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Abstract

Tuberculosis (TB) is one of the deadliest infectious diseases globally, ranking as 13th leading
cause of mortality and morbidity. According to the Global Tuberculosis Report 2022, TB
claimed the lives of 1.6 million people worldwide in 2021. Among the casualties, 1 870 000
individuals with HIV co-infections contributed to 6.7% of the total fatalities, accounting
TB as the second most lethal infectious disease following COVID-19. In the quest to identify
biomarkers for disease progression and anti-TB therapy, microRNAs (miRNAs) have gained
attention due to their precise regulatory role in gene expression in disease stages and their
ability to distinguish latent and active TB, enabling the development of early TB prognostic
signatures. miRNAs are stable in biological fluids and therefore will be useful for non-invasive
and broad sample collection. However, their inherent lack of specificity and experimental var-
iations may lead to false-positive outcomes. These limitations can be overcome by integrating
standard protocols with machine learning, presenting a novel tool for TB diagnostics and
therapeutics. This review summarizes, discusses and highlights the potential of miRNAs as
a biomarker, particularly their differential expression at disease stages. The review assesses
the advantages and obstacles associated with miRNA-based diagnostic biomarkers in pulmon-
ary TB and facilitates rapid, point-of-care testing.

Introduction

Mpycobacterium tuberculosis (Mtb) is the causative agent of pulmonary tuberculosis (PTB),
which primarily affects the lungs (Ref. 1). Mtb has evolved multiple mechanisms to evade
the antimicrobial actions of macrophages and modulate the host defence system, enabling
its survival and replication within the immune cells (Ref. 2). Countries where tuberculosis
(TB) is endemic still rely on conventional diagnostic techniques, despite their inherent limita-
tions (Refs 3, 4). TB confirmatory tests are not feasible for children under the age of six
(Ref. 5). Notably, culturing Mtb is time-consuming and not optimal for diagnosing extrapul-
monary TB. This approach does not allow distinguishing between latent and active TB infec-
tion (Ref. 6). To achieve the objectives and to enable effective disease management and control
set forth by the World Health Organization (WHO) under the ‘End TB Strategy’ by 2035
necessitates the timely and accurate detection of TB, and also requires systemic screening of
high-risk populations (Ref. 7). Despite recent advancements in diagnostic technologies, accur-
ate and prompt diagnosis remains a challenge due to the lack of an ideal TB biomarker, which
explicitly identifies Mtb infection through transcriptomic, metabolic and proteomic
approaches, while also distinguishing latent and active TB infection (Refs 8, 9, 10, 11, 12).

Various studies suggest that microRNAs (miRNAs) regulate a broad spectrum of immune
cells such as antimicrobial activity of macrophages, cytokine production, antigen presentation,
dendritic cells, cytotoxicity of NK cells, B-cell and T-cell activation and differentiation
(Refs 13, 14). The importance of miRNAs in regulating autophagy, tumour necrosis factor
(TNF)-a secretion and stimulating interferon (IFN)-y during Mtb infection has been further
underscored by both in vitro and in vivo studies (Refs 15, 16, 17). A study by Agarwal et al.
also proved the modulation of cell-mediated immune responses by miRNAs which is an essen-
tial approach to limit the transmission of infection (Ref. 18). These findings highlight the piv-
otal role of miRNA in shaping the immune response against Mtb infection and offering
potential targets for therapeutic interventions. miRNA is a small single-stranded RNA
(~18-24 nucleotides) molecule which is highly conserved and non-coding (Ref. 13). These
miRNAs play a crucial role in the negative regulation of gene expression at the post-
transcriptional level by interacting with the mRNA of their target genes (Ref. 19). Mature
miRNAs exhibit a robust binding affinity to the 3’'-untranslated regions of target mRNAs,
resulting in either mRNA degradation or inhibition of translation. Consequently, miRNAs
are recognized as key epigenetic modulators (Ref. 20). The interplay between miRNAs and epi-
genetic mechanisms has the potential to influence the regulation of various immunological
responses, both in individuals with active and latent TB, as well as in healthy individuals
(Ref. 4).
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miRNAs as a diagnostic biomarker for pulmonary
TB diagnosis

