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Abstract

Numerous studies have contributed to our current understanding of the complex biology of pulmonary tuberculosis (TB) and subsequently provided solutions to its control or eradication.  Metabolomics, a newcomer to the “omics” research domain, has significantly contributed to this understanding by identifying biomarkers originating from the disease-associated metabolome adaptations of both the microbe and host.  These biomarkers have shed light on previously unknown disease mechanisms, many of which have been implemented towards the development of improved diagnostic strategies.  In this review, we will discuss the role that metabolomics has played in TB research to date, with a specific focus on new biomarker identification, and how these have contributed to improved disease characterization and diagnostics, and their potential clinical applications.
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1. 
Introduction

Pulmonary tuberculosis (TB), a mostly curable disease caused by Mycobacterium tuberculosis, has reportedly infected approximately one-third (1.9 billion) of the world’s population, either in its active (symptomatic) or latent (asymptomatic) form.  This disease results in the death of 1.5 million individuals per annum, ranking it the world’s foremost cause of death from a single infectious bacterial agent [1].  The current diagnosis of latent TB relies primarily on the detection of the host immune response to the M. tuberculosis infection.  Two methods based on this principle, the tuberculin skin test (TST) and the interferon-gamma release assay (IGRA), are currently the only methods recommended by the World Health Organization (WHO) for the detection of M. tuberculosis infection [2].  Although easy to perform, these tests have a number of limitations, since false-positive results can occur in individuals who were previously vaccinated or previously infected with M. tuberculosis, and false-negative results are common in patients with a compromised immune system, such as that caused by the human immunodeficiency virus (HIV) 


[3-5] ADDIN EN.CITE .  Smear microscopy is currently the most commonly used method for diagnosing active TB.  Despite the fact that it is a low-cost, quick and simple method, it has a sensitivity of only 62% and cannot distinguish between various Mycobacterium species, nor can it detect drug-resistance [6][7].  The current gold standard for diagnosing active TB is bacteriological culture.  The latter is based on the observation of growth of M. tuberculosis harvested from patient sputum, and the method has a reported sensitivity and specificity of almost 100%, and can be used to detect drug-resistance.  This method is, however, time-consuming, considering the slow growth rates of mycobacteria, and even the most advanced culture systems such as MB/BacT, takes approximately two weeks for a diagnosis, thereby delaying treatment onset .  More recently, newer technologies such as nucleic acid amplification (NAA) techniques, phage assays, and serological tests, have also been implemented in the clinical environment.  Although these tests have the capacity to outperform the gold standard with regards to diagnostic turnover time, they are far less sensitive 


[8-10] ADDIN EN.CITE .  Furthermore, the implementation of these tests, especially in low-income countries, is limited due to their high costs and the requirement for expensive infrastructure and highly trained personnel.

When considering the above argument in the light of the most recent TB prevalence statistics, it is clear that TB disease control needs to be re-evaluated and improved upon.  One of the first steps towards achieving this goal is to address this problem from a different perspective and to identify new TB biomarkers, which will not only better characterize the disease, but also lead to the development of improved diagnostic strategies.  In this review, we discuss the metabolomics-based TB biomarkers identified to date and critically evaluate the methodology used and each biomarker in the context of their possible application towards TB diagnostics.

2. The metabolomics research approach

Although numerous single biomarkers have been implemented successfully for use in the diagnosis and prognosis of various disease states, the emergence of the more recent “omics” technologies has unleashed the possibility of using biosignatures, which are profiles of combined biomarkers, towards this end.  These biosignatures are especially useful when individual biomarkers do not exist or cannot be identified.  The term “omics” is used to describe research models aimed at acquiring large-scale data from each sample in a sample group, for the purpose of identifying disease biomarkers and/or elucidating novel functional or pathological mechanisms 


[11] ADDIN EN.CITE .  These datasets can comprise of a collection of genes (genomics), products of gene expression (transcriptomics), proteins (proteomics), or metabolites (metabolomics).  Due to the largely untargeted means by which these datasets are usually generated, they may contain hundreds or even thousands of variables, and therefore, biomarkers and/or biosignatures are mined from the data using advanced biostatistical approaches.  The validation and clinical performance of these biosignatures are evaluated by reporting the sensitivity, specificity and receiver operator characteristic (ROC) curves, amongst others, according to the Standards for the Reporting of Diagnostic Accuracy Studies (STARD) guidelines 


[12, 13] ADDIN EN.CITE .

One of the newcomers to the “omics” revolution, metabolomics, is defined as the non-biased identification and quantification of the complete metabolome of a specific biological system, using an assortment of analytical techniques, in combination with various computational, statistical and mathematical analyses.  The metabolome can be defined as the collection of all the metabolites, which are small molecular compounds (<1500 Da) participating in the metabolic reactions necessary for normal cell function, growth, and maintenance [14].  Since the metabolome is the ultimate downstream product of the genome, transcriptome and proteome, a disturbance at any of these levels due to, for example, a pathological stimulus, will alter the metabolome with regards to the presence or absence of specific metabolites and/or their quantities [15].  The identification of these changes forms the basis for metabolomics biomarker discovery.  Over the past few years, metabolomics has been used to identify potential diagnostic biomarkers for a variety of disease states, including TB, the latter of which is the focus of this review.

