and reversion [55,111].






3. Evaluation of Host-Derived Biomarkers


The current molecular assays for the detection of TBI are solely based on IFN-γ secretion after Mtb Ag stimulation. However, these tests have limitations such as the inability to differentiate between TBI and ATB, and are not entirely validated for their use in children < 5 years who are considered one of the high-risk populations [41]. In this section, we will discuss the use of other cytokines and chemokines that have been implicated in the pathogenesis and control of Mtb infection.



In terms of the diagnostic platform, both ELISA (QFT®) and spot counts (T-SPOT®) could only measure a single analytic determination at a time and with a relatively significant volume of sample, which makes them unsuitable for multiplexing analysis. Flow cytometry has enabled the quantification of multiple cytokines in serum/plasma via multiplex immunoassay, which detects the fluorescent signals of Ab-coated microspheres. Additionally, it enables T-cell subset characterization, by lymphocyte immunophenotyping, allowing the simultaneous detection of cell markers and cytokines [112]. Another method providing automation and multiplexing is real-time quantitative PCR (RT-qPCR), which provides higher sensitivity than IGRAs for the detection of ATB and TBI [113].



3.1. Cytokines/Chemokines


Even at the baseline level, serum protein profiles showed that circulating cytokines (IFN-γ, TNF-α, IL-17A, and IL-17F) were significantly higher in PTB compared with both TBI and healthy control (HC) individuals [114]. Additionally, PTB individuals with bilateral or cavitary disease and high bacterial burdens had higher levels of IFN-γ, TNF-α, IL-17A, and IL-1β [114]. Similarly, another study had shown significantly higher IFN-γ and TNF-α in the serum of PTB compared to TBI [115]. The Mtb-specific immune response showed that multiple cytokines, i.e., IFN-γ, IL-2, IL-6, IL-8, IP-10, MCP-1, MIP-1β, and TNF-α, were released when blood from patients with TB (cultured-confirmed) is stimulated with Mtb Ags (ESAT-6+CFP-10+TB7.7) [49]. Our team also demonstrated that the cytokine levels after the stimulation with fusion proteins of these Ags in coated polyester nanobeads could be used to differentiate PTB, TST+, and TST− healthy individuals by measuring the difference or ratio with unstimulated cytokine levels [116]. IL-2 and CCL11 were the best individual cytokines to differentiate between PTB and healthy individuals (TST+ and TST−) with a sensitivity and specificity of >80%, and the best combinations were IP-10+IL-2 and IFN-γ+IP-10+IL-2 with a sensitivity and specificity of >90%. These markers also had a similar sensitivity to differentiate between PTB and TBI (TST+) [116]. Immunological profiles with multiple markers showed that IFN-γ, IP-10, IL-2, IL-6, CCL3, and CCL8 could not only be used as biomarker signatures for TBI, but also to elucidate the risk of reactivation [117]. Additionally, the Mtb Ag-specific IFN-γ, TNF-α, and IL-2 levels could help in predicting successful anti-TB treatment and Mtb clearance [118].



Here, we will discuss the suitability of commonly reported cytokines/chemokines, including IL-2, IP-10, TNF-α, IL-10, and VEGF as adjunct markers for IGRA to aid in the diagnosis of TBI based on serum profiles at unstimulated and stimulated conditions, and a literature search, including meta-analysis studies. The determination of multiple cytokines upon stimulation with Mtb-specific Ags may help identify potential biomarkers for the diagnosis of TB and discriminate ATB from TBI, as shown in Table 3 [116,119,120,121,122,123,124,125,126,127].



3.1.1. Interferon-γ (IFN-γ)


IFN-γ is a central effector of cell-mediated immunity with a critical role in recognizing and eliminating pathogens [128]. In mycobacterial infections, IFN-γ released by CD4+ T cells is essential for host survival and enhances both CD4+ and CD8+ T cell activities [129]. However, false-negative IGRA results were detected in patients with TB infection with advanced age [46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132], alcohol abuse [130], inflammatory diseases [130], HIV co-infection [46,132], non-Hispanic white race/ethnicity [46], longer time from diagnosis to treatment initiation [46], over-weight (BMI ≥ 25 kg/m2) [131], malnutrition (BMI <16 kg/m2) [132], longer period of illness before hospitalization [131], glucocorticoids and other immunosuppressive use [86,87,133], low peripherical lymphocyte counts [134] and extrapulmonary TB [133,135], among other factors. A study by Kellar et al. failed to show IFN-γ response in culture-confirmed TB patients, but other cytokines, i.e., IL-2, IL-6, IL-8, IP-10, and MIP-1β showed greater responses to ESAT-6, CFP-10, and TB7.7 Mtb Ags, suggesting that other cytokines or chemokines are potentially useful for the diagnosis of TB [49].



A meta-analysis on the diagnostic accuracy of IFN-γ for differentiating ATB from TBI showed an overall pooled sensitivity, specificity, negative likelihood rate (NLR), positive likelihood rate (PLR), diagnostic odds ratio (DOR), and area under curve (AUC) of 0.72, 0.82, 0.34, 4.0, 12.00, and 0.84, respectively [136].




3.1.2. Interleukin-2 (IL-2)


IL-2 is a cytokine with growth-promoting effects, promoting the differentiation of T cells into effector and memory T cells upon stimulation by an Ag, thus helping the body to fight off infections [137]. In a study among household contacts of pulmonary TB patients, the ESAT-6/CFP-10-stimulated IL-2 level was significantly higher among TB-infected compared to non-TB-infected subjects as a standalone marker, but it did not discriminate between ATB and TBI [138]. A prospective study conducted in China showed that the combination of IFN-γ and IL-2 in the supernatant of stimulated Mtb antigens may differentiate between active TB and TBI [139]. A study that evaluated forty-eight cytokines, chemokines and growth factors showed that IL-2 was the biomarker most frequently included among the top seven biomarkers to detect Mtb-infected individuals, followed by IFN-γ [126]. A recent study that evaluated cytokines/chemokines other than IFN-ɣ in the supernatants of Quantiferon®-TB showed that IL-2 along with RANTES Ag could be used as an alternative to differentiate ATB from TBI [140]. Nonetheless, some other studies failed to find IL-2 as a useful biomarker that can distinguish ATB from TBI [141].



The sensitivity of IL-2 might be influenced by the Ag stimulation time as shown by Biselli et al. (2010), IL-2 response in QFT®-GIT after 18 h of incubation was low and not significant, but prolonged incubation of 72 h significantly increased the response in TBI (median: 14.72 U/mL) compared to ATB (0.44 U/mL) and HC (0.11 U/mL), with AUC 0.99 [142]. Ag-stimulated IL-2 and IFN-γ after 72 h were significantly different between ATB and TBI, where the IL-2 response was higher in TBI, and IFN-γ was higher in ATB [143]. The IL-2/IFN-γ ratio had an AUC of 0.9504 and 0.8916 after the stimulation with PPD and ESAT-6/CFP-10, respectively [143]. Using flow cytometric cytokine-secreting cell detection, after 72 h of PPD incubation, IL-2 secreting cells were more frequently observed in TBI than in ATB compared to stimulation with ESAT-6/CFP-10 [144]. Another study showed that, although the coefficient correlation of the IL-2/IFN-γ ratio (0.77) is higher than the TNF-α/IL-2 ratio (0.74), the latter showed better discrimination between ATB and TBI [145]. Another study that suggested subtracting IFN-γ with IL-2 showed a higher AUC of 0.8910 in patients with ATB rather than comparing their ratio (0.7164) [123].



