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Abstract: Poor sensitivity of sputum conversion for monitoring tuberculosis (TB) treatment that makes identification of a non-
sputum-based biomarker is urgently needed. Monitoring biomarkers in TB treatment is used to decide whether critical thresholds have
been reached and helps clinicians to conclude the therapeutic success. In this mini review, we highlight recent studies on omics-related
contributes to identifying of a novel biomarker as surrogate markers for the cure and predicting future reactivation risk following TB
treatment. We catalogue the studies published to seek the progress made in transcriptomics, proteomics, and metabolomics in
pulmonary TB. We also discuss how integrative multi-omics data will provide further understanding and effective TB treatment,
such as revealing the interrelationships at multiple molecular levels, facilitating the identification of biologically interconnected
processes, and accelerating precision medicine in TB treatment. However, proper validation in prospective longitudinal studies with
long-term follow-up and outcome assessment must be conducted before the biomarkers are utilized in clinical practice.
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Introduction
Tuberculosis (TB) continues to be one of the most important infectious diseases that lead to high mortality worldwide.
Substantial investments and progress in expanding the directly observed therapy, short-course strategy, and improved
treatment completion rates remain significant obstacles to global TB control.1,2 The emergence of multidrug-resistance
TB (MDR-TB) and extensively drug-resistant (XDR-TB) strains requires extended period of treatment with the second-
line anti-TB drugs, which are more toxic and costly. Unfavorable outcomes (eg, treatment failure or disease recurrence
after chemotherapy discontinuation) may occur during and after curative therapy.3 Therefore, it is crucial to monitor
treatment response and ensure its success.

Current guideline recommends conversion of sputum by culture or microscopy, in conjunction with radiological
evaluation to monitor treatment response.3 However, sputum examinations for treatment monitoring have limitations.
Sputum production declines rapidly during treatment which results in a poor predictive ability of the tests. High bacterial
load at diagnosis as measured by a short time-to-positive in bacterial culture is associated with the risk of TB relapse.4,5

Hence, there is a call for the development of non-sputum-based assays that rely on biomarkers and the need is described
as target product profiles (TPPs) that have been published by the World Health Organization.6

Biomarkers, defined as biological molecules found in the blood, other body fluids, or tissues, serve as quantifiable
indicators to measure normal biological processes, the presence or progression of the disease (pathogenesis), or the
effects of treatment.7 Recent advances in omics technologies have led to remarkable efforts characterizing the molecular
changes that guide the development and progression of a wide array of complex human diseases. Analyses of multiple
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datasets from different omics techniques are crucial in elucidating the molecular dynamics underlying TB treatment.8

They may also provide a framework where the complexity of the interactive molecular networks leads to the individual
variation of each component separately.

This review provides an overview of various biomarker findings using omics approaches for monitoring TB treatment
and outcomes. We focus on the progress made in transcriptomics, proteomics, and metabolomics in pulmonary TB, and
discuss how these data integrations will further identify biomarkers in therapeutic response. Diverse and heterogeneous
forms of biomarkers are identified which require different types of clinical specimen and utilized diverse techniques and
laboratory assays for identification.

Methods
The selection for recent omics biomarker articles for monitoring TB treatment was conducted in the PubMed, EMBASE
and Web of Science from 2011 to 2021. For each database, the search term used as follows: “biomarker” AND
“tuberculosis treatment” AND “omics” OR “genomic” OR “transcriptomic” OR “proteomic” OR “metabolomic”.
Only studies of humans or that used human biological samples were eligible for inclusion. We focused on the evidence
reported in in/ex vivo study, clinical trials, and randomized controlled trials (RCTs) on the omics approach for biomarker
finding in monitoring TB treatment. Study reporting biomarkers for extrapulmonary TB was excluded. Before full-text
screening, title and abstract were screened to determine appropriateness of all selected articles (Figure 1).