3. Existing metabolomics biomarkers with potential tuberculosis diagnostic capacity

To date, several metabolomics studies have been done with the aim of identifying specific single metabolite biomarkers and/or biosignatures which can be used in either the initial screening or subsequent speciation phase of TB diagnostics.  As indicated in Tables 1–5, these approaches include the use of various sample matrices which were analyzed using a variety of analytical approaches.  The identified biomarkers not only include the well-known TB biomarkers; tuberculostearic acid (TBSA), branched chain fatty acids, and other cell wall components, but also novel compounds, never before associated with TB infection.  Some of the compounds identified as potential biomarkers were detected in more than one study and in different sample matrices (indicated in bold text in Tables 1–5), the most significant of which will be discussed in the subsequent sections of this review.
3.1. Biomarkers detected using Mycobacterium cultures

Although the metabolite profiles of the various TB-causing mycobacteria grown in vitro differs to some extent from that grown in vivo, some researchers still prefer to use bacteriological cultures in the initial stages of diagnostic biomarker identification.  Biomarkers identified in this manner are indicative of those organism-specific compounds which may be present in more complex patient-collected diagnostic samples, such as sputum or blood, and this pre-identification may assist in their detection in these patient samples where they may occur in diluted quantities and/or be masked by the matrix background.

Pavlou et al. (2004) used a metabolomics approach to distinguish between M. tuberculosis, M. avium, P. aeruginosa and a mixed infection (M. tuberculosis and M. scrofulaceum).  They achieved a 96% prediction value when analyzing the headspace above the cultured samples of the aforementioned infectious Mycobacterium species, using an electronic nose (EN).  The underlying principle of the method is as follows; the EN contains 14 conducting-polymer sensor arrays which interact with the volatile compounds liberated in the headspace of the cultured Mycobacterium samples.  This interaction results in a change in electrical resistance, producing characteristic signals of multiple sensor parameters.  These variables collected for each culture were then used to construct a data matrix which was statistically analyzed via discriminant function analysis (DFA) to differentiate the sample groups.  When this methodology was applied to 46 patient sputum samples, it successfully differentiated sputum containing M. tuberculosis, M. avium, P. aeruginosa, a mixed infection and eight control samples (TB-negative patients admitted to the clinic) [16].  The method was then further validated using 330 TB-positive and TB-negative patient collected sputum samples, and correctly identified TB with a sensitivity of 89% and specificity of 91%, at a detection limit of 1 x 104 bacteria per mL sputum [17].  When investigating the potential clinical application of this EN methodology, two different off-the-shelf EN devices were tested in a real-life clinical setting.  The first device could diagnose TB with a sensitivity of 68%, specificity of 69% and accuracy of 69%, while the second showed a sensitivity of 75%, specificity of 67% and accuracy of 69%.  Although these results show promise, they do suggest that the EN technology is not yet sensitive, specific or accurate enough for clinical application towards TB diagnostics [18].  Furthermore, the chemical characteristics and identities of the signals detected cannot be characterized or quantified as yet, and therefore, the characteristic compounds causing these signals were not identified.

Mycobacterial cell wall components, specifically the characteristic mycolic acids, potentially serve as good indicators for the presence of this pathogen in a biological sample.  Various studies have focused on the presence or absence, and the ratios of these compounds, as a means to characterize, identify or differentiate the various infectious Mycobacterium species from one another, for application to TB diagnostics 


[19-21] ADDIN EN.CITE .  To date, the Sherlock™ Mycobacteria ID system (MYCO-LCS) is the only commercially available high-performance liquid chromatography (HPLC) based, pattern recognition method for mycobacterial speciation, and functions by identifying variations in the infected mycobacteria’s mycolic acid content.  This method claims to have the ability to identify and differentiate 25 mycobacteria species and 35 non-mycobacteria species from pure culture, in less than 30 minutes, at a cost of approximately $6 USD per analysis [22].  In 2012, Olivier and Loots applied a similar approach, identifying the characteristic lipid profiles of M. tuberculosis, M. bovis, M. kansasii and M. avium, using a gas chromatography mass spectrometry (GC-MS) metabolomics research methodology, to fully automate this classification model.  Twelve lipid biomarkers were identified (Table 1) and used to build a multivariate discriminant model, which could correctly assign unknown samples to their respective species groups with probabilities ranging from 72 to 100%.  Although this method requires 16 hours to achieve a diagnostic result, only 1 x 103 cultured cells were needed for correct classification, making it more sensitive than the previously described HPLC approach [23].  The research team however, later improved on this method by implementing the use of a mixer mill to assist in the extraction of these biomarkers, resulting in a five hour turnaround time and the need for smaller patient sample and solvent volumes.  A further development was the application of an alternative extraction approach, allowing for the detection of metabolites belonging to not only the lipid markers described, but also other compounds including amino acids, alcohols, organic acids, monosaccharides, alkenes, alkanes, purines, pyrimidines, etc.  Nineteen metabolites were identified as biomarkers for differentiating M. tuberculosis, M. avium, M. bovis, M. kansasii and P. aeruginosa (Table 1[24]).  Indole-acetic acid, cadaverine, purine, putrescine, and two unknown compounds with masses of 343 and 373 were detected exclusively in P. aeruginosa, whereas inositol and myo-inositol were characteristic of the Mycobacterium species investigated.  Succinic acid and an unknown compound with a mass of 268 were uniquely identified in M. kansasii, and another unknown compound with a mass of 541 was detected exclusively in M. tuberculosis .  In addition to the capacity of the extraction method to identify a greater variety of metabolites, it further reduced the solvent volumes required, and improved the detection limit to only 250 bacterial cells per analysis [25].