Potential and pitfall of miRNA as a biomarker

In recent years, miRNAs have gained substantial attention as
potential biomarkers for prognostic, diagnostic and therapeutic
implications in the field of PTB (Ref. 21). Their resilience, tissue-
specific expression patterns, and association with diverse
biological processes and disease pathways render them highly
appealing as a biomarker (Ref. 22). miRNAs have demonstrated
significant potential as biomarkers across various sample types,
including peripheral blood mononuclear cell (PBMC), serum,
urine, blood, plasma, pleural fluid and pulmonary epithelial lining
fluid (Ref. 23). The ability to assess miRNAs in these non-invasive
samples offers the potential for identifying individuals at risk of
progressing to active TB. This holds immense value for effective
patient management and timely interventions. Nevertheless, des-
pite extensive research endeavours, their suitability for clinical
applications still needs to be firmly established. In addition to
their ability to differentiate between latent and active TB and to
identify specific TB cases with HIV co-infection (Refs 4, 24),
miRNAs exhibit extensive association with diverse conditions
including cancer, diabetes, heart disease, pregnancy, psoriasis
and infectious disorders (Ref. 23). The versatility and broad
applicability of miRNAs as biomarkers imply their potential for
diagnosing and treating a diverse spectrum of diseases and med-
ical conditions.

Delivery of miRNAs using nanoparticles holds immense
potential for treating various diseases including TB and addres-
sing the unique challenges posed by TB. In addition to targeting
miRNAs to inhibit their function, significant progress has been
made in the direct delivery of miRNAs to the lungs. This
approach strengthens the immune response and offers a potential
innovative strategy for TB treatment by specifically targeting Mtb.
Studies conducted on mouse models have demonstrated the suc-
cessful modulation of TGF-f1 expression, a cytokine linked to TB
pathogenesis (Ref. 25). Various delivery methods, such as lenti-
viral vectors, lipid conjugates and small exosome-like vesicles,
have been investigated for in vivo miRNA delivery. These meth-
ods are used either to restore or inhibit miRNA expression
(Ref. 26). A recent study showcased the effective delivery of spe-
cific anti-miRNA molecules into B cells and upon activation, they
efficiently delivered the specific anti-miRNA to antigen-activated
T cells, resulting in the successful silencing of miR-195 (Ref. 27).
The critical factor in implementing direct delivery lies in the care-
ful selection of miRNAs. One potential candidate for direct deliv-
ery is miR-155, given its role as a facilitator of TLR signalling
(Ref. 28) and its ability to enhance autophagy, thereby promoting
the clearance of Mtb (Ref. 29).

Similarly, delivering miR-125b holds the potential to suppress
TNF biosynthesis during Mtb infection. Such delivery methods
have also been successfully established in pancreatic cancer and
lung cancer (Refs 30, 31). The inhibitory impact of miR-99b on
pro-inflammatory cytokine release during Mtb infection provides
a foundation for the development of miRNA-based therapies for
TB management (Ref. 32). miR-23a-5p facilitates the survival of
Mtb by influencing the host’s innate immune response through
the modulation of NF-«B pathway and inhibits autophagy. This
underscores the importance of miR-23a-5p as a therapeutic target
for host immune manipulation (Ref. 33). The list of differentially
expressed miRNAs involved in the Mtb pathogenesis and survival
is detailed in Table 1.

The human genome encompasses more than 2000 functional
miRNAs, with the potential to regulate approximately one-third
of human genes. This broad regulatory capacity arises from the
unique ability of a single miRNA to simultaneously target
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Table 1. Differentially expressed miRNAs are involved in the pathogenesis and
survival of Mtb

Biological

process miRNA (up/downregulated)

Autophagy miR-23a-5p (up), miR-27a-5p (up), miR-31 (up),
miR-33a-5p (up), miR-33b-5p (up), miR-125a-5p (up),
miR-144-5p (up), miR-423-5p (up), miR-889-5p (up),
miR-17-5p (down), miR-26a-5p (down)

Inflammation miR-99b-5p (up), miR-125b-5p (up), miR-146a-5p
(up), miR-233-3p (up), Let-7 (up)

