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ABSTRACT
Tuberculosis (TB) remains a devastating disease, yet despite its enormous toll on global health, tools to control TB are insufficient and often outdated.  TB Biomarkers (TB-BM) would constitute extremely useful tools to measure infection status and predict outcome of infection, vaccination or therapy.  There are several types of TB-BM: Correlates of Infection; Correlates of TB disease; Correlates of increased risk of developing active TB disease; Correlates of the curative response to therapy; and Correlates of Protection.  Most TB-BM currently studied are host derived BM, and consist of transcriptomic, proteomic, metabolomic, or cellular markers or marker-combinations (“signatures”).  Vaccine inducible Correlates of Protection in particular are expected to be transformative in developing new TB vaccines since they will de-risk vaccine R&D as well as human testing at an early stage.  In addition, CoP could also help minimizing the need for preclinical studies in experimental animals. 
Of key importance is that TB-BM are tested and validated in different well-characterized human TB cohorts, preferably with complementary profiles and geographically diverse populations: genetic and environmental factors such as (viral) co-infections, exposure to non-tuberculous mycobacteria, nutritional status, metabolic status, age (infants vs. children vs. adolescents vs. adults) and other factors impact host immune set points and host responses across different populations. 
In this paper we will review the most recent advances in research into TB-BM for the diagnosis of active TB, risk of TB development, and treatment induced TB cure. 
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1. Introduction

Tuberculosis (TB) and HIV are leading causes of mortality and morbidity worldwide 1. In 2016, 1.7 million TB deaths were reported. This number of TB deaths is unacceptably high because with prompt diagnosis and appropriate treatment, almost all TB patients can be cured. Therefore efforts to fight TB must be increased. After exposure to Mycobacterium tuberculosis (Mtb), an estimated 20-25% of those exposed is thought to become infected. One-fourth of the world’s population is latently Mtb-infected and approximately 3 to 5% of these infected individuals will progress towards developing active TB disease during their lifetime 2 (Figure 1). The risk of reactivation and subsequent disease is significantly increased in individuals with: HIV coinfection 3; therapy with TNF inhibitors 4; type-2 diabetes 5 and other states of relative immunosuppression (e.g. transplant patients, the elderly)6. 
 Accurate and fast TB diagnosis can be difficult, due to several limitations in the currently available diagnostic tests. Smear microscopy is mostly available and highly specific but suffers from poor sensitivity 3. Mycobacterial culture, the gold standard, has a long turnaround time (up to 42 days) 7, 8, whereas the recently developed GeneXpert MTB/RIF test (Cepheid Inc., Sunnyvale, USA), although rapid, is expensive, cannot distinguish live from nonviable Mtb and has technical limitations hampering its worldwide use in resource-poor countries. 
All these diagnostic assays, in the case of pulmonary TB, require a Mtb-positive sputum even though many active TB patients, including HIV-coinfected individuals, diabetes patients, and children, often do not present with Mtb positive sputum and thus cannot provide microbiologically positive specimens 5. Moreover, in extra-pulmonary disease, sputum-based diagnostics are not useful, and diagnosis relies on samples (tissue or biological fluids as pleural-, cerebral-, synovial-fluids) often collected by invasive procedures. For all of these reasons, there is need to develop highly sensitive and specific diagnostic tests for TB to rapidly identify − or rule out − the presence of active disease. 

2. Biomarker Target Product Profiles
The World Health Organization (WHO) recently defined high-priority target product profiles (TPPs) for TB diagnostics 9, 10. These include a rapid non-sputum-based test for detecting TB with the purpose of starting specific TB-therapy on the same day. These tests need to perform in endemic settings with limited laboratory facilities, at low cost, using easily accessible non-sputum based samples such as (finger prick)-blood, urine, or breath. 9, 11-16. Therefore it is urgent to search for biomarkers (BM) that could be used in such tests. Disease-related TB-BM could find application in improved and fast clinical decision making, for example in developing improved tests that more accurately and differentially diagnose TB disease.  Conversely, even though not yet identified, future TB-BM of protection could be important to inform and guide TB vaccine research and development by identifying lead vaccine candidates with the most promising performance at an early stage, and allow their selection for further analyses in animal model testing and human clinical evaluation.