A meta-analysis of multiple cytokines showed that IL-2 had the highest accuracy to assist distinction between TBI and ATB, followed by IP-10, IL-5, IL-13, IFN-γ, IL-10, and TNF-α [146]. A meta-analysis on the diagnostic accuracy of IL-2 for differentiating active TB from TBI showed an overall pooled sensitivity, specificity, NLR, PLR, DOR, and AUC of 0.83–0.84, 0.66–0.76, 0.22–0.24, 3.41–2.5, 10.00–15.47, and 0.84–0.87, respectively [136,147].




3.1.3. IFN-γ-Inducible Protein 10 kDa (IP-10)


IP-10 also known as CXCL10, is a pro-inflammatory chemokine [148]. IP-10 levels were higher than IFN-γ levels in ATB and TBI patients following Mtb Ag stimulation (ESAT-6, CFP-10, and/or TB7.7) [149,150]. IP-10 increased significantly in ATB and TBI compared to HC, but could not discriminate ATB from TBI in both adult and children populations [149,150,151]. The measurement of IP-10 in saliva samples proved its value for discriminating ATB patients from HC and TBI [152]. Unlike IFN-γ, the expression of IP-10 was stable, not age-dependent, and was able to identify more positive results in children aged <5 years who had the risk of exposure to TB infection [153]. Thus, it was suggested as a potential adjunct marker, in combination with IFN-γ in IGRAs for screening in children aged <5 years [153].



Another study using RNA from stimulated cells in QFT®-GIT showed that IP-10 mRNA levels had significant increases in children aged <18 years old with ATB and TBI than in HC [113]. Additionally, the AUC of IP-10 mRNA level was higher (0.78) than IFN-γ (0.59) in discriminating between ATB and TBI [113]. However, the IP-10 mRNA had a lower sensitivity (80%) compared to the protein-based IP-10 release assay (87%) due to the different mRNA expression kinetics between patients [154], thus optimization of stimulation times before RNA extraction is highly recommended.



Besides high sensitivity in the diagnosis of TB, the use of an IP-10 marker could be the solution for indeterminate results in QFT. An analysis of cytokines in QFT®-GIT supernatants showed that IP-10 had the highest AUC (0.92) in differentiating QFT borderline and QFT negative controls, followed by IL-2 (0.875) and IL-1ra (0.852) [155]. These findings were confirmed in a recent study by Uzorka et al., which found that levels of IP-10 and Monokine Induced by IFN-ɣ (MIG) in supernatants of QFT predicted true TBI among patients with borderline IFN-ɣ levels in QFT®-Plus [156].



A meta-analysis on the diagnostic accuracy of IP-10 for differentiating active TB from TBI showed an overall pooled sensitivity, specificity, NLR, PLR, DOR, and AUC of 0.72–0.86, 0.83–0.89, 0.16–0.32, 4.63–7.55, 17.86–44.23, and 0.8638–0.93, respectively [157,158,159]. IP-10 may also correlate with treatment response in ATB patients [160].




3.1.4. Tumor Necrosis Factor-α (TNF-α)


TNF-α is a proinflammatory cytokine secreted by macrophages in response to cell damage caused by infection and regulates cell functions including proliferation, survival, differentiation, and apoptosis [161]. Secretion of TNF-α by ESAT-6 or CFP-10-stimulated PBMCs was significantly increased in the ATB group compared to HC, but TNF-α levels do not distinguish ATB from TBI or non-TB controls due to the high background of TNF-α under unstimulated conditions [162]. By subtracting the background levels, the AUC showed a significant difference in TNF-α levels in discriminating between ATB and TBI under CFP-10 stimulation (0.94) compared to ESAT-6 stimulation (0.72) [162]. A similar result was observed by Harari et al. (2011) reporting that CFP-10-stimulated TNF-α positive cells were more frequently recognized than ESAT-6-stimulated cells via flow cytometry assay [163]. The proportion of TNF-α single-positive Mtb-specific CD4+ T cells was the strongest predictive measure of discrimination between ATB and TBI with an AUC of 0.995 [163]. Contradictory results were observed by Zhang et al. (2021), in which ESAT-6 was a better stimulant than CFP-10 for the detection of IFN-γ and TNF-α by a fluorospot assay [164]. The AUC of ESAT-6-stimulated TNF-α (0.970) was higher than IFN-γ (0.872) in discriminating between ATB from TBI. Although a combination of IFN-γ and TNF-α levels had lower AUC (0.900), the specificity of the test increased to 97.1% from single TNF-α (94.3%) and IFN-γ (77.1%) [164]. A study by Kim et al. (2020) had also shown that the diagnostic specificity of the ESAT-6 and CFP-10-stimulated in an IFN-γ/TNF-α dual release assay (94%) by fluorospot was greater than the IFN-γ single release assay alone (72%) [165].



RNA from whole blood cells under Mtb-specific Ag stimulation in QFT-GIT showed that the TNF-α mRNA level had a statistically significant increase in ATB compared to TBI, and the combination of IFN-γ, TNF-α, and IL-2 receptor (IL-2R) showed the best performance in detecting ATB (100%) and TBI (86.36%) with an AUC of 0.9852 [166].



Another study suggested that the ratio of IFN-γ/TNF-α in response to either Rv3716c or TrxC may act as a suitable surrogate biomarker for TBI with an AUC of 0.96 [167].



A meta-analysis on the diagnostic accuracy of TNF-α for differentiating ATB from TBI showed an overall pooled sensitivity, specificity, NLR, PLR, DOR, and AUC of 0.70, 0.79, 0.37, 3.4, 9.00, and 0.81, respectively [136].




3.1.5. Interleukin-10 (IL-10)


IL-10 is an anti-inflammatory cytokine, ameliorating the excessive Th1 and CD8+ T cell responses (typified by overproduction of IFN-γ and TNF-α) that are responsible for much of the immunopathology associated with infections [168]. IL-10 mRNA expression levels in PBMCs after ESAT-6 and CFP-10 antigenic stimulation correlates with negative IGRA results in culture-confirmed TB patients [133]. Another study suggested that the combination of IL-6 and IL-10 with QFT and/or TST could markedly improve the detection accuracy of TBI as IL-6 had the highest positivity rate (92.59%) in the QFT+/TST+ group, and IL-10 had the highest positivity in the QFT−/TST− group [169].




3.1.6. Vascular Endothelial Growth Factors (VEGF)


VEGFs are central regulators of angiogenesis and lymphangiogenesis [170]. VEGFs have been shown to be good markers for discriminating TBI and ATB even at the baseline level [118]. Serum IL-22, IP-10, and VEGF-A were significantly higher in ATB patients than in HC, while only VEGF-A could differentiate between ATB and TBI with an AUC of 0.7576 [118]. Serum CCL1, IP-10, VEGF, and ADA2 significantly increased in ATB than TBI and in combination were able to differentiate between the two groups with an AUC of 0.9525, sensitivity of 95%, and specificity of 90% [171]. Serum VEGF-A and VEGF-R2 levels were significantly higher in PTB compared to TBI individuals with an AUC of 0.9933 and 0.9995, respectively [172].



A meta-analysis on the diagnostic accuracy of VEGF for differentiating ATB from TBI showed an overall pooled sensitivity, specificity, NLR, PLR, DOR, and AUC of 0.59, 0.87, 0.47, 4.5, 10.00, and 0.85, respectively, and it had the highest AUC to assist distinction between TBI and active TB, followed by IFN-γ and IL-2 [136].





3.2. mRNAs and microRNAs


Advancements in next-generation sequencing have enabled the use of transcriptomic profiling to understand the transcriptome dynamics and the discovery of new biomarkers related to a disease [173]. The mRNAs, which are related to various key biological processes including immune defense, inflammatory responses, cell activation, cell proliferation, and apoptosis, among others, could be used as genetic signatures indicative of ATB and TBI. These gene expressions are regulated by microRNAs (miRNAs) post-transcriptionally [173]. miRNAs are host short non-coding RNAs that interact with complementary mRNAs, resulting in positive regulation (transcription stimulation) or negative regulation (transcription inhibition or mRNA degradation) [173]. As shown in Table 4, multiple miRNAs could also serve as biomarkers for ATB and TBI [174,175,176,177,178], but are probably not yet ready for everyday use in TB clinics [179]. In addition to miRNAs, one study showed that small nuclear RNA (snoRNA) and PIWI-interacting RNA (piRNA) are important biomarkers for TBI with potential participation in the TB pathophysiology [180].