More recently, Lau et al. (2015) described an optimized ultra-high performance liquid chromatography–electrospray ionization–quadruple time-of-flight mass spectrometry (UHPLC-ESI-Q-TOFMS) metabolomics approach to differentiate various Mycobacterium species from one another, by analyzing their excreted metabolite profiles.  Although the main aim of this investigation was to differentiate M. tuberculosis and non-tuberculous mycobacteria (NTM), clear separation between all species was achieved when the collected data were analyzed using principle component analysis (PCA) and partial least squares–discriminant analysis (PLS-DA).  Of the 24 biomarkers identified (metabolites detected in significantly higher concentrations in M. tuberculosis as compared to the other NTM strains), only seven could be annotated via MS/MS database matching (Table 1) [26].

Furthermore, in the context of the rising incidence of drug-resistance, a successful TB diagnostic method should also be able to identify whether the infected M. tuberculosis strain is fully drug-susceptible or drug-resistant to either first- or second-line drugs.  Although no metabolomics study to date has identified biomarkers for TB drug-susceptibility testing per se, differentiation of various drug-resistant strains from drug-susceptible parent strains has been demonstrated using the differences in the metabolite profiles of these organisms.  In two related studies, GC-MS metabolomics were used to compare the fatty acid metabolome [27] and total metabolome [28] profiles of two rpoB mutant M. tuberculosis strains (S522L and S531L) to that of a fully drug-susceptible wild-type parent strain, to better characterize rifampicin-resistance.  In each study, biomarkers for rifampicin-resistance were identified and used to elucidate previously unknown biological mechanisms related to the survival and adaptation of these mutant strains[29].  In a similar fashion, the group also investigated mono-resistance to isoniazid (resulting from mutations in the katG gene) in M. tuberculosis.  From the differentiating metabolites identified, it was shown that the isoniazid-resistant strains are more susceptible to oxidative stress, and a subsequent survival adaptation to this is to increase the uptake and utilization of alkanes and fatty acids as a carbon/energy source, and to synthesize antioxidant compounds, i.e. ascorbic acid, and its oxidation via an ascorbate degradation pathway .  Although the diagnostic potential of the identified biomarkers were not investigated, these studies show that metabolomics can be implemented towards the identification of characteristic drug-resistant biomarkers.

Although the methods described above all required a time-consuming culturing step, these attempts at improved TB diagnostics using bacterial cultures prove the capacity of metabolomics for detecting new diagnostic biomarkers.  Ideally, a TB diagnostic method, including the initial screening and speciation steps, should be done directly from the collected clinical samples (preferably collected in a non-invasive manner) to shorten the delay between disease presentation and treatment onset.  The true clinical application of these biomarkers can therefore only be determined when investigating their diagnostic value in patient-collected samples, as was done by Syhre et al., 2009 [30] and Phillips et al., 2010 [31] (see section 3.5). 

3.2. Biomarkers detected using sputum 

The most commonly used sample matrix for diagnosing pulmonary TB to date is sputum.  This mucus-like biofluid originates directly from the area of infection, i.e. the airways of the lungs, and is highly populated with M. tuberculosis in TB-positive patients.  A metabolic profile of a TB patient’s sputum would subsequently contain Mycobacterium-specific metabolites, due to the physical presence of the organism in this sample, and also various altered, disease-induced host metabolites, thereby expanding the possibility of identifying diagnostic biomarkers.  In addition to diagnostics, these biomarkers could also be implemented towards the elucidation of disease mechanisms, seeing that they are a true reflection of adaptations to the metabolome of M. tuberculosis due to in vivo growth and the host response to infection/disease.  Despite this, however, very few metabolomics studies have been focused on biomarker identification for improved TB diagnostics using patient-collected sputum.  The reason for this is most likely linked to the complexities in using this sample matrix, such as its viscosity and uneven consistency, and also the likelihood of possible TB infection when handling these samples in a standard analytical laboratory not equipped for these purposes.  The aforementioned viscosity and uneven consistency of sputum bring about the need for additional, time-consuming sample pre-processing steps before metabolomics analyses can commence.  These methods were not always standardized, and even after successfully applying the necessary extraction procedures and analyses of the samples, the metabolic profiles obtained are complex and contain many compounds from a variety of compound classes. Subsequently comprehensive statistical analyses to sift through the masses of data, are required to identify potential biomarkers [32].

In 2012, specifically for metabolomics TB biomarker identification, Schoeman et al. developed a new sputum pre-processing method, in conjunction with a global metabolite extraction approach and GCxGC-TOFMS analysis, to differentiate sputum spiked with M. tuberculosis bacilli and control sputum (not spiked).  The compounds identified as markers mainly represented those associated with the cell wall of M. tuberculosis (Table 2) [33].  This method was applied to differentiate culture-confirmed TB-positive (n=34) and TB-negative (n=61) patient sputum, and the 22 compounds (Table 2) best explaining the variation between the groups, were once again identified.  Various new disease mechanisms were described, including the presence of a citramalate cycle in M. tuberculosis, and the interaction of this cycle with an upregulated glyoxylate cycle and increased fatty acid oxidation during in vivo growth in the human host.  Furthermore, these biomarkers also shed light on an additional process by which the host produces hydrogen peroxide via glucose oxidation, as a means to eliminate the infected bacteria.  The elevated concentrations of various neurotransmitters associated with the TB-infection provided added information explaining many of the clinical symptoms that TB patients experience [32].  Although the objective of this study was to better characterize TB, the differentiation of the groups based on underlying metabolite differences suggest the potential for this type of metabolomics approach to be used for diagnostic purposes.