There are several types of TB-BM, summarized in Table 1 and Figure 1. TB-BM indicate whether a given host is -or following vaccination has become-: immune (Correlate of Protection or CoP); has TB disease (Correlate of TB disease or CoD); has an increased risk of developing active TB disease (Correlate of Risk or CoR). Most TB-BM currently studied are host derived BM, and can consist of transcriptomic, proteomic, metabolomic, or cellular markers or marker-combinations (“signatures”). Vaccine inducible CoP in particular are expected to be transformative in developing new TB vaccines since they will not only de-risk selection of candidate TB vaccines for human efficacy testing at an early stage, but also help reducing the time and costs involved in large scale human efficacy clinical studies by measuring vaccine immunogenicity and potential efficacy. In addition, CoP could help minimizing the size of, and need for preclinical studies in experimental animals. Once discovered, TB-BM need to be tested and validated in different well-characterized human TB cohorts, preferably with complementary profiles and diverse populations: genetic and environmental factors such as (viral) co-infections, exposure to non-tuberculous mycobacteria, nutritional status, metabolic status, age (infants vs. children vs. adolescents vs. adults) and other factors could impact host immune set points and host responses across different populations. 
In this paper we will review most recent advances in research into TB-BM for the diagnosis of active TB, for risk of TB development, and for treatment induced TB cure. For pragmatic reasons, we will distinguish BM related to pathogen vs. host (Figure 2).


3. BM for diagnosing active TB
	

3A. BM for diagnosing active TB: the pathogen side
Mtb products can be detected directly in blood, sputum or urine. Urine or saliva samples are interesting because sample collection is non-invasive, and sample volumes are relatively large. They are therefore increasingly being used for diagnosis of infectious diseases 17-21. In particular, urine seems particularly interesting because, as an ultra-filtrate of blood, it is potentially representative of molecules originating from all organs, including the lungs.

Mtb DNA can be detected in blood and urine of pulmonary TB patients with better sensitivity than Mtb culture from the same fluid 22. The Mtb cell-wall component lipoarabinomannan (LAM) has been used to set up a urine test in HIV-infected patients and seem useful in those with low CD4 T-cell counts 23-25.  Mtb Ag85 protein complex is a mycobacterium-specific 30-32 kD family of three proteins (Ag85A/Ag85B/Ag85C) with enzymatic mycolyltransferase activity involved in coupling of mycolic acids to the cell-wall arabinogalactan and in the biogenesis of Mtb cordfactor. The detection of Ag85 in blood and urine is promising, although improvements are needed 26, 27.

Recently a method has been developed to rapidly quantify Mtb-specific peptide fragments of ESAT-6 and CFP-10 in sera using antibody-labeled and energy-focusing porous discoidal silicon nanoparticles (NanoDisks) and high-throughput mass-spectrometry (MS) 28. The absolute quantification of serum Mtb-antigen concentration was informative for TB diagnosis and monitoring the effect of anti-mycobacterial treatment in both HIV-uninfected and HIV-infected patients. 

In urine, proteomics offer important tools for the discovery of diagnostic and/or prognostic BM. Validation studies are underway to confirm these candidate BM of TB disease 29.