A study by Zak et al. (2016) had identified 16 gene signatures of risk that could predict TB progression by whole blood RNA sequencing of adolescents (12–18 years) with latent Mtb infection who developed ATB in a 2-year follow-up [181]. Further study on these genes revealed that 57 primer-probes for 16 genes and 48 primer-probes for 11 genes (RISK11) had similar diagnostic performances [182]. The RISK11 could also be used to discriminate between adults (18–59 years) with prevalent TB and those who remained healthy [183]. Individuals with both positive RISK11 and QFT®-Plus tests had an 8.3-fold increased risk of incident TB than individuals with both tests negative [184]. RNAseq analysis by machine-learning identified patients with TBI with an ATB profile, suggesting Mtb infection with a high risk of progression to ATB [185].




3.3. T-Cell Subsets


Flow-cytometry-based assays have enabled the detection of a broad population of Ag-specific T cells from Th1, Th2, Th17, Tfh, and Treg lineages [186]. Studies on the cell surface marker expression, also known as immunophenotyping, enable the identification of TB-specific immune phenotypes, which can be used for the diagnosis of the disease, to distinguish ATB from TBI, and to determine the risk of developing TB [187].



TB patients (extrapulmonary TB (EPTB) and PTB) had higher frequencies of ESAT-6/CFP-10–specific IFN-γ CD4 T-cells expressing CD38, HLA-DR, or Ki67 compared with TBI, while EPTB had higher frequencies of cells expressing HLA-DR or Ki67 compared with PTB [188]. Additionally, HLA-DR (an MHC class II member) expression by ESAT-6/CFP-10-specific CD4 T cells had the highest diagnostic performance to distinguish between recent and remote TB infections [189].



CD4 T cells co-expressing the surface marker CD25 (subunit of IL-2 receptor) and CD134 (OX40, a TNF-α receptor superfamily member) after ESAT-6 and CFP-10 stimulation had high diagnostic accuracy for ATB and HIV infection [190]. Additionally, patients with IGRA+ CD4+ CD25+ CD134+ T cell phenotypes had highest estimated TB reactivation risk [191].



In a study from Spain, ATB patients presented a higher monocyte to lymphocyte ratio than TBI and HC. In the same study, ATB patients showed a lower proportion of Central Memory cells (TCM) or Mucosal-associated invariant T cells (MAIT) than TBI and HC. In addition, CD-154 expression was increased in TCM and effector memory T cells in patients with ATB, suggesting a potential role in distinguishing ATB from TBI and HC [192].




3.4. Gene Polymorphisms


Whole-genome sequencing technologies have enabled the mining of potential genes associated with susceptibility to TB. Using the Sure Select kit, 1611 single nucleotide polymorphisms (SNPs) were identified in ATB but not TBI, while the TruSight kit identified 182 single-nucleotide polymorphisms (SNPs) [193]. SNPs related to ATB but not with TBI were found to belong to Toll-like receptor-1 (TLR1), vitamin D receptor (VDR), and tumor necrosis factor (TNF) [193].



Gene polymorphism has been associated with PTB and TBI. In a study on Toll-like receptor (TLR) gene single nucleotide polymorphisms (SNPs) in the Chinese population, CC genotype and C allele in SNP rs3804100 (TLR2) and TC genotype in SNP rs5743836 (TLR9) were significantly more common in TBI than in HC. GA genotype and G allele in SNP rs5743708 (TLR2), T allele in SNP rs4986791 (TLR4), GG genotype in SNP rs7873784 (TLR4), CC genotype in SNP rs3764879 (TLR8), and T allele in SNP rs8177374 (toll-interleukin 1 receptor (TIR) domain containing adaptor protein (TIRAP)) were significantly more common in PTB than in HC [194]. There were no significant differences in genotype or allele frequencies between PTB and TBI using single genetic markers, but a combination of a three-markers from TLR4 (rs10759932, rs7873784, and rs10759931) had a predicted accuracy of 84% for TBI [194].



In the Chinese population, the CC+CT genotype in rs1861494 of IFN-γ had decreased the risk of TBI by 50%, while A allele in rs2234711 of IFN-γ receptor 1 had increased the risk of TBI by 55% [195]. An allele at nucleotide -874 of IFN-γ was significantly common in both PTB and TBI compared to HC, and A allele at nucleotide −1082 of IL-10 was significantly more common in PTB patients than in TBI subjects [196].



A study in Taiwan showed that SNPs in the SP110 gene (encoding an interferon-induced nuclear protein) were associated with susceptibility to TB. In TBI vs. HC cases, GG genotype in rs7580912 and GG genotype in rs7580900 were associated with TBI risk, while GA genotype in rs9061 exhibited a protective effect on TBI. Additionally, a protective effect on TB was observed in GG genotype in rs7580912, GG genotype in rs7580900, and CT genotype in rs11556887. It was also observed that the GA genotype of rs9061 in TBI individuals was associated with lower TNF-α levels in plasma compared to GG genotype [197].



In the Mexican population, the G allele and the GG genotype of rs1135216 of transporter associated with Ag processing (TAP1) were associated with susceptibility to TBI [198].



In the Brazilian population, C allele in rs1101998 and A allele in rs1633256 of PYHIN1- IFI16-AIM2 were associated with an increased risk of TST-positivity among close contacts [199].



A recent study performed in the Chinese population demonstrated SNPs in Transforming Growth Factors (TGF)-β1 genes were associated with increased susceptibility to TB and severe forms of the disease [200].




3.5. Host Circulating Proteins and Metabolites


Proteomic analysis of plasma from ATB, TBI, NTM, and HC patients with and without ESAT-6/CFP-10 stimulation, using liquid chromatography-mass spectrometry (LC-MS/MS) showed an increase of the enzyme M7GpppN-mRNA hydrolase (DCP2) only in the TBI group, while C-reactive protein (CRP), α-1-acid glycoprotein 1 (ORM1), sialic acid-binding Ig-like lectin 16 (SIGLEC-16), and vitamin K-dependent protein S (PROS1) increased in abundance in ATB compared to TBI [201].



Proteome urine analysis of urinary samples from ATB and non-TB controls showed that 902 peptides and 160 proteins were unique to ATB patients. Selected targets were validated using multiple reaction monitoring (MRM), and ROC analysis showed that a combination of five biomarkers, i.e., P22352 (glutathione peroxidase 3), Q9P121 (neurotrimin), P15151 (poliovirus receptor), Q13291 (signaling lymphocytic activation molecule family 1), and Q8NDA2 (hemicentin-2), had the best accuracy in the diagnosis of ATB. Out of these five panels, a three-protein combination (Q9P121, P15151, and Q8NDA2) showed a sensitivity rate of 82.7% in the diagnosis of ATB from non-TB and a specificity of 92.3% for the diagnosis of ATB from the TBI group [202].



Metabolomic analysis of urine from ATB, TBI, and HC using ultrahigh-performance liquid chromatography-tandem hybrid quadrupole-Exactive Orbitrap mass spectrometry (UPLC-Q Exactive MS) showed that glutathione (GSH) and histamine could be used as potential markers to differentiate between TBI vs. HC, ATB vs. HC, and ATB vs. TBI with an AUC of 0.763, 0.982, and 0.880 for GSH and 0.926, 0.998, and 0.884 for histamine, respectively. Quantitative analysis using ELISA showed that the levels of GSH and histamine were highest in non-infected individuals, followed by TBI, and lowest in ATB [203].