Current Studies of Omics Biomarker in TB Treatment
A total of 250 records were identified through database search for studies published between 2011 and 2021. All the
records were screened using titles and abstracts; 30 full text articles were assessed for eligibility and 14 studies were
eventually included in the review (Figure 1). Table 1 summarizes the characteristic of 14 studies in the review, stratified
by study design, including the omic approaches used in the study, biomarker candidates, reported association, study type,
and sample size. Most of the studies (11/14) [78.6%] were published between 2016 and 2020. Eleven of the published
studies were cohort studies, while the others used either a case control (n = 1) or in vitro/ex vivo (n = 2) study design.
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The 14 studies reported diverse and heterogeneous forms of biomarkers, which require different types of clinical
specimen and utilized diverse techniques and laboratory assays for identifying biomarkers. The biomarkers include
transcriptomic (n = 7), proteomic (n = 4), and metabolomic (n = 3).

Transcriptomic Analysis
Many transcriptomic analyses have conducted studies on the role of different immune products as biomarkers during TB
therapy (Table 1). These immune products are included in the innate immune process and interferon (IFN) signaling. A
few are associated with disease severity and TB treatment response.

Cliff et al9 conducted an ex vivo transcriptomic study on peripheral blood samples obtained from pulmonary TB
patients focused on changes after treatment initiation. They reported that downregulated expression of 1261 genes was
observed within week 1 after TB treatment. C1q, C2, BF, and serpin G1 were the only genes strongly upregulated in most
of the diagnosed patients and downregulated at week 1. Another report by Cliff et al10 focused on gene signature in TB
relapse and found that the expression of 668-gene signature at diagnosis was significantly different in the samples from
the relapse compared with the cured group with 356 genes more highly expressed in the cured group. Eight of the genes
within the 18-gene significantly differentially expressed gene signature were more highly expressed in the cured group.
These included Pragmin, a regulator of the Src family kinases, which facilitates immune cells by sequestering the

Figure 1 Flow diagram of inclusion and exclusion of studies. Reasons for exclusion are: conference abstract; technique (imaging-based, ELISA, XPERT MTB/RIF, sputum
conversion); reviews (narrative review, systematic review, meta-analysis); or target of paper (biomarkers for detection of LTBI, biomarkers for diagnosis of TB). Studies
reporting biomarkers for extrapulmonary TB was excluded.
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negative regulator C-terminal Src kinase in the cytoplasm. The transcription factor RUNX2 was also downregulated in
patients with relapse, potentially inhibiting PI3K/AKT cell signaling.

A study was designed for transcriptional analysis in whole-blood active TB to establish early changes in blood
transcriptional response during standard anti-TB treatment after 2 weeks of therapy. An active and treatment-specific TB
664- and 320-transcript signatures, respectively, significantly diminished after 2 weeks of treatment and continued to
decline until 6 months. The transcriptional signature is dominated by IFN signaling genes, including type I and II IFN.11

Another comprehensive whole-blood transcriptomic analysis of a well-characterized TB treatment cohort revealed that
the UCP2 gene is highly downregulated in treatment failures compared with cures at pretreatment baseline. UCP is
involved in fatty acid metabolism that promotes NLRP3 inflammasome activation during sepsis.12

IFN network domination in TB treatment was also performed by Ottenhoff et al13 in longitudinal samples. They
identified IL15RA, UBE2L6, and GBP4 as molecular signatures involved in the IFN-α signaling. The IL15Ra expression
on macrophages supports the early transition of antigen-specific effector CD8+ T cells to memory cells, which is critical
in the early immune response against microbial infection. The second gene, UBE2L6, is a member of the ubiquitin family