Apoptosis miR-21-5p (up), miR-27b-3p (up), miR-29 (up),

miR-155-5p (up), miR-325-3p (up), MiR-582-5p (up),
miR-20b-5p (down), miR-145 (down)

multiple mRNA molecules. However, it is worth noting that
mRNAs lack strict specificity toward individual genes or diseases,
therefore identifying a precise miRNA signature that offers high
sensitivity and specificity in accurately detecting TB is challen-
ging. This difficulty arises from the fact that miRNA expression
level varies depending on the disease stage and the host immune
response (Refs 34, 35). Also, the fact that a single gene can be
regulated by multiple miRNAs suggests that the administration
of exogenous miRNAs may potentially lead to off-target effects
(Ref. 36). This limitation emphasizes the importance of careful
evaluation and optimization of miRNA-based therapies and effi-
cacy to minimize the risk of unintended impacts. Developing
standard protocols for miRNA extraction, study design, involving
larger population size and considering diagnostic odds ratio
becomes crucial to ensure reproducibility across various labora-
tory and clinical settings (Ref. 37). Discrepancies may also arise
due to several factors, including variation in sample types, storage
and processing methods, validation techniques, inadequate statis-
tical evaluation during candidate selection and challenges in the
data normalization (Ref. 38). The diversity of the strains, which
includes widespread and multi-drug resistance strains, makes it
difficult to estimate how long an infection has lasted (Ref. 39).
This emphasizes the need for comprehensive approaches to
study the involvement of miRNA in TB. miRNA profiles are com-
monly observed in inflammatory diseases, including TB.
Therefore, solely relying on miRNA signatures to distinguish
active TB from other inflammatory diseases can pose a substantial
challenge (Ref. 22). Given this limitation, it is imperative to estab-
lish rigorous criteria and validation processes when selecting
miRNA as a reliable biomarker for comprehensive TB assessment.

The multifaceted role of miRNA could potentially regulate a
vast number of biological processes, for example, transcription,
miRNA processing and target interaction to fine-tune gene
expression (Ref. 40). One such example is the miR-155 which is
a pleiotropic miRNA that plays a crucial role in the modulation
of inflammatory response (Ref. 41). The expression level of
miR-155 is shown to increase in Mtb-infected macrophages as
well as in non-tuberculous Mycobacterium avium-intracellulare
complex (MAI/MAC) infected murine and human macrophages.
Interestingly, miR-155 is the established regulator of in-
flammation which enhances COX-2 expression in both Mtb and
non-tuberculous mycobacterium (NTM) infections (Refs 42, 43,
44). Moreover, four differentially expressed serum miRNAs
(hsa-miR-484, hsa-miR-584-5p, hsa-miR-625-3p and hsa-miR-
4732-5p) involved in host immune response have been identified
as being expressed at higher levels among non-tuberculous
mycobacteria-pulmonary disease patients than healthy controls,
making these as potential biomarkers for diagnosis and interven-
tion (Ref. 45). Kim et al. via miRNA expression assay as well as
gene expression analysis on macrophage from Mycobacteroides
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abscessus (Mab)-infected patients has found that increased
expression levels of miR-144-3p lead to upregulation of proin-
flammatory cytokines/chemokines and enhanced intracellular
growth of Mab (Ref. 46). Also, miR-125a-5p enhances autophagy
by targeting the inhibition of STAT3 expression and blocks the
intracellular survival of Mtb (Ref. 47). These limitations have
been observed in studies of miRNA-target interactions, where a
single miRNA could bind to multiple gene targets associated
with NTM infections, leading to potential false-positive results.

Stability of miRNAs in biofluids and ease of detection

The preservation of miRNAs in biological fluids is a critical con-
sideration when assessing their potential as biomarkers in indivi-
duals with TB. miRNAs offer several advantages as potential
biomarkers, primarily due to the presence of protective exosomes
and their resilience to RNase degradation, and freeze—thaw cycles,
making them stable across various biological samples. Their sta-
bility in serum, plasma and sputum, along with their reliable mea-
surements and high sensitivity, suggests miRNAs as valuable
molecular markers for infectious diseases (Refs 48, 49). This
inherent stability renders miRNAs well-suited for non-invasive
diagnostic tests and promising candidates for biomarker research.