A proteomic study of saliva and sputum performed using an LTQ-Orbitrap-Elite platform in Spanish patients with ATB and their contacts found specific proteomic signatures involved in the perception of bitter taste, defense against pathogens and innate immune response. The results obtained in the study were suggestive that those signatures are key events during the initial entry of the Mtb in the host [204]. Another study performed in the same population and a validation cohort in Mozambican patients demonstrated decreased specific protein signatures related to lipid transport and iron assimilation in ATB patients, suggesting their importance in the immune control of the disease [205].





4. Evaluation of Mtb-Derived Biomarkers


Stimulating Ags add value to immune profiling and may enhance the IGRA sensitivity. As shown by Robinson et al. (2021), the use of MTB300, 300 Mtb-derived T cell epitopes that specifically target a large fraction of Mtb-specific CD4+ and CD8+ T cells improved the diagnostic accuracy of TBI [117]. Hence, in this section, we will review the Mtb-specific Ags that could serve as an alternative or complementary stimulating Ag to ESAT-6 and CFP-10.



4.1. Mtb Latency Antigens


Genome-wide transcriptome profiling had identified protein-coding genes upregulated during TBI in in vitro models of latency known as “latency Ags” [45]. Some of the proteins involved in the reactivation of the dormant bacteria were released in TBI patients, i.e., dormancy survival regulon (DosR regulon) Ags, resuscitation-promoting factors (Rpf) Ags, in vivo-expressed Mtb (IVE-TB) Ags, and reactivation associated Ags [206]. A study showed that the T cell response to these latency Ags was significantly higher in TBI than in ATB [207].



Among 25 latency Ags tested by Leyten et al. (2006), Rv1733c, Rv2029c, Rv2627c, and Rv2628 induced strong IFN-γ responses in 61%, 61%, 52%, and 35% of TST+ individuals, respectively [207]. A study by Serra-Vidal et al. (2014) on 60 latency-related Ags also showed that Rv1773 was the most immunogenic protein that can distinguish between non-infected, TBI, and ATB patients based on the IFN-γ response after 18 h of stimulation, with higher responses in TBI [206]. Another study on stimulation with synthetic long peptides derived from Rv1773c Ag (Rv1773c SLP), IL-2 secreting T-cells were significantly higher in TBI compared to ATB, but no significant results were obtained with IFN-γ secreting T-cells [208].



PBMCs stimulated with the DosR Ags, Rv1737c, Rv2029c, and Rv2628 showed that TBI had higher IFN-γ levels compared to ATB with an AUC of 0.76, 0.82, and 0.72, respectively [209]. In remote TBI (≥3 years since infection) IFN-γ response to Rv2628 for short (1-day) and long (7-day) incubation intervals were significantly higher than in recently infected individuals (≤3 months since infection), but no significant difference was found after stimulation with Rv2626c, Rv2627c, Rv2031c, and Rv2032. A higher proportion of QFT+ TBI (87.5%) had IFN-γ response to Rv2628 compared to QFT+ ATB (24%) with an AUC of 0.85 [210].



In a study by Adankwah et al. (2021), a combination of Rv1733 and Rv2628, induced high cytokines response in asymptomatic contacts compared to TB patients, particularly IL-6 [211].



Among Rv2624c, Rv2626c, and Rv2628, only the Rv2626c-stimulated IFN-γ response was significantly higher in TBI compared to BCG-vaccinated healthy donors [212]. Additionally, Rv2626c allowed the discrimination between ATB and TBI with an AUC of 0.8579, suggesting that this Ag could improve TBI diagnosis even in the BCG-vaccinated population [212]. Another study showed that 43% of healthcare workers that were exposed to Mtb for more than two years who were QFT− had significant IFN-γ secretion against Rv2626c [213]. However, 69% of close contacts who were exposed to Mtb for less than 3 months with QFT+ did not respond to Rv2626c stimulation [213]. Overall, these data suggested that Rv2626c would reduce false QFT− results in individuals that have long-term exposure to Mtb, and could be used to discriminate between latent Mtb and recent infection [213]. A similar pattern of IFN-γ and IgG anti-Rv2626c plasma levels was observed [213]. Rv2626c-stimulated IFN-γ exhibited greater discrimination between PTB and household contacts than TNF-α [213]. A combination of Rv2626c and Rv3716c showed 100% positivity in household contacts and 17.5% in PTB, thus, improving the TBI detection rate [213].



Rv2031 (also known as Hsp16.3, Hsp16, 16 kDa, HspX, or α-crystalline (Acr)) is one of the most immunogenic DosR Ags, associated with the long-term viability of Mtb during the dormancy period [214]. IFN-γ, TNF-α, and IL-10 responses to Rv2031 were significantly higher in healthy controls compared to contacts and untreated TB patients at baseline [215]. After 12 months, these cytokine responses increased in contacts and treated TB patients with comparable levels to controls, suggesting that Rv2031 could be used as a protective marker for TB [215]. Another study also demonstrated that the IFN-γ response to Rv2031 correlated with protection against TB and the IFN-γ ratio of responses to ESAT-6 and Rv2031 could determine the risk of progressive or latent TB [216].



Other DosR Ags, e.g., Rv2004c [217], Rpf Ags, e.g., Rv0867c and Rv2389c [206,209,218], and IVE-TB Ags, e.g., Rv2435n [206], have shown significantly higher IFN-γ response in TBI compared to ATB.




4.2. Mtb Antigens Used for Serodiagnostic


Serological tests, i.e., Anda Biologicals TB IgG test (Anda-TB) (Ag 60), Pathozyme-Myco IgG test (Myco G) (LAM and 38 kDa (Rv0934)), IBL Mtb IgG ELISA test (18, 36, and 40 kDa), and Pathozyme TB Complex Plus test (TB complex) (38 and 16 kDa (Rv2031c)) showed AUC of 0.8309, 0.7336, 0.7110, and 0.7008, respectively, in discriminating TBI and ATB [219]. Despite the ease of using antibody detection tests, WHO warns against the use of serological tests for the diagnosis of ATB due to their inaccurate/unreliable results [220].



A serum profile analysis of TBI, ATB, and HC using a microarray containing 257 Mtb secreted proteins identified higher levels of Abs in ATB than TBI and HC against 23 Mtb Ags. Four of the Ags, i.e., Rv0934 (38 kDa), Rv1860, Rv3881c, and Rv1827 showed a significant difference between ATB vs. TBI and ATB vs. HC [221].



Humoral responses to DosR Ag and Rv2031 (Hsp16) were minimal in ATB, but Mtb latently infected individuals who were chronically exposed to Mtb had high titers of anti-Acr IgA Abs against this Ag [222]. Another study also showed that anti-HspX IgG and IgM Abs in recent TBI (<1 year since infection) were significantly higher than in ATB, previous TBI, and uninfected individuals [223]. Ab responses against Mtb Hsp16 Ag were significantly higher in TBI compared to Hsp65 and Hsp71 [224].



In a study of Ab responses to 15 Mtb Ags, only Rv1733c was recognized by IgG from endemic controls compared to TB patients and non-endemic controls, suggesting its potential in controlling TB infection and progression [225].



Ab response against a combination of latency proteins Rv2029c, Rv2031c, Rv2032, Rv2627c, Rv3133c, and Rv3716c was able to diagnose TBI with a sensitivity of 75% [226].



The evaluation of the Ab response against Mtb-secreted proteins in ATB and TBI showed that IgG Ab responses to Ag combinations, such as Ag85B-Hsp16.3/ESAT6 and Hsp16.3/ESAT6, were the best markers for the diagnosis of ATB and TBI with a sensitivity and specificity of 92.39% and 93.33%; and 75.00% and 76.67%, respectively [227].