Table 1 Potential Monitoring Biomarkers for TB Treatment

Reference Omic
Approaches

Candidate Biomarker Reported Association Study Type Sample
Size

Cliff et al (2013)9 Transcriptomic Complement C1q, C2, BF, and

serpin G1

Treatment efficacy Ex vivo n= 27

Cliff et al (2016)10 Pragmin Risk of relapse Cohort n= 263

Thompson et al
(2017)12

UCP2 Treatment outcome Cohort n=131

Ottenhoff et al

(2012)13
IL15RA, UBE2L6, and GBP4 Proinflammatory

biomarkers associated with

TB treatment

Cohort n=23

Sweeney et al

(2016)14 Warsinske
et al (2018)15

GBP5, DUSP3, and KLF2 Treatment response Cohort n= 81

Wang et al (2018)16 miR-21-5p, miR-92a-3p, and miR-
148b-3p

Therapeutic efficacy Case-control n= 353

Jiang et al. (2018)17 Proteomic Complement component C7 and
angiotensinogen

Therapeutic efficacy Cohort n= 82

Kaewseekhao et al
(2020)18

Phosphoryl-tRNA kinase Treatment monitoring In vitro n= 6

Nahid et al (2014)19 ECM1, YES, IGFBP1, CATZ,
coagulation factor V, and serum

amyloid

Treatment response Prospective open-
label phase 2B

clinical trial

n= 39

Choi et al (2016)20 Eotaxin Treatment response Cohort n= 305

Yi et al (2019)22 Metabolomic L-Histidine, arachidonic acid,
biliverdin, and L-cysteine-

glutathione disulfide

Cured vs failed treatment Cohort n= 130

Dutta et al (2020)24 Pyridoxate Treatment response Cohort n= 16

Qian et al (2016)25 Bradykinin and desArg9-bradykinin Treatment response Retrospective
cohort

n= 13
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and targets abnormal or short-lived proteins for degradation. GBP4, which is commonly found in all study models, is
exclusively regulated by IFN-α production through macrophages.

Sweeney et al14 used an integrated multicohort analysis of samples from publicly available datasets to derive a
diagnostic gene set in the peripheral blood of patients with active TB. Three datasets (GSE19491, GSE37250, and
GSE42834; N = 1023) were utilized to discover a set of three genes (GBP5, DUSP3, and KLF2), and the TB score was
then calculated as (GBP5 + DUSP3/2 − KLF2) and directly tested and validated. Furthermore, they examined four
datasets (Cliff combined dataset, GSE40553, GSE56153, and GSE62147) that profiled patients with active TB long-
itudinally during treatment. The TB score in each dataset exhibited a significantly decreasing trend as the treatment
progressed. Furthermore, most patients exhibited individual trends of decreasing scores over time. However, this study
was conducted on an actual lymph node tissue, not on peripheral blood.

Furthermore, Warsinske et al15 prospectively assessed the validity of the three-gene TB (GBP5, DUSP3, and KLF2)
score that was previously reported by Sweeney et al14 in an independent cohort for association of these genes with active
TB (ATB) severity and treatment response. In addition, they defined the patients with ATB in the catalysis treatment
response cohort with a total glycolytic activity index (TGAI) score of ≤400 at 6 months as radiologically clear. Those
with a TGAI score >400 at 6 months were defined as having radiologically persistent lung inflammation. The three-gene
TB score at diagnosis was significantly lower in the radiologically clear patients than those with persistent lung
inflammation after 6 months of treatment.15

The three-gene TB score at the end of treatment (EOT) continued to be higher in those with persistent lung
inflammation than those who were radiologically clear at EOT. Patients with ATB with a three-gene TB score above
the median had a significantly higher likelihood of prolonged lung pathology, as measured via positron emission
tomography–computed tomography (PET-CT). Finally, the three-gene TB score during diagnosis was correlated with
ongoing inflammation in the lungs of patients with ATB, as measured by PET-CT.15

Wang et al16 also reported a potential transcriptomic biomarker for TB treatment also screened in serum miRNA.
They found that the miR-21-5p, miR-92a-3p, and miR-148b-3p expression levels were significantly reduced in cured TB
patients than in untreated TB patients. A significantly increased miR-125a-5p level was observed between 2-month-
treated and untreated TB patients. The researcher believed that these three miRNAs play a role in mycobacteria–host
interactions and their declined level after anti-TB treatment, which may be due to the downregulation of innate host
defense after anti-TB therapy. In addition, the higher miR-125a-5p level after the 2 months treatment of TB patients was
probably caused by the continuous antibacterial status of the host in the present study.