Although not using a traditional metabolomics approach, research groups have also investigated the possible use of individual sputum metabolites, such as the aforementioned TBSA, for diagnosing TB.  In 2009, Cha et al. indicated that TBSA can be detected directly from patient sputum samples using solid-phase micro-extraction (SPME) and post-derivatization coupled to GC-MS.  The group reported that this procedure is more sensitive than smear microscopy and requires only five hours per analysis, thereby proving that the use of single metabolite biomarkers can be useful in the initial screening phase of TB diagnostics.  However, similar to a positive smear microscopy result, the detection of TBSA in these samples is due to the presence of the mycolic acids, a common component in the cell walls of all mycobacteria, and can therefore not be used for speciation or the detection of drug-resistance [34].
3.3. Biomarkers detected using blood and tissue

Blood samples (plasma and serum) are regarded as being comparatively more homogeneous in composition, less viscose and easier to process than sputum.  Furthermore, although very low concentrations of potential metabolites originating directly from the infectious bacteria may be detected in the blood, it reflects those metabolites altered in the host due to the infection, and is subsequently better suited to identify host pathological and defense mechanisms [35], to examine disease progression [36], and/or for diagnostic and therapeutic monitoring purposes [37].

When analyzing serum samples collected from healthy controls, individuals with latent M. tuberculosis infection, and patients with active TB, using GC-MS and UPLC-MS/MS, Weiner et al. (2012) were able to detect alterations in amino acids, lipids and nucleotides, due to the anti-inflammatory changes that typically occur during TB disease progression.  The altered metabolite profiles also revealed reduced phospholipase activity, increased indoleamine 2,3-dioxygenase 1 (IDO1) activity, an increased abundance of adenosine metabolic products, and indicators of fibrotic lesions in those patients with active TB, comparatively.  Additionally, 20 metabolites with potential diagnostic value were identified (Table 3) [35].  Similarly, using serum-based nuclear magnetic resonance (NMR) metabolomics, Zhou et al. (2013) identified 17 metabolites with possible diagnostic value (Table 3), in addition to better describing the TB disease state in terms of an observed increased glycolysis, lipid degradation, nucleotide biosynthesis, energy consumption and a modified protein metabolism in TB patients.  Expanding on this, they also investigated the metabolite changes induced by other disease states, including diabetes, malignancy and community-acquired pneumonia, and subsequently indicated that each of the changes to the metabolome induced by these perturbations is, in fact, disease specific [37].  With the main aim of identifying TB diagnostic biomarkers, Feng et al. (2015) also included patients with diseases other than TB in their patient cohort.  The serum metabolome profiles of patients with active TB, chronic obstructive pulmonary disorder (COPD), pulmonitis, bronchiectasis, lung cancer and healthy controls, were compared using UPLC-MS analyses.  By employing orthogonal partial least squares–discriminant analysis (OPLS-DA), they were able to differentiate TB patients from healthy controls and patients with other lung conditions, and subsequently identified a TB-specific serum biosignature.  A set of 12 metabolites, mostly fatty acids, amino acids and lipids (Table 3), were identified as biomarkers for active TB, and a combination of four of these compounds (lysophosphatidylcholine (18:0), behenic acid, threoninyl-(-glutamate and presqualene diphosphate) allowed for discrimination between active TB and control samples with an area under the curve (AUC) value of 0.991 [38].

With the aim of explaining pathogen-induced changes in the host, in addition to using serum, Shin et al. (2011) compared the spleen, lung, and liver tissue metabolome data, from M. tuberculosis-infected and healthy control mice, using 1H NMR.  Based on the metabolite profiles, clear differentiation between TB-positive and control mice were evident for all tissue and serum samples collected, and the most characteristic biomarkers were identified (Table 3).  These compounds indicated that precursors of membrane phospholipids, i.e. phosphocholine and phosphoethanolamine, as well as the oxidative stress response, glycolysis, amino acid metabolism and nucleotide metabolism, are altered due to the TB disease state [39].  Similarly, Somashekar et al. (2012) applied a 1H NMR metabolomics approach using lung and serum samples collected from guinea pigs, 30 and 60 days after infection, with the aim of studying the effects of disease progression on the host metabolome.  Sixteen lung metabolites were identified as TB biomarkers (Table 3), four of which (aspartate, glutathione, betaine and trimethylamine N-oxide) were uniquely detected in the active TB group as a result of increased oxidative stress and glutaminolysis in the lung lesions.  Furthermore, several other metabolites, including lactate, choline-containing compounds, ethanolamine, phosphocreatine, nicotinamide and glutamate, were detected in reduced amounts in the serum of the infected animals comparatively, whereas formate and acetate were significantly increased after infection.  The authors concluded that the metabolite variation detected in both lung tissue and serum indicate metabolic changes associated with necrotic disease processes, including anaerobic glycolysis, glutaminolysis, and gluconeogenesis [36].