IgG and IgA Ab responses to Ag85B and IgG Ab responses to CFP-10 were significantly higher in ATB, followed by TBI, and lowest in non-infected subjects. ROC analysis showed that IgG against Ag85B was the most significant marker to diagnose and discriminate ATB and TBI with AUC of 0.9885 [228].



Recent TBI (<2 years since infection) had a higher risk of TB progression than remote TBI (>2 years since infection). IgG Ab titers against ESAT-6 and mycobacterial DNA-binding protein 1 (MDP1) were significantly higher in individuals with recent TBI than in those with no Mtb infection or remote TBI [229].




4.3. Detection of Mtb DNA in TBI


Broken bacterial gene fragments are believed to be released into the blood in the form of circulating cell-free DNA (cfDNA) [230]. A study showed that the plasma MTB-cfDNA might be useful as a microbiological indicator for Mtb infection in TBI. Using qPCR and Mtb-specific IS6110-cfDNA, the authors found high specificity for TBI (86.5%), but low sensitivity (two out of 57 TBI patients (3.5%)). The authors believed that these two patients may have an incipient TB stage, and they did not develop TB as they received prophylactic treatment for TBI. Additionally, it was observed that their IS6110-cfDNA levels declined after treatment [230].



In a study of 100 TBI patients (TST ≥ 10 mm) with rhegmatogenous retinal detachment undergoing pars plana vitreous surgery with internal tamponade, PCR analysis in retinal pigment epithelium cells to detect Mtb by targeting three genes, i.e., IS6110, MPB64, and protein b, showed that three samples were positive with all the three genes and three samples were positive with IS6110 and MPB64 [231].



CD271+ and CD34+ are bone marrow stem cells that serve as potential hosts for dormant Mtb. A higher copy number of Mtb DNA was detected in CD271+ cells compared to CD271− cells [232]. Additionally, viable Mtb was detected in CD271+ cells after the completion of antitubercular treatment, suggesting CD271+ as a reservoir for dormant non-replicating Mtb and a possible source of reinfection in the host [232]. MTBC DNA was more commonly detected in CD34+ (73%) than CD34− (23%) PBMCs [233].




4.4. Detection of Mtb Antigens in TBI


Proteomic analysis of urine from TB, TBI, and non-TB/non-TBI groups using mass-spectrometry showed the presence of five Mtb-specific proteins (i.e., PE-PGRS family proteins (Rv2126c and Rv 3345c), WAG22 Ag (Rv1759c), ATP-dependent DNA helicase (Rv3202c), and DNA-directed RNA polymerase subunit (Rv0668)) and one Mycobacterium-related protein (i.e., probable cysteine desulfurase (Rv1464)) were found exclusively in TBI but not in TB [234]. Four proteins were found in the urine of both TB and TBI, i.e., PE-PGRS family protein (Rv1450c), putative membrane protein mmpL12 (Rv1522c), RecA (Rv2737c), and D-alanine-D-alanine ligase (Rv2981c) [234].



A study with Luminex xMAP®/Magpix (Luminex corp, Austin, TX) bead-capture ELISA system showed that the median for HspX protein in serum detection was 860 pg/mL for TBI, 40 pg/mL for ATB, and 470 pg/mL for HC with 56.5% of TBI and 0% of ATB scoring above the median of HC [223].



Kim et al. (2020) developed a highly sensitive naked-eye detection of Mtb Ag85B in urine specimens using gold and copper nanoshell-enhanced immunoblotting techniques [235]. A higher signal intensity for Ag85B was observed in ATB urine specimens with an accuracy of 90.5%, and the Ag was detected in 62.5% of TBI patients. Although the Ag was not detected in HC individuals, it showed cross-reactivity in urine samples of non-tuberculous mycobacterial lung disease patients (33.3%) [235].



Mtb-secreted protein, ornithine carboamyltransferase (MT1694; Rv1656 [argF]) was discovered in the urine of PTB using mass spectrometry. The recombinant protein (rMT1694) was recognized by IgG Abs from ATB, but not from HC. Additionally, rMT1694 was recognized by PBMCs from ATB and PPD+ (TBI) individuals. An Ag detection assay was developed to detect the MT1694 in urine, and the results showed the presence of this Ag in 6 out of 16 ATB samples and none in PPD+ samples, suggesting this might be a potential marker for the development of a diagnostic test for TB and to distinguish it from TBI [236].



Mehaffy et al. (2017) developed a multiple reaction monitoring mass spectrometry (MRM-MS) assay for enhanced detection of ultra-low abundance Mtb peptides (41 peptides from 19 Mtb proteins) in exomes purified from the serum of TB patients [237]. In 2020, this method was used for the analysis of serum extracellular vesicles in TBI patients, and at least one Mtb peptide was detected in 95% of TBI samples. Peptide SVF from GlnA1 (Rv2220) was most commonly identified (82%), followed by peptide DVL from GroES (Rv3418c) (23%), TTP from DnaK (Rv0350) (19%), FLL from GarA (Rv1827) (16%), and IPD from AcpM (Rv2244) (16%) [238].





5. Clinical and Epidemiological Scoring


Clinical and epidemiological scorings are important for accurate diagnosis of TBI as there is no gold standard test for TBI. Diagnosis is challenging for those persistently TST−/IGRA− although they had high exposure risk with Mtb. Additionally, medical evaluations are necessary for TST+/IGRA+ individuals to rule out ATB. The decision on treatment for TBI will be based on a person’s risk factors for progression to ATB [239].



The BCG world atlas (http://www.bcgatlas.org/, accessed on 1 October 2022) is an interactive map that provides detailed information on current and past BCG vaccination policies and practices in over 200 countries. It also includes current TB incidence rates. These data are important while interpreting TST results and in deciding if an alternative test, such as IGRA, is preferable to TST.



The online TST/IGRA interpreter, Version 3.0 (http://www.tstin3d.com/, accessed on 1 October 2022 ), is a three-dimensional tool that estimates the positive predictive value and risk of active TB based on TST size and/or IGRA results. The system takes into account the country of birth, age, age at immigration, BCG status, recent TB contacts, and other comorbidities. This algorithm is suitable for subjects aged 5 and above. It is recommended to start treatment if the estimated cumulative risk of active TB at the age of 80 is high and the drug toxicity risk is low. However, the calculator needs to update data on the country-specific prevalence of TB, as the global TB burden continues to decrease. Additionally, it does not take into account the quantitative results of IGRA, as it only categorizes them in a dichotomic way (i.e., “positive” or “negative”). Furthermore, falsely high positive predictive values could be produced by the system due to “transiently” positive IGRA results in subjects from low-prevalence countries [240].



A TB contact score was developed to evaluate the intensity of exposure. It was weighted based on the relationship to the TB index case, infectivity of the index case, proximity of exposure, and duration of exposure, with a score of <4 indicating low exposure and ≥4 indicating high exposure [241]. Another study performed in household contacts of TB patients in Peru developed two different tools that could help to predict the risk of TB during the first year after exposure to Mtb. The score is easy to perform as it is based solely on clinical information of the index patient and the contact [242].



For healthcare workers, a study recommended the use of clinical risk scoring based on the frequency of TB contacts inside hospital (≥6 times), working duration in the hospital (≥60 months), and age (≥30 years); and a cut-off of three points and greater for diagnosis of TBI [243].