3B. BM for diagnosing active TB: complex host expression signatures
	
The first application of large scale whole genome transcriptomic analyses in TB was on identifying signatures that discriminated diseased patients from LTBI subjects 30.  In this study 30  a strong increase in type I and type II IFN-signaling blood transcripts was found in active TB. This signature originated mostly from neutrophils and macrophages, and dominated the 393 gene signature that was found to discriminate TB vs. LTBI. This seminal finding was confirmed in numerous subsequent genome-wide studies (e.g. 31-36)
A second important study showed clear differential diagnostic performance of a micro-array based TB diagnostic signature in two different African cohorts, which moreover validated well in published data base cohorts33.  Of particular importance, this CoD signature also worked well in HIV co-infected individuals, and thus may be helpful as a triage test in point-of-care settings, to rule out TB in those with other lung diseases, and select only the relevant individuals for further TB-diagnostic work-up.  Another study found a CoD signature in TB-affected children 31. Since children are mostly TB culture negative, using blood based CoD signatures may aid in correct diagnosis and subsequent treatment, thus potentially contributing to TB control in these vulnerable population. 
Importantly recent studies identified rather small (n=3 or 4) gene signatures differentially diagnostic of active TB 37, 38. If replicated and validated, these signatures should allow now translation to qPCR based simple tests with the potential to find their way into the clinic.

A first metabolomic CoD signature of active TB has been described, with 400 metabolites measured including amino acids, lipids, nucleotides and their metabolic pathways. The results revealed a link between metabolic profiles and cytokine signaling in active TB and allowed the development of  a promising diagnostic algorithm based on results from 20 metabolites 39. The study needs a validation. Moreover, it will be of interest, by analogy of the diagnostic value of some CoR, to determine whether this metabolomic CoD might also have predictive value as CoR. If so, this might add another possible technology platform to the armentarium of predictive CoR of developing TB.   

[bookmark: _ENREF_3]Immune proteomic approaches have also been followed to identify potential TB CoD. Luminex-like platform based screening of several dozens of circulating analytes in the plasma or sera of TB cohorts has been used by several groups. Compared to measurements directly in sera, Mtb-antigen-induced profiles (in cell or whole blood supernatants) led to less discriminatory results. Interestingly, a TB-biosignature based on the relative levels of seven serum markers (C-reactive protein, transthyretin, IFN-γ, complement factor H, apolipoprotein-A1, inducible protein-10 and serum amyloid A) seems promising 40.  Efforts are now ongoing to incorporate these into simple to use and field friendly lateral-flow based point-of-care tests 41. In agreement with the overall emerging theme in the field of TB CoD and CoR, these markers are mostly representative of innate immunity and inflammation, confirming the above transcriptomic and immune signatures. 

A recent high end TB-BM development has been the application of combined positron emission and computed tomography (PET/CT) scanning to measuring pulmonary inflammation and disease progression in TB and LTBI 42. One study in HIV-1-infected LTBI showed that almost 30% had pulmonary abnormalities compatible with subclinical active infection; indeed, these individuals had an increased risk of progressing to clinical disease. Thus PET/CT scanning captures a clinically relevant CoR.  Although not qualifying as a routine diagnostic test platform, the emerging new insights from this work further support the concept of inflammation as a significant risk factor for TB progression43.


3C. BM for diagnosing active TB: immune protein host signatures in noninvasive specimens
Besides the more complex profiles identified above, also several single markers have been investigated as single TB-BM. IFN--inducible protein-10 (IP10) was reported to be increased in the unstimulated plasma of children and adults with active TB 22, 41, 44-49 . IP-10 levels have been evaluated by different methodologies including classical as well as innovative translational lateral-flow technologies based on interference-free, fluorescent upconverting phosphorlabels, in multicenter studies in Africa 41, 47. Interestingly, IP10 was also detected in the urine of adult patients 22 and Ugandan children with active TB 50, and IP10 levels decreased following efficacious therapy 22. As has been recently suggested, however, IP-10 should probably be considered as a marker of general inflammation 51, 52.

As mentioned the use of urine or  saliva offers the advantage of non-invasive and ease to handle sampling. It has been reported that saliva levels of IL-1β, IL-23, ECM-1, HCC1 and fibrinogen are significantly associated with active TB 53, 54. One study 55 showed that some host inflammatory BM were expressed at much higher concentrations in saliva than in the blood. 