In an attempt to find possible diagnostic markers for active TB, not influenced by anti-TB drug administration, Che et al. (2013) used a GC-TOFMS metabolomics approach to compare serum samples collected from healthy controls and TB patients, before and after anti-TB treatment.  They indicated that cholesterol, galactose and malonic acid were significantly elevated in the TB patient samples, whereas phenylalanine, glycerol 3-phospate, ornithine, inositol, lactic acid and 5-oxoproline were comparatively downregulated.  Of these nine potential TB biomarkers, 5-oxoproline was determined to remain unaffected in the TB-positive patient sample group despite commencing treatment using first-line anti-TB drugs.  Hence, this biomarker was validated using a bigger sample cohort.  The importance of this study is that it indicates the capacity for metabolomics to identify useful biomarkers for early prediction of treatment outcome, and for possible use in new anti-TB drug development [40].

In some instances, due to the complexity of the blood metabolome and the increasing sensitivity of some of the analytical equipment used for the analysis thereof, an extremely large number of biomarkers can potentially be identified.  In two such studies using LC-MS, [42, 43]Zhong et al. (2016) identified 99 and 61 biomarkers respectively, when comparing the blood metabolomes of TB-positive patients and healthy controls 



Frediani et al. (2014) and  ADDIN EN.CITE .  Although the disease-induced alterations to the host’s metabolic pathways were discussed in these studies (Table 3), neither investigated the potential diagnostic capacity of the identified biomarkers.

From a diagnostic perspective, although standardized protocols are available for the collection of blood samples, these techniques are considered invasive, and in many patients, the fear of needles can induce a stress response, altering the  metabolic profile and inducing many of the markers previously described for the TB disease state [14].
3.4. Biomarkers detected using urine

Similar to blood, little or no mycobacteria are expected to be present in the urine of TB patients, and therefore, very low concentrations of those metabolites associated with or unique to M. tuberculosis would likely be detected.  However, urine collected from TB patients would contain higher concentrations of the altered host-derived metabolites induced by the TB disease state, when compared to that of other patient sample matrixes.  This may be considered an additional advantage for biomarker identification for better disease characterization and diagnostic applications, and therefore many metabolomics research investigations have been done using urine as the preferred sample matrix.

Banday et al. (2011) analyzed the volatile organic compounds (VOCs) in patient-collected urine for the purpose of discriminating TB patients from healthy controls, and from patients with other diseases such as COPD and lung cancer, using headspace GC-MS.  They found significantly elevated levels of o-xylene and isopropyl acetate, accompanied by reduced levels of 3-pentanol, dimethylstyrene and cymol in the TB-positive patient group comparatively (Table 4[44]) .  Similarly, Luies and Loots (2016) used a GCxGC-TOFMS approach to investigate the urinary TB metabolite markers induced by infection-related adaptations of the host metabolome and/or host–pathogen interactions.  Clear PCA differentiation was achieved between the TB-positive and healthy control group based on their respective metabolite profiles.  The identified metabolite biomarkers (Table 4) indicated TB-induced changes resulting in abnormal host fatty acid and amino acid metabolism (phenylalanine in particular), mediated through changes to interferon gamma (INF-γ) and possibly insulin [45].  These studies demonstrate the potential of metabolomics to identify TB biomarkers using patient-collected urine.

In addition to disease induced metabolic changes, urine also directly reflects metabolites excreted by the liver and kidneys, and therefore provides additional information regarding changes to an individual’s metabolome as a result of a toxic insult.  To this end, Das et al. (2015) identified unique urinary TB biomarkers and determined the effects of TB treatment on the levels of these compounds.  By comparing the GC-MS analyzed urine metabolic profiles of TB-positive patients to that of TB-negative individuals (with TB-like symptoms), they detected 42 features with potential diagnostic value, of which six could accurately be annotated compound names (Table 4).  Most of the metabolites were related to the phenylalanine metabolic pathway (similar as to what was seen by Luies and Loots (2016)), and when using them to plot a ROC curve, the AUC was calculated as 0.85.  The influence of first-line TB treatment on these metabolic profiles was investigated by analyzing samples obtained from TB patients at various time points during the treatment regimen.  A treatment dependent trend was observed, and those patients considered successfully cured after treatment completion, showed a metabolic profile similar to that of healthy controls [46].  This study indicates that in addition to pre-treatment diagnostics, urinary biomarkers also have the capacity to monitor disease progression and to potentially monitor treatment response and predict treatment outcome.  This information would be useful in new TB drug trials, since these markers could serve as surrogate endpoints for treatment outcome, long before the six month treatment regimen is completed.

3.5. Biomarkers detected using breath

Due to the recent advancements in breath collection techniques, this sample matrix has become an attractive option for diagnostic biomarker identification for TB.  Breath originates directly from the infected lung, and would be expected to contain the characteristic host and bacterial VOCs.  Additionally, it can be collected in a non-invasive manner, even from children and HIV-positive individuals, where sputum collection is problematic.