6. Treatment for TBI


Treatment of TBI is essential for TB control because it reduces the risk of progression to ATB [244]. Individuals who receive treatment for TBI are not sick, so the decision to treat individuals with TBI and the type of treatment must carefully balance the risk of reactivation, the safety of the treatment, and the benefits to the individual. According to WHO, the individual benefit outweighing the risk should be the mainstay of TBI testing and treatment [244]. The factors that influence the decision to implement TBI treatment should be based on the expected change in cumulative quality-adjusted life-years (QALYs) such as underlying risks of developing TB, utility (value relative to perfect health) assigned to the post-TB state, utility assigned to uncomplicated treatment of TBI, and the effectiveness of treatment in reducing the risk of TBI developing into ATB [245]. The WHO guidelines recommend identifying TBI and treating patients living with HIV, household contacts, people who are initiating anti-TNF medication, receiving dialysis, and patients with silicosis. In addition, testing and treatment may be considered for prisoners, people who use drugs, homeless, and immigrants proceeding from a high-prevalence country [239].



6.1. Standard TBI Therapy


The CDC recommended the following prophylactic regimens for TBI, i.e., 6-month daily/twice weekly isoniazid (INH) (180/52 doses) (6H), 9-month daily/twice weekly INH (270/76 doses) (9H), 3-month daily INH + rifampicin (RIF) (90 doses) (3HR), 4-month daily RIF (120 doses) (4R), and 3-month once-weekly INH + rifapentine (RPT) (12 doses) (3HP) [246]. In people living with HIV, one month of daily INH + PPT (1HP) has also demonstrated efficacy in preventing ATB and higher rates of adherence to treatment [247,248].



The long duration of treatment and adverse drug reactions during TBI therapy are the most common barriers that lead to poor compliance. The completion of TBI therapy is related to short regimens, directly observed treatment, and treatments conducted in the frame of established TB control programs [249,250]. Non-adherence factors are patient-specific, personalized interventions such as mobile phone texting can address the issue of forgetfulness to take medications and lack of social support [251].



A study by Sterling et al., 2011, showed that the rate of completion of TBI treatment was higher with the 3HP regimen (82.1%) than with 9H (69.0%). Drug-related hepatoxicity was 0.4% and 2.7%, respectively [252]. Most of the TBI patients under the 9H regimen discontinued their treatment in the first 3 months due to severe or moderate hepatoxicity [253]. Although the 3HP regimen is not associated with hepatoxicity, it causes higher rates of adverse events such as fatigue, fever, and vomiting [254]. Nevertheless, these adverse events were mild and 3HP had high effectiveness in preventing TB, in which only 0.19% of the 3HP-treated group developed TB compared to 0.24% in the 9H group [252]. Additionally, 3HP is a cost-effective treatment compared to 9H, saving $1421 per 100 people tested [255]. Due to the safety and effectiveness of 3HP, CDC recommends this treatment for (1) TBI in adults, (2) TBI aged 2–17 years, and (3) TBI in people living with HIV with AIDS and under antiretroviral medications with acceptable drug–drug interactions with RPT [256]. Generally, CDC recommends short-course rifamycin-based regimens, 3HP, 3HR, and 4R, to treat TBI, and alternatively, the use of 6H and 9H if short-course treatment is not feasible or not available. Drug prescription should be modified if the index TB patient has a MDR-TB (i.e., resistance to both INH and RIF). Preventive treatment with fluoroquinolones alone or with a second drug has proved to be a good option in such cases. This option has been endorsed by WHO, CDC, and other medical societies [239,257,258].



Another shorter regimen in trials for TBI is 1-month daily weekly INH + RPT (30 doses) (1HP). Overall, 1HP was not inferior compared to 9H in preventing TB in high-risk populations with HIV, with lower adverse events and being more likely to complete treatment [247]. Although treatment with 1HP will cause an additional cost of $4655 per 1000 patients than 3HP under the assumption of equal efficacy, 1HP had the potential to be cost-effective taking into consideration the difference in completion rates, the difference in efficacy, TBI prevalence, and the price of rifapentine [259].



Although there are guidelines for standard therapy for TBI, their practical application in low- and middle-income countries with high TB incidence is challenging due to resource limitations; barriers to accessing TB care such as patient travel distances to centralized services, and indirect and direct costs associated with TB treatment for patients; in addition to constraints in the operation such as limited staff capacity, and the need for capacity building in operational research and health systems management [260].




6.2. TBI Treatment in MDR Strains


The current standard drug regimens with INH, RIF, and/or RPT are only suitable for drug-sensitive TB. Although there are no specific guidelines on the management of latent MDR-TB, a 6-12 regimen with fluoroquinolones, with or without a second drug depending on the susceptibility of the index patient, is suggested by WHO, CDC and some relevant medical societies such as IDSA (Infectious Diseases Society of America), ATS (American Thoracic Society), and ERS (European Respiratory Society), among others [239,258]. However, previous regimens that included pyrazinamide with fluoroquinolones or ethambutol have been abandoned due to their high incidence of adverse reactions [261,262].



The Chuuk TB program in Micronesia offered fluoroquinolone-based TBI regimens as a preventive treatment for contacts of MDR-TB patients. Based on MDR-TB index patients’ drug susceptibility testing results, the following drugs were prescribed to the latent contacts for 12 months. Contacts to patients with Mtb resistant to INH, RIF, and ethionamide (ETH) were treated with daily oral moxifloxacin (MFX) and ethambutol (EMB) in adults >12 years; and daily oral LVX and EMB in children ≤12 years. Contacts to patients with Mtb resistant to INH, RIF, PZA, EMB, and streptomycin (SM) isolates were treated with daily oral MFX in adults >12 years; and daily oral LVX and ETH in children ≤12 years. The observation of 104 contacts of MDR-TB who received fluoroquinolone-based TBI regimens showed that none of them developed MDR-TB after a 36-month follow-up, while 3 out of 15 who refused TBI treatment developed MDR-TB. Four of the contacts discontinued MFX treatment due to adverse effects such as nausea, gastrointestinal disturbances, muscle and joint pain, or hepatitis. Upon substituting the medication with LVX, the treatment plan continues, and it was completed [263].



Several randomized controlled trials (RCTs) are ongoing to prove the efficacy in preventing ATB of different TBI regimens in patients with presumed MDR-TB infection. Currently, in Vietnam, a RCT, known as the V-QUIN MDR trial, is in progress to evaluate the effectiveness of LVX vs. placebo treatment in latent MDR-TB in preventing the development of MDR-TB [264]. Similar to the VQUIN MDR trial, another ongoing RCT, the TB-CHAMP trial, is taking place in South Africa, analyzing LVX for the treatment of children aged <5 years in contact with adults with MDR-TB [265]. Finally, the multicenter ACTG A5300/IMPAACT I2003 PHOENIx trial investigates the efficacy of 26 weeks of delamanid (DLM, a mycolic acid synthesis inhibitor) vs. 26 weeks of INH [266].





7. Conclusions and Perspectives


Screening for TBI remains challenging due to the limitations of current diagnostic tests, leading to overdiagnosis and misdiagnosis. Some of the key aspects to be considered for future development of diagnostic tests for differentiating between LTBI, incipient, subclinical, and ATB suitable for children, elderly, and high-risk populations are (Figure 2):




	
Unstimulated and stimulated multiplexed cytokine analysis instead of standalone marker-based on IFN-γ.



	
Addition of Mtb latency Ags as stimulating Ags, and optimization of Ag stimulating time (from 24 to 72 h).



	
Screening on TBI serum for Mtb Ags and specific Abs to Mtb secreted and latency Ags for the development of rapid diagnostic kits.



	
Use of flow cytometry for simultaneous detection of T cell subsets and their signature cytokines.



	
Study on mRNAs and microRNAs as diagnostics and therapeutics candidates for TB.



	
Identification of markers not only for diagnostic purposes, but also able to assess the TB progression or reactivation risk.



	
A non-invasive approach using urine for the detection of Mtb or host-related biomarkers.



	
Use of Mtb-specific Ags or epitopes for development of skin test reagents.