3D. BM for diagnosing active TB: immune T cell signatures
Flow-cytometry has been proposed as a potential tool to help improving TB diagnosis. Polyfunctional T-cells coproducing IFNγ, TNF and IL2 have been associated with protective T-cell responses in HIV non-progressor subjects 57. Studies evaluating the role of polyfunctional T-cells in TB have shown some discrepant results, however. Active TB has been associated with either triple functional IFN+TNF+IL2+ CD4+T-cells 58, double functional IFN+TNF+ CD4+T-cells 59, 60 or monofunctional TNF+CD4+T-cells61. Instead, studies measuring activation and memory status of Mtb-specific T-cells gave more consistent results: effector T-cells expand during active Mtb replication, whereas (central) memory T-cells are associated with infection control 59, 60, 62, 63. In particular, active TB was associated with decreased CD27-surface expression on circulating Mtb-antigen stimulated CD4+ T-cells 59, 64-66.  Recently, a novel T-cell activation marker-TB (TAM-TB) assay was described for the diagnosis of active TB in children 65. This TAM-TB assay was validated in an adult population in Tanzania and is based on the ratio of the median fluorescence intensity of all CD4+CD27+ T-cells over that of Mtb-specific CD4+CD27+ T-cells (CD27 MFI ratio). This approach has also been tested in an adult population from a low TB endemic country, confirming discrimination between different TB stages 64.
	
Another interesting blood-based study showed that the expression of immune activation markers CD38 and HLA-DR and proliferation marker Ki-67 on Mtb-specific CD4+ T-cells was associated with Mtb load. The modulation of these markers accurately distinguished active from LTBI with 100% specificity and over 96% sensitivity 67. 

Besides T-cell activation status also other characteristics of circulating human T-cells have been assessed and related to TB disease. For example, high TNFα high producing CD4 and CD8 T-cells are often found in active TB, and qualify as an antigen specific CoD 61, 68. Combined analysis of Mtb-specific CD4 and CD8 T-cell responses was a powerful diagnostic tool for diagnosing TB 69. Additional immune profiling studies focused on a TB CoD already identified long ago, namely the ratio of myeloid over lymphoid cells in the blood of patients 70-72.    The cumulative findings of these older and more recent studies is that elevated levels of circulating monocytes are an independent CoR for developing active TB in patients’ contacts. It has been postulated that this may be related to enhanced myelopoiesis in response to IFN produced by other cells, which is released in the circulation during TB infection and inflammation 70-72. This has been confirmed in active TB 73.

3E. BM for diagnosing active TB: serology and volatile compounds
Serological tests such as lateral flow assays are appealing for TB diagnostics due to their simplicity, lack of specimen processing requirements, and potential towards implementation. However, the accuracy of serodiagnostics for TB has been disappointing, leading the WHO to issue a strong recommendation against the use of serological tests commercialized for active TB diagnosis 74, 75. In the WHO policy statement, further research was encouraged, specifically with representative populations with presumptive TB in studies with prospective follow-up in blinded study designs 74. Recently an assay based on antibodies to the trehalose esters of mycolic acids, which are Mtb-specific cell wall glycolipids was reported  . This assay showed promising accuracy with a sensitivity and specificity of 87% and 83%, respectively 76. 
Interestingly, a multiplex TB serology panel using microbead suspension arrays containing a combination of 11 Mtb antigens was shown to have an overall sensitivity of 91% in serum/plasma samples from culture-proven TB patients. Test specificity was 96% compared to chronic obstructive pulmonary disease patients and 91% compared to the healthy population 77. Further studies are needed to validate these results. Finally, analysis of sera for activation markers showed that transthyretin, C-reactive protein and neopterin might discriminate TB patients from subjects with other infectious and inflammatory conditions with high accuracy 78, agreeing well with the markers mentioned already in section 3B.
	Volatile organic compounds (VOCs) in breath may represent novel BM of pulmonary TB, emanating directly from the pathogen (e.g. metabolites of Mtb) or from the infected host (e.g. products of oxidative stress). A breath test based on the detection and quantification of VOCs identified pulmonary TB with high accuracy in symptomatic high-risk subjects 79 and in active-TB patients 80, and the signals significantly decreased after TB-therapy81. However, detection of VOCs is still technically difficult because most breath VOCs is excreted in picomolar concentrations and most current analytical instruments cannot detect VOCs at such low levels. 