Sputum is commonly utilized for diagnosing PTB (Ref. 50).
While miRNAs in sputum are relatively stable, their preservation
can be affected by various factors including sample handling and
processing. To ensure stability, it is recommended to store the
sputum samples at low temperatures (i.e. —80 °C) while employ-
ing RNA stabilizing agents and minimizing repeated freeze—thaw
cycles. Urine is easy to collect non-invasively, making it a good
specimen for biomarker studies. miRNAs in urine remain stable
primarily due to the presence of protective vesicles and their
resistance to RNase activity, though variations in urine compos-
ition and pH have major effects on stability. Even after storing
urine samples at different temperatures for five days and subject-
ing them to 10 freeze-thaw cycles, a considerable amount of
miRNA remained, allowing for quantitative analysis despite
some degradation (Ref. 51). Thus, considerable effort and atten-
tion are required to standardize the sample collection and hand-
ling procedures while considering variations in urine composition
and pH to ensure reliable miRNA analysis in urine-based bio-
marker studies. Plasma is a rich source of extracellular vesicles,
including exosomes, which play a protective role in preserving
miRNA from degradation (Ref. 52). Plasma can be processed to
obtain cell-free miRNA, which remains relatively stable. A study
demonstrated that miR-1, miR-21 and miR-29b levels remained
stable for at least 24h at room temperature in whole blood.
Storage of samples at —80 °C significantly extended the stability
of miRNA. However, in long-termed stored whole blood samples
(9 months), miRNA levels were significantly altered, contrasting
with plasma samples where miRNA levels remained stable. It
was shown that disturbance of the plasma/serum sample and
repeated freeze—-thaw cycles led to reduced miRNA levels
(Ref. 53). Other reasons for the stability of miRNAs in blood
(serum or plasma) and urine samples include protection via asso-
ciation with other molecules (e.g. RNA-protein complex) or
modifications of the miRNAs that render them resistant to
RNase activity (Ref. 54). These characteristics further enhance
the suitability of miRNAs in biological fluids for biomarker
analysis.

Advantages of miRNAs over current diagnostic methods

Diagnostic techniques such as ultra-high-performance liquid
chromatography-tandem mass spectrometry are often used to
screen plasma lipids in TB patients, lung cancer patients,

community-acquired pneumonia patients and normal healthy
controls (Ref. 55). A recent study by Zou et al. has assessed the
value of next-generation sequencing (NGS) in combination with
Xpert MTB/RIF for the early precise diagnosis of PTB (Ref. 56).
Additionally, a novel approach using exosomal DNA and droplet
digital PCR platforms also being used to detect Mtb DNA in clin-
ical samples (Ref. 57).

Molecular tests, including PCR, LAMP, Xpert MTB/RIF and
line probe assays are being explored alongside culture, which is
an invaluable contributor to the diagnosis of female genital TB
(Ref. 58). A recent review summarized various studies on Mtb
exo-molecules, including protein and miRNA, and the method
employed to detect exosomes in biological fluids and cell culture
supernatants (Ref. 59). Another study showed the use of
auramine-O-staining using LED microscopy with bleach-treated
sputum samples for the detection of PTB (Ref. 60). The study
also demonstrated assessing the diagnostic performance of
microscopy by Ziehl Neelsen (ZN) and Auramine Staining
(AO) in conjunction with Gene Xpert/CBNAAT (cartridge-based
nucleic acid amplification test) for the diagnosis of PTB (Ref. 61).

To identify robust biomarkers for PTB screening, researchers
have utilized the ratio-based method focusing on mitochondria-
derived small RNAs in human PBMCs (Ref. 62). miRNA-based
diagnosis of PTB offers distinct advantages over current diagnos-
tic approaches and contributes to improved TB control and man-
agement. Various studies summarize the role of exo-molecules,
including proteins and miRNAs, and the method employed to
detect exosomes in biological fluids and cell culture supernatants
(Ref. 59). Circulating miRNAs are emerging as highly promising
biomarkers for TB due to their exceptional specificity, accessibility
and sensitivity (Ref. 63). In response to Mtb infection, miRNAs
exhibit altered gene expression patterns, aiding in the differenti-
ation of active TB from latent TB and healthy individuals
(Refs 4, 64). Their detection at very low concentrations enhances
their sensitivity as biomarkers. MiRNAs can be easily extracted
from various sources such as blood, or other non-invasive liquid
biopsies, during the early stage of TB infection, even prior to the
manifestation of clinical symptoms, which is one of the major
limitations of conventional diagnostic methods (Ref. 65). This
non-invasive approach reduces patient discomfort and eliminates
the need for invasive procedures like bronchoscopy or lung
biopsies, which are common in current diagnostic methods
(Refs 65, 66).