Using an automated thermal desorption (ATD) GC-MS, a set of 130 compounds (mostly alkanes, naphthalene and benzene derivatives), were uniquely detected in the headspace of M. tuberculosis cultures, compared to that produced in the headspace of sterile culture media.  In a pilot study, the group applied this knowledge to patient-collected breath samples, and successfully differentiated healthy controls (n=59) from hospitalized patients with a suspicion of pulmonary TB, with a 100% sensitivity and specificity.  Using only the most abundant compounds detected in the headspace of the M. tuberculosis cultures (Table 5) as a diagnostic biosignature, they were also able to classify patients with negative (n=19) and positive (n=23) sputum culture results, with a specificity of 100% and sensitivity of 82.6% [47].  This approach was then applied to a larger sample cohort of 226 patients and successfully identified the TB-positive patients (those for whom the sputum culture, smear, and chest radiograph were all positive) with a sensitivity of 84% and specificity of 64.7% [31].
Syhre and Chambers (2008) analyzed the compounds in the headspace of cultures of various Mycobacterium species (M. tuberculosis, M. fortuitum, M. bovis, M. bovis BCG, M. abscessus, and M. avium complex) using SPME and GC-MS.  The aim of their investigation was not to identify biomarkers for speciating infection, but rather to identify specific markers which can differentiate M. tuberculosis and M. bovis from all other mycobacteria, for later application to patient breath sample diagnostics.  Two compounds, methyl p-anisate and methyl nicotinate, were identified exclusively in M. tuberculosis and M. bovis, whereas methyl phenylacetate was identified as a common biomarker in M. tuberculosis, M. bovis and M. avium complex (Table 5) [48].  An in vivo validation for methyl nicotinate as a TB-specific biomarker in patient-collected breath, showed significant differences in the concentration when comparing TB-positive patients to healthy controls, proving that it may potentially be valuable in a clinical environment [30].  However, a true validation of this would need to be done in breath collected from TB-positive patients and clinically sick controls (those with TB-like symptoms, but testing negative for TB via culture).

In a related study, Kolk et al. (2012), later also compared the GC-MS profiles of breath samples collected from 50 TB-positive patients and 50 hospitalized TB-negative patients.  Seven VOCs (Table 5), including one unknown compound, were identified as potential biomarkers and were used to build a classification model which could predict TB with a sensitivity of 72%, specificity of 86% and accuracy of 79%.  The model was further validated using a different set of samples (21 TB-positive and 50 hospitalized TB-negative), and correctly classified TB with a sensitivity of 62%, specificity of 84% and accuracy of 77% [49].

Considering the above mentioned evidence, breath biomarkers show huge potential for their application in a non-invasive TB diagnostic method, however, further validation is necessary in order to determine which of these compounds are present due to a general disease state, oxidative stress or other external confounders such as smoking or diet, and which of these are, in fact, truly TB-specific.

4. Diagnostic validity of the tuberculosis biomarkers identified to date

A more comprehensive summary of the 49 metabolite biomarkers detected in more than one study (those markers indicated in bold text in Tables 1–5) is given in the supplementary section of this review (Table S1).  Considering the biomarkers identified from cultured Mycobacterium: 9-hexadecenoic acid, TBSA, heptadecanoic acid, 11-eicosenoic acid, 13-docosenoic acid, 15-tetracosenoic acid, eicosanoic acid and cadaverine, were all detected more than once in different studies conducted by the same research group 


[23, 24, 33] ADDIN EN.CITE , aimed at differentiating various infectious Mycobacterium species from one another.  These eight compounds are associated with the unique cell wall structure of these organisms, which is already well-known to vary between Mycobacterium species, and subsequently these markers would be expected to have diagnostic value, especially for speciation [22].  Additionally, 10-heptadecenoic acid, 9-octadecenoic acid, nonadecanoic acid, á-D-glucopyranoside and D-glucosamine were detected more than once as biomarkers for cultured M. tuberculosis 


[23, 33] ADDIN EN.CITE , and were confirmed when comparing TB-positive and TB-negative patient sputum [32].  These biomarkers are also associated with the unique cell wall of M. tuberculosis and therefore show promise for possible use in new TB diagnostic methods using patient-collected sputum.  An additional 14 compounds characterizing TB were repeatedly detected in different tissue samples (liver, spleen and lung tissue) (Table 3).  Interestingly, both myo-inositol and uridine were confirmed as characteristic compounds in TB-positive tissue from mice and guinea pigs 


[36, 39] ADDIN EN.CITE , and were also identified as biomarkers in experiments using cultured M. tuberculosis 


[23, 33] ADDIN EN.CITE .  The use of tissue samples in a clinical environment is, however, impractical, and the presence of these biomarkers in human blood or urine, for instance, needs to be validated before considering their diagnostic capacity.  Considering this, eight compounds identified in TB-positive host tissue where in fact also identified as TB biomarkers in serum and urine samples collected from TB-positive patients 


[35, 37, 45] ADDIN EN.CITE .  Of these, lysine, isoleucine, phenylalanine and tyrosine were detected in elevated concentrations in all of the TB-positive sample groups analyzed, irrespective of whether tissue, serum or urine was used, which serves as confirmation for their potential use as TB biomarkers.  However, discrepancies in the concentrations of many other metabolite markers do leave room for debate, for their potential application for these purposes.  Lactate and glutamate, for example, were seen to accumulate in various TB-positive host tissue [39] and TB-positive patient serum [37] samples, but were found to be reduced in serum collected from TB-infected guinea pigs [36].  Additionally, glutamine, was detected in reduced amounts in TB-positive patient serum by one study group [35], and then later in an elevated abundance by a different group, both using patient-collected serum [37].  Similarly, elevated levels of formate were identified in the serum collected from M. tuberculosis-infected mice [39] and guinea pigs [36], however, this metabolite was indicated to be reduced in serum collected from TB-positive patients when compared to healthy controls [37].