4. Predictive Correlates of TB risk
LTBI is commonly identified by an immune response to Mtb antigens either by tuberculin skin testing (TST) or Interferon (IFN)- release assays (IGRA). Five-10% of LTBI subjects will progress towards active TB in their lifetime (Figure 1) 82-85.  It has recently become clear, however, that LTBI is not a single entity but rather represents a broader spectrum of asymptomatic TB infection states that can be distinguished by different degrees of inflammation, bacterial replication and host immunity 82-85. Thus, outcome of Mtb infection is not a binary state but rather a continuous spectrum of states with varying host inflammation, bacterial activity and host immunity86. These different states carry significantly different risks in reactivating TB. A major challenge therefore is to identify those that are at increased risk. This would allow targeted treatment of such individuals to prevent disease progression, and/or post-infection vaccination as a form of immunotherapy to strengthen the host’s immune response to control infection.  Unfortunately, the predictive value of current IGRA or TST is far too low to qualify them as predictive tests 6, 87. This argues for the importance of better TB-BM that can differentiate ”controller” LTBI from  “progressors” towards active disease 35, 88.

There have been several recent encouraging discoveries around TB CoR. 39. Using RNASeq, a whole blood transcriptomic mRNA expression signature was identified in a large prospective cohort of LTBI adolescents around Cape Town comprising the differential expression of 16 human genes in the blood 89. This first CoR-signature predicted progression from LTBI to TB disease with 66% sensitivity and 81% specificity one year prior to TB disease. A PCR-adapted 16-gene form of this CoR-signature validated in two additional large prospective African cohorts, consisting of adolescent household contacts of a confirmed TB index case (the GC6-74 “BM for TB consortium” study) 89. In these validation cohorts CoR-test sensitivity was 54%, with 83% specificity.  With respect to possible underlying infection biology, it is of interest that all 16 CoR genes are regulated by type I and II interferons.  These same genes have also been found to be part of various recently discovered diagnostic TB CoD-signatures, as discussed in section 3B. This suggests that the pathogenic processes that increase TB risk in LTBI and those during TB disease are overlapping. This is also in line with the above discussed continuous spectrum of various LTBI states and active TB disease 82-84, 86. Moreover, this fits well with the observation that the identified CoR displayed good diagnostic performance in independent African cohorts of active TB patients vs. LTBI or other non-TB related lung diseases 30, 32, 33, 89, 90.

Almost all TB-BM discovery studies have focused on HIV-uninfected populations, assuming this would lead to a clearer and easier to interpret signal.  In a smaller study we previously reported a simple CoR that predicted onset of TB disease months before clinical manifestation of disease in HIV-infected intravenous drug-users from the longitudinal Amsterdam cohort study. Targeted host-blood gene expression profiling by dcRT-MLPA 91 found that elevated expression of IL-13 in the absence of AIRE discriminated those who would develop future TB from those that remained TB-free for at least 2 years. Interestingly, individuals carrying the IL-13/AIRE CoR had increased expression of type I IFN related genes, agreeing with the African CoR signature discussed above. 