Other non-invasive tests involve collecting samples such as
exhaled breath aerosol (XBA) to detect volatile organic com-
pounds (VOCs) using gas chromatography-mass spectrometry.
The detection of VOCs in exhaled breath and condensate,
which is sensitive to external and internal variables, has long
been a focus of breath-based TB testing (Refs 67, 68, 69, 70).
However, due to the variability in test performance, the clinical
use of breath-based TB testing has not yet reached its full poten-
tial (Ref. 69). Electronic nose test has been reported to have an
estimated sensitivity and specificity of 92% (95% confidence inter-
val (CI) 82-97%) and 93% (95% CI 88-96%), respectively as com-
pared to other VOC-based breath tests which had a wide range of
sensitivity (62-100%) and specificity (11-84%) (Ref. 71). XBA
appears to be a sensitive and highly specific specimen containing
Mtb pathogens that can be detected using molecular diagnostic
methods (Refs 69, 72). Limitations include low concentration of
pathogen nucleic acids, the need for intensive technical efforts,
lengthy collection periods for sampling and high cost of instru-
mentation (Ref. 73).

Various conventional radiological tests such as chest radio-
graph (CXR), computed tomography (CT), magnetic resonance
imaging (MRI), '®F-fluorodeoxyglucose positron emission tomog-
raphy/CT (‘*F-FDG PET/CT) are employed for primary



diagnosis of TB (Ref. 74). CXRs are rapid imaging tools used to
detect lung abnormalities, including nodules, cavities and infil-
trates, which can indicate active TB disease. They are highly sen-
sitive to PTB diagnosis (87-98%), but their accuracy can be
limited, especially in extrapulmonary TB cases (Ref. 75). Jaeger
et al. demonstrated the potential for discriminating between
drug-resistant (DR) and drug-sensitive TB using chest X-rays
through image analysis and machine learning (ML) methods,
employing an artificial neural network in combination with a
set of shape and texture features (Ref. 76). CT is a gold-standard
medical imaging technique for detecting morphological changes
in lung parenchyma. High-resolution CT showed sensitivity and
specificity of 90.9 and 96.4% respectively, in identifying active
PTB in smear-positive patients (Ref. 77). Although CT techniques
have significantly reduced radiation dose, the level of radiation
exposure remains high. MRI has been established as a radiation-
free alternative to CT for several lung diseases (Ref. 78). The chal-
lenges of MRI in TB diagnosis impose susceptibility artefacts
caused by low-signal intensity in normal lung tissue, low proton
density and wide air-tissue interfaces. These artefacts are exacer-
bated by the constant movement of chest part during imaging.
"F-FDG PET/CT is a non-invasive imaging technique often
used to differentiate between active and inactive PTB, as active
tuberculoma exhibit a much higher standardized uptake value
(SUVmax) than inactive tuberculoma. Limitations of *F-FDG-
PET/CT include the non-specificity of elevated FDG uptake, dif-
ficulty in distinguishing between physiologic from pathologic
FDG uptake, and time required for adequate patient preparation,
including dietary precautions and FDG biodistribution (Ref. 79).
The artificial intelligence community has developed software for
patient triage and diagnosis support, focusing on targets such as
CXR, ultrasound images, cough and lung sounds (Ref. 80).
However, challenges such as the small size and low quality of
algorithm training data, as well as regulatory barrier, have hin-
dered the adaption of these tools in clinical settings (Ref. 81).

miRNAs show high specificity for tissue or cell types, for
instance, miRNA-122-5p is notably enriched in the liver
(Ref. 82), while miRNA-140 is exclusively expressed in the cartil-
age (Ref. 83). Monitoring changes in the expression level of the
tissue-or-cell-specific miRNA during treatment can help to evalu-
ate treatment response, detect treatment failure or relapses, and
guide adjustments to the treatment regimen if needed (Ref. 63).
In addition, miRNAs are also associated with drug-resistance
strains in TB (Ref. 4), thus, will be useful for the identification
of drug-resistance strains in TB patients and for providing
insights into the treatment regimens to combat DR TB. The
diverse methodologies, such as qPCR, microarray analysis and
NGS, are progressively becoming more accessible, rapid and cost-
effective. Consequently, they are being employed for the examin-
ation of miRNA-based diagnostic and markers in disease.