1-Methyl-naphthalene, 1,4-dimethyl-cyclohexane [47] and methyl nicotinate [30, 48], were identified as characteristic markers when using headspace analyses of M. tuberculosis cultures, and were also confirmed as biomarkers from TB-positive patient-collected breath samples.  The use of methyl nicotinate as a possible TB diagnostic marker was further validated in a follow-up study using a larger sample cohort of collected breath samples from TB-positive and TB-negative patients [30].  Although this compound is used in a niacin test to distinguish cultured M. tuberculosis from other related species, its quantities in patient-collected breath may be influenced by other confounding factors such as smoking, chewing betel nuts and a suppressed immune system (for example in HIV-positive patients) [30].  Another TB breath biomarker, tridecane, was verified using two independent sample cohorts [31].  However, since this marker is thought to originate from  increased oxidative stress in TB patients [31], it would most probably not be specific to a TB disease state, since elevated oxidative stress is a common occurrence in most diseases.  Similarly, the biomarker quinolinic acid, identified in TB patient-collected serum [38] and urine [45], originates from the kynurenine pathway, induced by several pro-inflammatory cytokines and chemokines involved immune reactions related to a number of disease states, and thus, probably also not specific enough for TB.

The challenges experienced to date for identifying a single, disease-specific metabolite for diagnostic application, could potentially be solved by using a combination of metabolites/biomarkers simultaneously.  Docosanoic acid (behenic acid), for example, was detected as one of the most abundant fatty acids in M. tuberculosis [23], but its diagnostic capacity using TB-positive patient samples was rather poor.  However, when used in combination with three other compounds (lysophosphatidylcholine (18:0) threoninyl-γ-glutamate, and presqualene diphosphate), it could differentiate TB patients from healthy controls as well as patients with other lung diseases with an AUC of 0.991 [38].

Regardless of the aim of the study, all biomarkers or biosignatures identified should be validated both statistically and biologically [50].  Although all of the above mentioned metabolomics investigations identified potentially valuable biomarkers, the majority of these were used to better characterize the disease and the pathogen-induced metabolic changes in the host.  For this reason, only four of the 21 studies described in this review, and summarized in Tables 1–5, actually validated the identified biomarkers for their potential diagnostic applications, using either an independent test or validation sample set.  Another point to note is that many of the TB characterization and diagnostic studies described above, used rather strict inclusion and exclusion criteria for sample selection.  Although this serves well to eliminate variation in the sample cohort to better characterize the disease mechanisms, it could potentially bias the outcome towards better diagnostic outcomes, which would not necessarily be attained in a true clinical setting.  Additionally, only two of the diagnostic studies described 


[38, 44] ADDIN EN.CITE , compared the identified TB biomarkers to those identified in patients with related diseases, such as COPD and lung cancer, while only one other research group [35] included asymptomatic individuals with latent TB infection.  Considering this, in the immediate future, it would be beneficial to see increased efforts towards validating these newly identified biomarkers for use in a clinical context, especially towards improved TB diagnostics.

5. From benchtop to clinical application: Future prospects and challenges

Considering the above, over the last ten years, metabolomics has contributed exponentially to the number of new TB biomarkers identified, which have not only shed light on new disease mechanisms but also improved TB diagnostics.  Ideally, a TB diagnostic method should be sensitive, specific, fast, inexpensive, and easy to use without extensive training or clinical facilities.  Such a method should be able to accurately diagnose TB, and be capable of identifying the species of Mycobacterium causing the disease, while also indicating whether or not it is drug-resistant.  The method should additionally be able to predict and/or monitor treatment outcome since this would determine the most appropriate treatment approach [51].  Although these idealistic diagnostic requirements seem impossible considering the limitations of current TB diagnostic approaches, with the recent advancements in metabolomics and the new TB biomarkers identified to date, it may be achievable.  Improvements to the sensitivities and specificities of these approaches can easily be attained using other detection technologies or targeted analytical approaches on the same metabolomics MS-based equipment.  The analyses times can also be significantly reduced to only a few minutes, or even seconds, when searching for the identified biomarkers in a targeted manner.  Furthermore, metabolomics has identified characteristic biomarkers of active TB using patient-collected sputum, blood, urine and breath (hence the application of these to less-invasive diagnostics), and also for speciation, characterizing drug-resistance, and predicting/monitoring treatment outcome.  The latter is not only important in the sense that one could potentially predict a patient’s response to first-line treatment at time of diagnosis (i.e. before the medication is administrated) or well before the six month treatment regimen is completed, but these markers could accelerate the time-consuming process of new TB medication efficacy testing, and elucidate their mechanisms of action.