There have been many studies correlating immune parameters to prediction of outcome of TB. Most have been hypothesis-driven, focusing on molecules in the circulation or on T-cell phenotypes following Mtb antigen stimulation.  It is beyond the scope of this review to discuss these exhaustively. Instead a few recent important studies will be highlighted as examples of immune based CoR. One of the largest recent such studies measured immunity in BCG-vaccinated infants who either had or had not been booster-vaccinated with virally vectored Mtb Ag85A in MVA85A.  In this large Phase IIb efficacy trial 92, that infants who would go on to develop active TB had elevated levels of activated CD4 T-cells in the circulation, as determined by HLA-DR expression, compared to infants who did not develop TB in the study period 43. Importantly, this difference was seen at baseline. The results could also be validated in Cape Town cohort of prospectively followed LTBI adolescents: also here elevated CD4 T-cell activation correlated with risk of TB43. These results qualify activated CD4 T-cells in the circulating as an independent CoR. Since most of the cells are supposedly not Mtb-specific, the likely interpretation of this work fits with a general picture of enhanced inflammation, both in the myeloid compartment as discussed above as well as in the CD4 T-cell compartment. Future studies should untangle the relationship and possible causality of these phenomena.  There is evidence that concurrent Cytomegalovirus (CMV) infection may be related to the enhanced immune activation.  This is particularly interesting as CMV infection also disables host immunity when chronic.  Indeed, in the infants studied CMV-directed T-cell responses correlated with risk of progression to TB disease43. However, other factors such NTM infections, other viral infections,  environmental factors such as microbiota, and metabolic balances and host genetics may (also) play a role here.  

The identification of these CoR, and the future refinement of the signatures obtained, are truly important.  They will not only help stratifying risk individuals in clinical trials for TB vaccines and TB drugs, thus accelerating such studies by reducing size, time and costs involved; they will also offer potential advantage to the individuals themselves: preventive treatment can be considered in those testing positively, or testing increasingly positively at various time points e.g. spaced a few months apart to follow possible progression. A first study along these lines has already been initiated (the CORTIS study (ClinicalTrials.gov)). In a next phase the CoR-signatures and their test platforms need to be optimized, refined, decreased in complexity and converted to more practical tests for use in point-of-care settings. 


5. BM for TB treatment response

As mentioned above, sputum culture conversion using solid medium is the best-characterized TB-BM indicating successful treatment, having been examined in many studies either as a simple measure (month 2 culture status) or in more complex forms requiring subsequent negative cultures (stable culture conversion). However, trials including the REMoxTB trial 93, have shown that patients developed recurrent TB despite negative sputum cultures at month 2. Conversely, PET-CT scanning showed that certain TB patients that had completed TB chemotherapy and were cured nevertheless still had active TB lesions post treatment 94. Depending on the clinical setting, treated patients relapse 1. Thus better BM predictive and indicative of TB treatment outcome are needed 36. This is a priority for the TB research field and has the potential to impact clinical practice. 

An ideal treatment response biomarker would be a surrogate for relapse, i.e., a marker that is validated and has regulatory approval as an early substitute outcome in clinical trials95. Unfortunately, the TB community is currently far from such a validated surrogate marker for relapse. As reviewed in more detail below, existing culture-based BM have limited accuracy for predicting meaningful clinical outcomes.  This presents a challenge for new biomarker development.  As reported above, since culture is an inadequate reference standard, new BM can only be meaningfully validated based on their ability to predict relapse versus durable non-relapsing cure. This section will review several promising investigational BM for treatment response based on either pathogen or host characteristics.  Importantly, however, none have yet been evaluated rigorously yet for prediction of relapse.    
5A. BM for TB treatment response: pathogen-based.