Once the diagnosis is made, it is important to determine the drug susceptibility between the ATB index case and contacts to implement standard or individualized treatment. There is a need to revise current therapeutic schemes, particularly for TBI produced by MDR- and XDR-TB. These strains are less or not susceptible to the standard drug TBI treatment. Based on the growing trend of drug-resistant tuberculosis (DR-TB), this will become a threat to TBI control.



Before prescribing TBI medications, it is important to assess the risk of reactivation and hepatotoxicity. Regardless of therapy, it is mandatory to minimize risks during treatment and increase patient compliance with direct observation short-course treatment.



In conclusion, development of sensitive and specific diagnostic tests that could accurately identify the risk of progression to ATB, implementation of safer and shorter treatments, and use effective treatments against DR-TB are necessary for TBI control to contribute to achieve a world free of TB.
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Figure 1. Flowchart of screening for TBI. 
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Figure 2. Summary of proposed tests for TBI diagnosis improvement using blood (A), urine (B), and Mtb specific skin tests (C). 
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Table 1. Diagnostic methods for TBI and ATB endorsed by WHO.
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	Tuberculosis Infection (TBI)
	Active Tuberculosis (ATB)





	
	
Skin tests [19]:




	○

	
Tuberculin Skin Test (TST) (RT23 PPD or PPD-S)




	○

	
Cy-Tb (Serum Institute of India, India)




	○

	
Diaskintest® (Generium, Russian Federation)




	○

	
C-TST (formerly known as ESAT6-CFP10 test, Anhui Zhifei Longcom, China)












	
Interferon-gamma release assays [20]:




	○

	
QuantiFERON®-TB Gold-In-Tube (Qiagen, Hilden, Germany)




	○

	
QuantiFERON®-TB Gold Plus (Qiagen, Hilden, Germany)




	○

	
T-SPOT®.TB (Oxford Immunotec Ltd., Milton, UK)




	○

	
Beijing Wantai’s TB-IGRA (WanTai Biological Pharmacy Enterprise Co., Ltd., Beijing, China)











	
	
Microscopy [21]:




	○

	
Ziehl–Neelsen microscopy




	○

	
Light-emitting diode (LED) fluorescence microscopy












	
Culture [21]:




	○

	
Solid media (Löwenstein–Jensen)




	○

	
Liquid media












	
Nucleic acid amplification tests [22]:




	○

	
Xpert® MTB/RIF, Xpert® MTB/RIF Ultra, and Xpert® MTB/XDR (Cepheid)




	○

	
Truenat™ (Molbio)




	○

	
Abbott RealTime MTB and Abbott RealTime MTB RIF/INH (Abbott)




	○

	
BD MAX™ MDR-TB (Becton Dickinson)




	○

	
cobas® MTB and cobas MTB-RIF/INH (Roche)




	○

	
FluoroType® MTBDR and FluoroType® MTB (Hain Lifescience/Bruker)




	○

	
TB-LAMP (Eiken)












	
Line probe assays [22]:




	○

	
GenoType® MTBDRplus v1 and v2; GenoType® MTBDRsl, (Hain Lifescience/Bruker)




	○

	
Genoscholar™ NTM+MDRTB II; Genoscholar™ PZA-TB II (Nipro)












	
Lateral flow [22]:




	○

	
Alere Determine™ TB LAM Ag (Alere)





















[image: Table] 





Table 2. Differences between TST, QFT®, and T-SPOT®.TB.
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Criteria

	
TST

	
QFT®

	
T-SPOT®.TB






	
Sample

	
Skin test

	
Whole blood (Processed within 16 h)

	
PBMCs (Processed within 8 to 32 h)




	
Responses

	
Delayed-type hypersensitivity

	
T cells immune responses




	
Frequency of patient visit

	
Two times visit

	
One time visit




	
Sample processing step before the test

	
None

	
None

	
Isolation of PBMCs from whole blood and cell counting




	
Antigens

	
PPD

	
QFT®-GIT:

ESAT-6, CFP-10, and TB7.7

QFT®-Plus:

	
TB1-ESAT-6 and CFP-10



	
TB2-ESAT-6, CFP-10, and 6 short peptides






	

	
PA: ESAT-6



	
PB: CFP-10









	
Protocol

	
0.1 mL (5 IU) tuberculin injection at forearm

	
1 mL of blood for individual tubes

	
250,000 ± 50,000 cells/well




	
Platform

	
Induration

	
Enzyme-linked immunosorbent assay (ELISA)

	
Enzyme-linked immunospot assay (ELISPOT)




	
Principle

	
Measure size of induration after intradermal PPD inoculation

	
Quantify amount of INF-γ released by CD4 and CD8 T cells

	
Count number of cells that release IFN-γ




	
Maximum number of samples per run

	
Individual

	
QFT®-GIT: 28 samples; QFT®-Plus: 22 samples in a 96-well microtiter plate

	
24 samples in a 96-well microtiter plate




	
Equipment

	
Ruler

	

	
Incubator 37 °C



	
ELISA reader






	

	
Incubator 37 °C with 5% CO2



	
Magnifying glass/Microscope









	
Results interpretation

	

	
* Positive: ≥5 mm, ≥10 mm, or ≥15 mm of induration



	
* Negative: <5 mm, <10 mm, or <15 mm of induration



	
* Depending on risk






	

	
Positive: ≥0.35 IU/mL (PC-NC = Any)



	
Negative: <0.35 IU/mL (PC-NC ≥ 0.5 IU/mL)



	
Indeterminate: <0.35 or ≥0.35 IU/mL (PC-NC < 0.5 IU/mL)






	

	
Positive: ≥8 spots



	
Borderline: 5–8 spots



	
Negative: ≤4 spots









	
Indeterminate/Invalid

	
-

	

	
NC > 8 IU/mL



	
PC-NC < 0.5 IU/mL






	

	
NC > 10 spots



	
PC < 20 spots









	
False-positive

	
BCG vaccination and NTM infections

	
Results not affected by BCG vaccination and most NTM infections with exception of M. kansasii, M. szulgai, and M. marinum




	
Turnaround time

	
48 to 72 h

	
24 h




	
Interpretation

	
Subjective

	
Not affected by bias

	
Subjective








PPD: Purified Protein Derivative; QFT®-GIT: Quantiferon®-TB Gold-In-Tube; QFT®-Plus: Quantiferon®-TB Plus; PA: Panel A (ESAT-6); PB: Panel B (CFP-10); PC: Positive control; NC: Negative Control; ESAT-6: Early Secreted Antigenic Target 6 kDa protein; CFP-10: Culture Filtrate Protein 10 KDa protein; * Skin test interpretation depends on measurement in millimeters of the induration and a person’s risk of TBI or risk of progression to ATB if infected.
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Table 3. Cytokines associated with TB infection.
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	Antigen
	Participants
	Sample
	Stimulating Time
	Assay
	Cytokines/Chemokines Associated to TB Infection
	Cytokines/Chemokines to Distinguish TBI and Active TB
	Ref.