Proteomic Analysis
The discovery of proteomic Mycobacterium tuberculosis (MTB) clearance markers that can be used for TB treatment
monitoring is complex because of the difficulty of confirming MTB clearance from patient’s tissues. The result of the
proteomic analysis indicated that differentially expressed proteins were mainly focused on metabolism, biological
regulation, and immune system process. A diagnostic model consisting of apolipoprotein C-II, complement component
C7 (CO7), and angiotensinogen (ANGT) was established to distinguish intensively treated TB patients from untreated
TB patients. Furthermore, CO7 and ANGT were used to identify sputum-negative and sputum-positive TB patients after
intensive treatment.17 Phosphoseryl-tRNA kinase (PSTK) was also found as a potential clearance marker during anti-TB
treatment. PSTK was suppressed during the MTB infection stage and reexpressed after bacillary clearance.18

Some studies identified many proteins involved in innate and adaptive immunity and have predictive capabilities of
the biomarker discoveries, as reported by Nahid et al and Choi et al. ECM1, YES, IGFBP1, CATZ, coagulation factor V,
and serum amyloid study A are stable markers that are most highly associated with treatment response.19 The eotaxin
concentration, a key mediator in eosinophil trafficking into inflamed tissue, was significantly higher in those with good
treatment response, indicating a positive predictor for therapy response in pulmonary TB.20

Metabolomic Analysis
TB can affect multiple host metabolic pathways, and a study identified drug-induced host–metabolomic variations: (1) an
overall reduction in the oxidative stress levels throughout the TB treatment; (2) a time-dependent induction and inhibition
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of several enzymes in response to the drugs (CYP2E1, CYP3A4, alcohol dehydrogenase, and amino carboxy muconate-
semialdehyde decarboxylase) and altered oxidative stress levels (aconitase, formylglycine-generating enzyme, α-keto-
glutarate dehydrogenase, and succinic semialdehyde dehydrogenase); (3) an upregulated urea cycle; and (4) altered
insulin production.21

The main carbon and nitrogen sources are compensated by various amino acid metabolisms after MTB has consumed
a large amount of glycogen in the body. Yi et al22 reported that four differential metabolites in combination (L-histidine,
arachidonic acid, biliverdin, and L-cysteine–glutathione disulfide) could be used as potential biomarkers for cured TB.

Antibiotic treatment led to the normalization of healthy control levels for most TB-associated metabolites, including
low citrulline, ornithine, histidine, and phenylalanine concentrations. However, the levels of methionine sulfoxide were
not affected by anti-TB treatment.23 Multiple metabolomic and transcriptomic data analyses identified that antibiotic
treatment involves immunoregulatory interaction between lymphoid and nonlymphoid cells by normalizing the
N-acetylneuraminate concentration. Moreover, the concentration of pyridoxate was reduced after treatment completion
and correlated with p53-regulated metabolic genes and mitochondrial translation response.24

In addition, Qian et al25 found that bradykinin (BK) and metabolite desArg9-bradykinin (DABK) can be used as
potential biomarkers for anti-TB treatment. They reported that the serum BK levels declined from the pretreatment
baseline levels and remained low after the completion of the therapy. Contrarily, the DABK levels increased during the
induction phase and decreased at the post-therapy time point. The BK levels were consistent with the induction phase of
sputum culture conversions, indicating reduced MTB burden reflecting good treatment responses. However, the elevated
levels of BK and DABK after treatment completion may be related to the subsequent recurrent TB.