The major limitations considering the idealistic diagnostic requirements we propose above regarding the current metabolomics strategies, would be that a metabolomics approach typically uses expensive analytical equipment, operated by highly trained staff, in a laboratory environment.  One should, however, bear in mind that the general idea behind metabolomics is to use these high-end analytical apparatus only for the initial biomarker(s) identification and validation phase.  Once these markers have been identified, other technologies (like nanotechnology, or other detection technologies) can be used to develop strategies to increase the sensitivity and specificity of detection and to develop an inexpensive kit for rapid point-of-care diagnostics, with minimal training to the user.  Alternatively, kits can also be developed for high-throughput laboratory based TB diagnostics on 96 well plates, using inexpensive laboratory equipment, such as a basic spectrophotometer.  Another limitation is that no research group to date has reported a single, unique biomarker present in only TB-positive patients (with the exception of the well-known TBSA).  That is not to say that such biomarkers have not in fact been identified, and/or are being developed for diagnostic applications.  Using a biosignature rather than a single characteristic marker to diagnose a disease, does complicate the matter to a certain extent, however, with the aid of statistical or mathematical prediction models, or pattern recognition software, this can easily be overcome and the diagnosis automated.

6. Concluding remarks

The recent application of metabolomics for TB research has led to an exponential increased number of new TB biomarkers identified over the last decade.  These biomarkers have shed light on new mechanisms related to the biology of the causative pathogen, M. tuberculosis, as well as to various underlying disease mechanisms and adaptations, such as drug-resistance, host-microbe interactions and treatment failure.  Additionally, these compounds have also contributed towards the development of new diagnostic procedures for active and latent TB, pathogen speciation, and predicting treatment outcome, using patient samples collected via less-invasive sampling techniques.  Considering this, the new TB biomarkers identified using metabolomics have not only elucidated previously unknown disease mechanisms, but also have the potential to contribute to all aspects of TB clinical care.  However, increased efforts towards validating these newly identified biomarkers for use in a clinical context, especially towards improved diagnostics and TB treatment strategies, is of the utmost importance.

7. Executive summary

· Current TB diagnostic strategies fail since there is still no method with the necessary sensitivity, specificity, speed, affordability, accuracy and ease to use without extensive training or clinical facilities, which can determine which species of Mycobacterium is causing the disease, whether or not it is drug-resistant and with the ability to predict treatment outcome.

· Over the past ten years, metabolomics has contributed exponentially to the number of new TB biomarkers, which have shed light on new disease mechanisms and also improved TB diagnostics using patient-collected sputum, blood, urine and breath (hence the application of these to less-invasive diagnostics).

· These biomarkers can be used together with other technologies (like nanotechnology, or other detection technologies) to not only increase the sensitivity and specificity of detection, but also to develop inexpensive kits for application to rapid point-of-care diagnostics, or alternatively high-throughput spectrophotometer based TB diagnostic methods using 96 well plates. 

· In the immediate future, however, it would be beneficial to see increased efforts towards validating these newly identified biomarkers for use in a clinical context.
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10. Reference annotations (references of interest)

23.
Olivier I, Loots DT. A metabolomics approach to characterise and identify various Mycobacterium species. J. Microbiol. Methods 88(3), 419-426 (2012).

~ This study described a multivariate discriminant model for speciation, with probabilities ranging from 72 to 100%.

35.

Weiner J, Parida SK, Maertzdorf J et al. Biomarkers of inflammation, immunosuppression and stress with active disease are revealed by metabolomic profiling of tuberculosis patients. PloS one 7(7), e40221 (2012)

~ This was the only research group who compared asymptomatic individuals with latent TB infection to TB-positive patients.

36.
Somashekar BS, Amin AG, Tripathi P et al. Metabolomic signatures in guinea pigs infected with epidemic-associated W-Beijing strains of Mycobacterium tuberculosis. J. Proteome Res. 11(10), 4873-4884 (2012).

~ This study used lung and serum samples collected from guinea pigs, 30 and 60 days after infection, to study the effects of disease progression on the host metabolome.

37.
Zhou A, Ni J, Xu Z et al. Application of 1H NMR spectroscopy-based metabolomics to sera of tuberculosis patients. J. Proteome Res. 12(10), 4642-4649 (2013).

~ This study did not only better describe the TB disease state, but also investigated the metabolite changes induced by other disease states, including diabetes, malignancy and community-acquired pneumonia.

38.
Feng S, Du YQ, Zhang L, Zhang L, Feng RR, Liu SY. Analysis of serum metabolic profile by ultra-performance liquid chromatography-mass spectrometry for biomarkers discovery: Application in a pilot study to discriminate patients with tuberculosis. Chinese medical journal 128(2), 159-168 (2015).

~ This study was aimed at identifying TB diagnostic biomarkers, and included patients with COPD, pulmonitis, bronchiectasis, lung cancer and healthy controls in their study cohort.

39.
Shin J-H, Yang J-Y, Jeon B-Y et al. 1H NMR-based metabolomic profiling in mice infected with Mycobacterium tuberculosis. J. Proteome Res. 10(5), 2238-2247 (2011).

~ Shin et al (2011) compared various sample matrices (serum, as well as spleen, lung, liver tissue) from M. tuberculosis-infected and healthy control mice, with the aim of explaining pathogen-induced changes in the host.

44.
Banday KM, Pasikanti KK, Chan ECY et al. Use of urine volatile organic compounds to discriminate tuberculosis patients from healthy subjects. Analytical Chemistry 83(14), 5526-5534 (2011).

~ VOCs were analyzed to discriminate TB patients from healthy controls, and from patients with other diseases such as COPD and lung cancer.
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