Measures of bacterial burden
The existing standard biomarker of treatment response is enumeration of the burden of Mtb culturable from sputum. Bacterial burden is measured as colony forming units96, by culture conversion97 or by time to detection in liquid culture. Unfortunately, culture-based BM of treatment response have proven poorly predictive of relapse among individuals, and inconsistently predictive among groups.  A meta-analysis of patients treated with a rifampin-based regimen for drug-susceptible TB found that 2-month sputum culture had a sensitivity of 40% for detection of subsequent relapse98.    The positive predictive value of a 2-month sputum culture was 9%. In a recent large Phase-III clinical trial, intermediate culture-based BM were actually negatively associated with relapse. Experimental arms had significantly faster time to culture negativity yet had higher relapse rates than the control arm93.
Several investigational approaches employ other methods of monitoring the sputum burden of Mtb. The first is quantification of “differentially culturable” bacteria (i.e., viable but non-culturable on standard agar plates, growing only with growth factor supplementation.)  Reportedly, up to 90% of Mtb in the sputum of treatment-naïve patients may fail to grow on standard agar. It has been proposed that quantification of differentially culturable bacilli may elucidate drug-tolerant populations that persist late into treatment99. 
Sputum bacillary burden can also be quantified in a culture-independent manner based on abundance of Mtb nucleic acids.  Bacterial messenger RNA (mRNA) degrades within minutes implying that detection of mRNA signals the presence of viable Mtb.  Several studies have quantified the decline in individual mRNA in sputum100, 101. Ribosomal RNA (rRNA) has a longer half-life and is more abundant than mRNA, resulting in a longer “detection phase”.  The Molecular Bacterial Load (MBL) Assay is a standardized method for quantification of Mtb 16S rRNA.  MBL has demonstrated equivalence to culture on solid agar for monitoring early bactericidal activity102. DNA is relatively refractory to degradation and therefore does not distinguish between viable and dead Mtb103. An additional approach is measurement of sputum LAM by ELISA.  While sputum LAM performed poorly as a diagnostic test, it is currently being explored as a measure of bacterial burden during treatment104.  
A challenge common to all measures of bacillary burden is that the latter decreases precipitously with initiation of effective TB treatment. Quantitative culture and nucleic acid quantification show that the sputum burden of Mtb declines >99% during the initial 3-5 day bactericidal phase96. Markers of bacterial burden therefore effectively measure bactericidal activity but are generally at the margins of detectability during the crucial subsequent sterilizing phase105. Relapse is caused by the very small subpopulations of residual Mtb that survive this largely sterilizing phase of treatment.  Therefore, prediction of relapse will likely require a biomarker capable of quantifying sterilizing drug activity as well as survival of very small subpopulations of residual Mtb 105.
Measures of Mtb physiologic state
An alternative to measuring bacillary burden is measuring drug impact on the pathogen’s physiologic state.  Experimental data indicate that accumulation of triacylglycerol lipid--bodies indicates a non-replicating, drug-tolerant bacterial phenotype that may be the cause of treatment failure and relapse106. Among patients in Malawi, sputum acid-fast bacillus lipid-body staining was significantly higher early in treatment among patients who proceeded to unfavourable outcomes (failure and relapse) than among those that were cured106.
Another investigational measure of Mtb physiologic state is large-scale, pathogen-targeted transcriptional profiling107.  This elucidates bacterial molecular adaptations to drug stress in the bacterial population surviving early killing108. Current challenges for this investigational approach include a relatively short detection phase and technical challenges of quantifying very low abundance sputum-mRNA.  As with other investigational BM, the association of Mtb transcriptional changes with relapse remains to be evaluated.  
In summary, early bactericidal activity is readily measurable via serial enumeration of bacillary burden in sputum.  A biomarker that predicts relapse will likely need to measure sterilizing effect and/or survival of very small subpopulations of residual Mtb.  To date, this goal remains elusive. 

5B. BM for TB treatment response: host-based BM.