	PPD (10 μg/mL)
	5–85 years old
	PBMCs
	24 h
	Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad, Hercules, CA, USA)
	Stimulated:

	
TB > HC: IL-2 > IL-10 > IP-10





	Stimulated:

	
TBI > ATB: AUC IL-2 (0.7633) > IP-10 (0.7622) > IFN-γ (0.7128) > TNF-α (0.6878) > IL-10 (0.6822)





	[117]



	ESAT-6+CFP-10 (10 μg/mL)
	15–74 years old
	Whole blood
	20–24 h
	Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad, Hercules, CA, USA)
	Unstimulated:

	
TB > non-TB: VEGF > IP-10 > MCP-1 > IL-12 > MIP-1b > IFN-γ





Stimulated:

	
TB > non-TB: IP-10 > IL-2 > IL-1ra > MCP-1 > IFN-γ > IL-15





	Unstimulated:

	
ATB > TBI: VEGF (0.8106) > IP-10 (0.7717) > IL-12 (0.7476) > IFN-γ (0.7276)





Stimulated:

	
ATB > TBI: AUC PDGF-BB (0.7686)





	[118]



	ESAT-6 (10 μg/mL), CFP-10 (10 μg/mL), or PPD (20 μg/mL)
	24–58 years old
	Whole blood
	19 h
	8-plex human cytokine assay (Bio-Rad, Hercules, CA, USA)
	Stimulated:

	
ESAT-6: TB > HC: IL-2 > IP-10 > IFN-γ



	
CFP-10: TB > HC: IL-2 > IP-10, IFN-γ



	
PPD: TB > HC: IFN-γ > IL-2 > IP-10





	Stimulated:

	
No statistically significant, but:



	
ESAT-6: ATB > TBI: TNF-α



	
CFP-10: ATB > TBI: TNF-α and IL-1ra



	
PPD: ATB > TBI: TNF-α, IL-1ra and IL-10





	[119]



	ESAT-6 (10 μg/mL), CFP-10 (10 μg/mL), or PPD (20 μg/mL)
	<18 years old
	Whole blood
	20–24 h
	17-plex, Milliplex human cytokine/chemokine kits (Millipore Corp., Billerica, MA, USA)
	Stimulated:

	
TB > non-TB: Sensitivity and specificity of IP-10, TNF-α, and IL-2 close to/exceed IFN-γ





	Stimulated:

	
ESAT-6: ATB > TBI: TNF-α and IL-1ra



	
CFP-10: ATB > TBI: TNF-α



	
PPD: ATB > TBI: IL-1ra and IL-10



	
PPD: Combination: TNF-a/IL-1ra (95.5%), and TNF-a/IL-10 (100%)





	[120]



	ESAT6, CFP10, and MTB7.7-coated polyester beads
	PTB and HCW (TST+ and TST−), Adults
	Whole blood
	Overnight
	Human XL Cytokine Discovery Premixed 10-plex kit (R&D Systems, Minneapolis, MN, USA)
	Stimulated:

	
PTB > TST−: IL2 and CCL11 (>80% S&S); IFN-γ+IL2 and IP10+IL2 (>90% S&S); IFN-γ+IP10+IL2, IP10+IL2+CCL11, and IFN-γ+CCL11+IL2 (>90% S&S)





	Stimulated:

	
PTB > TST+: IL2 and CCL11 (>80% S&S); IFN-γ+IL2 and IP10+IL2 (>90% S&S); IFN-γ+IP10+IL2 (>90% S&S, AUC = 0.94)





	[114]



	QFT®-GIT
	21–55 years old
	Whole blood
	16–24 h
	Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad, Hercules, CA, USA)
	-
	Unstimulated:

	
ATB > TBI: IL-1ra (0.88) > MCP-1 (0.87) > IL-15 (0.86) > IL-12 (0.85), and IL-10 (0.84)





Stimulated:

	
ATB < TBI: IL-10 (0.8120)



	
ATB > TBI: IFN-γ (0.7842) > MCP-1 (0.7419) > IL-1ra (0.7375)





	[121]



	QFT®-GIT
	15–89 years old
	Whole blood
	16–24 h
	29-plex, Milliplex human cytokine/chemokine kits (Millipore Corp., Billerica, MA, USA)
	Stimulated:

	
TB > HC: IL-2 > IFN-γ > IP-10 > IL-1RA > IL-3 > MIP-1β > GM-CSF > IL-13





	Unstimulated:

	
ATB > TBI: VEGF (0.7861) > TNF-α (0.7093)





Stimulated:

	
TBI > TB: VEGF (0.7870) and IL-5 (0.7472)





	[122]



	QFT®-GIT
	10–60 years old
	Whole blood
	Overnight
	29-plex LINCO-plex® kits (Millipore, St. Charles, MO, USA)
	-
	Unstimulated:

	
ATB > TBI: EGF (0.88) > sCD40L (0.84)





Stimulated:

	
TBI > ATB: EGF (0.90) > MIP-1β (0.79)





	[123]



	QFT®-GIT
	17–84 years old
	Whole blood
	16–24 h
	48-plex, Bio-Plex platform (Bio-Rad)
	Unstimulated:

	
TB > non-TB: IL-1β, IL-12-p70, IL-2, IL-8, MCP-1, PDGF-BB, VEGF, LIF





Stimulated:

	
TBI > non-TB: IL2, IP10, IFN-γ, IL13, MIG, SCF, b-NGF, IL12-p40, TRAIL, IL2 Ra, LIF



	
ATB > non-TB: IL2, IP10, IFN-γ, MIG, SCF, b-NGF, IL12-p40, TRAIL, IL2Ra, MIF, TNF-β, IL3, IFN-α2, LIF





	Seven biomarkers:

	
MCP-1Nil, LIFNil, IL2, IFN-γ, MIF, TRAIL, 1L2Ra-ATB (88.89%), TBI (82.35%), Non-TB (90%)





Six biomarkers:

	
MCP-1Nil, LIFNil, IL2, IFN-γ, MIF, TRAIL-ATB (88.89%), TBI (70.59%), Non-TB (90%)





	[124]



	QFT®-GIT
	Healthcare workers (HCW) and community control (CC), >18 years old
	Whole blood
	Overnight
	Procartaplex11-plex (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA)
	-
	Stimulated:

	
HCWLTB+ and CCLTB+ > HCWLTB− and CCLTB−: IFN-γ and IL-2



	
HCWLTB+ > HCWLTB− and CCLTB−: IL-8



	
HCWLTB+ and CCLTB+ > CCLTB−: IL-5



	
HCWLTB+ > HCWLTB−: IL-5 and IL-10





	[125]
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Table 4. mRNAs and miRNAs that significantly differentiate ATB and TBI.






Table 4. mRNAs and miRNAs that significantly differentiate ATB and TBI.












	Participants
	Sample
	Assay
	Results
	Ref.





	Adults
	Whole blood
	Microarray
	
	
Differentiate ATB from TBI: CCR2 (1.00), MSR1 (0.99), C1QB (0.97), MAPK14 (0.95), LILRB4 (0.94), C2 (0.92), and CCRL2 (0.86)





	[172]



	Adults
	Whole blood
	RNA-Seq
	
	
Differentiate ATB from TBI: ANKRD22, APOL4, BANK1, BATF2, DHRS9, DOCK9, EPHA4, ETV7, FAM26, FMN1, NPC2, NT5E, and WARS



	
High AUC: DOCK9 (0.982), NPC2 (0.976), and EPHA4 (0.940)





	[173]



	Adults
	Serum
	RNA-Seq
	
	
Combination analysis of hsa-let-7i-5p, miR-122-5p, miR-148a-3p, miR-151a-3p, miR-21-5p, miR-423-5p, miR-451a, and miR-486-5p able to classify ATB and TBI with accuracy of 71.8%





	[174]



	Adults
	PBMCs
	Microarray
	
	
Differentiate ATB from TBI: hsa-miR-130b, hsa-miR-21, hsa-miR-223, hsa-miR-302a, hsa-miR-424, hsa-miR-451, and hsa-miR-486-5p





	[175]



	Adults
	PBMCs
	Microarray
	
	
Differentiate ATB from TBI:




	
hsa-miR-146a-5pb-ST20



	
hsa-miR-150-5pb-CPD, ARRB2, FFAR2, NUP214, PNMA3, C20orf24, C16orf57



	
hsa-miR-16-5p-CPD, C15orf39, C16orf57, TUBA1A



	
hsa-miR-221-3p-ANXA1, FOS, PLAUR, TIMP2, C16orf57, MDN










	[176]
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