Multi-Omics: Future Approaches for Biomarker Discovery
The progress of all omics technologies has required tools for facilitating the analysis and interpretation of the generated
multidimensional data. Many statistical methods have been developed for an independent analysis of large-scale, high-
quality data from each omics level. Individual performances may still overlook the interactions between molecular
entities and miss biologically relevant factors. Thus, integrated data analysis obtained by using various omics approaches
(integromics) is vital in providing a deep understanding of the pathological processes in their biological context.26

Integromics is expected to provide new insights into biological systems and reveal the interrelationships between
processes at multiple molecular levels. Integromics-based biomarker candidates would be biologically relevant regardless
of whether the changes at each single omics level are large or small.27 The biomarker candidates for which the
differences are enormous are likely to be used as TB biomarkers in clinical practice because their significant changes
can establish a cutoff point and distinguish between conditions.28

Few integromics approaches are known in exploring biomarkers for TB treatment, but multivariate statistical analyses
of other diseases have already been developed. Most of these methods include data normalization and dimension-
reduction approaches (eg, principal component analysis). Principal component analysis (PCA) breaks down data into a
few variables to facilitate the identification of those that best explain the phenotypic differences between patients with
diseases. Other multivariate analysis methods have been developed to investigate the overall correlations between
variables and identify the factors that best contribute to a specific biological condition. Other integromics frameworks
include partial least squares regression29 or multiple factor analyses,30 which identify the primary sources of phenotypic
variability between conditions. However, difficulties can arise in discerning between biologically relevant and irrelevant
molecules in all cases due to the combination of multiple factors and high variability present in individual dataset-leading
artifacts.30

TB is a multifactorial disease in which many biological processes are simultaneously disrupted. Modulating just one
molecular factor is unlikely to have a sufficient effect on attenuating or reversing TB progression during treatment.31

Integromics is expected to facilitate the identification of biologically interconnected processes in TB that can be
simultaneously modulated with combinational analysis or therapy (Figure 2). Furthermore, integromics may play a
role in personalized treatment development. The alignment of clinical phenotypes with underlying, multilevel molecular
networks could facilitate the comparisons of the biological signatures of clinical manifestations.32
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Molecular subtyping with multi-omics approaches is already employed in cancer treatment to identify subtypes and
disease mechanisms and to make prognoses in order to identify and administer effective personalized treatments.25,33

Multi-omics integration with clinical data is also being investigated to accelerate precision medicine and personalized
healthcare in autism spectrum disorders.34 Multi-omics analysis in TB was already conducted to see the downstream
effect of MTB serine/threonine protein kinase, PknA and PknB, which was correlated with the MTB ability to adapt to its
host environment.35 The integromics data analysis is also performed to reveal the MTB resistance mechanism due to
p-aminosalicylic acid for MDR-TB and XDR-TB treatment.36

Conclusion and Future Perspective
It is reasonable to assume that essential and informative biomarkers will emerge from new large-scale omic approaches
in studies of TB treatment to give better predictive value. To date, the use of omics technology in the discovery of
biomarkers for monitoring TB treatment is currently limited to transcriptomics, metabolomics, and proteomics as
recorded in clinical trials and RCTs. These omics biomarkers have been reported associated with treatment efficacy,
risk of relapse, and cured vs failed TB treatment. We also identified how multi-omics data will provide further
understanding and effective TB treatment, such as revealing the interrelationships at multiple molecular levels, facilitat-
ing the identification of biologically interconnected processes, and accelerating precision medicine in TB treatment.
However, further research must be done to validate findings before integrating them into clinical practice. In the case of
TB treatment, validation must take place within prospective longitudinal studies with long-term follow-up to assess the
outcome. It is also critical to evaluate the biomarker in patient populations with various subgroups. Commonly TB in
children and patients with HIV coinfection as well as diabetes if the novel biomarkers of TB want to be widely clinically
applicable.

Figure 2 Schematic representation of a multi-omics approach to the discovery of monitoring biomarker for TB treatment. WGS, whole genome sequencing; NGS, next-
generation sequencing, RNA-Seq, RNA sequencing; NMR, nuclear magnetic resonance.
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Limitations
We do not provide other omics approaches such as genomics, metagenomics, or lipidomics in monitoring TB treatment
because of limited data found in literature review processes.
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