The goal of TB-treatment is to clear Mtb from the host, preventing any relapses. Although treatment primarily targets the pathogen, host biomarkers may be used to measure, and preferably predict treatment response as outlined above. In a first large-scale prospective gene-expression study of TB patients undergoing treatment, the above mentioned type I and type II IFN-signaling signature normalized following curative treatment 107. Another study analysed the transcriptomic profiles of relapsing vs. non relapsing patients who remained relapse-free for two years. Higher cytolytic responses were found to predict relapse, despite successful standard TB treatment, and this was confirmed in a larger patient cohort 109.  Also host immunological BM, especially cytokines and chemokines, have been used as biomarkers to predict or measure treatment responses. Cytokines involved in TB pathogenesis, such as TNF-α, interleukin-10, IFN- and  IP-10, have attracted particular attention. TNF-α levels have been reported to decrease with treatment 110, 111. High initial IL-10 level was reported to be in association with shorter survival 112. IP-10 showed significant reduction at treatment-completion 113. Cytokines involved in tissue destruction, such as matrix metalloproteinases (MMP) and tissue inhibitor of matrix metalloproteinase (TIMP), represent another interesting group of molecules. Among patients who remained sputum culture positive at the 2nd week of treatment, MMP-2, MMP-8, MMP-9 and TIMP-2 concentrations were higher in initial sputum specimens 114. In another study, high plasma MMP-8 levels at month 2 were associated with Mtb culture persistence 115. Additionally, apoptosis-associated BM may also be relevant as one study revealed that higher serum decoy receptor 3 (DcR3) and monocyte chemotactic protein (MCP)-1 were independently associated with poorer six-month survival in active TB patients 116. 
Using Mtb- specific stimulation assays, Mtb-specific inducible cytokines profiles can be measured.  A newer generation IGRA, QuantiFERON-TB Gold Plus, includes novel CD8-specific antigens compared with the previous generation IGRA (QuantiFERON-TB Gold), which contained Mtb antigens-specific for CD4+ lymphocytes 117. A recent study suggested that while CD4 and CD8 responses decreased significantly during the first half of treatment, only CD8 responses decreased significantly during the latter half of treatment 118. 
Other studies used proteomic approaches to identify TB-BM of therapeutic responses.  By simultaneously measuring 1,030 proteins, several candidate proteins expressing significant changes during intensive treatment phase were explored 119. Compared to MTB proteomic responses, such host proteomic responses to TB treatment remain poorly studied  120.

6. Future Perspectives and Concluding remarks
Thanks to the emergence of powerful unbiased omics and immune profiling platform technologies, advanced bioinformatics (e.g. 121 and deep immune cell phenotyping and functional characterization, significant progress has been made in the discovery and first validation of TB CoR, CoD and CoP. Validation studies in well-characterized clinical cohorts are now needed.  Such studies will be essential in refining and improving the first-generation correlates which we have in hand and to understand whether these refined signatures are sufficiently powerful to justify their development towards use in clinical practice. 
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Table 1. Description of the most important and prevalent TB biomarkers.


	TB Biomarker type
	Description

	
Correlate of Natural Protection
	
Marker profile indicating the host is naturally immune to developing TB disease

	Correlate of Vaccine induced Protection 
	Marker profile indicating the host has become immune to developing TB disease due to vaccination

	Correlate of TB disease
	Marker profile indicating the host has active TB disease; preferably differentiating from non TB

	Correlate of TB Risk 
	Marker profile indicating the host has an increased risk of developing active TB disease

	Correlate of TB Infection
	Marker profile indicating the host has been infected with M. tuberculosis; preferably differentiating from non M. tuberculosis infection such as BCG vaccination or NTM exposure.

	Correlate of Response to TB Treatment 
	Marker profile indicating a TB affected host is responding effectively to anti-tuberculous treatment


 
Abbreviations. TB: tuberculosis.


Figure legend
Figure 1: After exposure to Mycobacterium tuberculosis (Mtb), 20-25% of these individuals become infected. a: One-fourth of the world’s population is thought to be Mtb-infected; b:approximately 3 to 5-10% of these infected individuals are likely to progress towards active disease during their life (Figure 1); c: among the patients treated for tuberculosis, an estimated 3-5% will relapse. Abbreviation: TB: tuberculosis.
Figure 2: Biomarkers associated with risk of developing TB, active TB, and the curative response to TB treatment.  Abbreviation: TB: tuberculosis; Mtb: M. tuberculosis; PET/CT: positron emission and computed tomography.
Figure 3: Old and new approaches for TB biomarkers discovery.  Abbreviation: TB: tuberculosis; Mtb: M. tuberculosis.