Validation of miRNAs as biomarkers for pulmonary
TB diagnosis

Differentially expressed miRNAs in TB patients

Various studies have examined differential expressions of
miRNAs during TB infection using diverse experimental models
and sample types, such as human lung tissues, PBMC, serum
and macrophages. A recent study demonstrated that individuals
infected with TB showed varying expression patterns of 35
miRNAs, among these 12 miRNAs were upregulated, while 23
miRNAs exhibited downregulation (Ref. 84). Remarkably,
miR-17/92 cluster members (miR-17, miR-19b and miR-20a),
along with miR-20b, miR-30b and miR-30d, were found to be
present at lower levels in TB patients compared to healthy
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controls, likely due to increased adaptive immune responses dur-
ing TB infection. Conversely, there was an observed increase in
the abundance of miR-20b, miR-212, miR-220b and miR-650 in
serum, which might reflect immune reactivity during TB infec-
tion. Previous validations of these miRNA signatures affirmed
their key role in modulating host immune response or metabolic
processes (Ref. 84). Precisely, downregulation of miR-20b inhibits
Mtb survival in macrophages by activating the NLRP3/caspase-1/
IL-18 pathway, thus mitigating the inflammatory response
through increased NLRP3 expression in a TB mice model
(Ref. 85). Several studies have indicated conflicting findings
regarding the expression of miR-20b in TB (Refs 23, 86). While
some studies have reported upregulation of miR-20b in serum
and whole blood samples from TB patients, others have shown
downregulation of miR-20b in serum and macrophages of TB
patients (Refs 22, 87). These discrepancies highlight the need
for further investigation into the exact role of miR-20b and its
potential as a diagnostic biomarker.

Another comprehensive study revealed 41 differentially
expressed miRNAs in PTB patients as compared to healthy
individuals (Ref. 88). Various studies have identified important
miRNAs related to TB, for instance, hsa-miR-150-3p, hsa-miR-
150-5p, hsa-miR-874-5p and hsa-miR-941 were detected to be
significant miRNAs. In the context of childhood TB, circulating
miR-150, miR-146a and miR-125b were recognized as potential
diagnostic markers. Furthermore, in sputum samples of TB
patients compared to controls, differential expression was
observed for hsa-miR-3179 and hsa-miR-19b-2, in which hsa-
miR-3179 showed the most pronounced increase and hsa-
miR-19b-2 exhibited a significant decrease in expression
(Refs 88, 89). Another study compared the miRNA profile of
THP-1 cells infected with Mtb H37Rv and Mtb H37Ra strains.
The study identified differentially expressed miRNAs such as
miR-30a, miR-30e, miR-155, miR-1275, miR-3665, miR-3178,
miR-4484, miR-4668-5p and miR-4497. These miRNAs could
potentially serve as markers to distinguish between different
Mtb strains (Ref. 90). In THP-1 macrophages infected with
different clinical strains of Mitb, seven miRNAs (hsa-miR-16,
hsa-miR-137, hsa-miR-140-3p, hsa-miR-193a-3p, hsa-miR-
501-5p, hsa-miR-598 and hsa-miR-95) showed differential
expression. Most miRNAs, except hsa-miR-95, were upregulated
in active TB compared to healthy controls. Two miRNAs,
hsa-miR-101 and hsa-miR-150 distinguish latent TB infection
(LTBI) from active TB, while hsa-miR-146b-3p and hsa-miR-
296-5p were specific to LTBI group (Ref. 91).

In active PTB, a study identified 95 differentially expressed
miRNA profiles in sputum samples, with 43 miRNAs being over-
expressed and 52 miRNAs under-expressed. Further validation
confirmed miR-19b-2 was under-expressed, while miR-3179
and miR-147 were over-expressed in the TB group (Ref. 89).
Another study detected 87 differentially regulated miRNAs in
the plasma of TB patients compared to healthy controls, high-
lighting the potential of miRNAs signature as biomarkers for
active TB (Ref. 92). In the comparison between active and latent
TB, seven miRNAs exhibited differential expression, with six
miRNAs (hsa-miR-21, hsa-miR-223, hsa-miR-302a, hsa-miR-424,
hsa-miR-451 hsa-miR-486-5p) being upregulated in active TB
patients (Ref. 93). The primary human macrophages infected
with Mtb strains showed differential expression of miRNAs such
as miR-155, miR-146a, miR-145, miR-222, miR-27a and
miR-27b (Ref. 94). It is worth noting that the expression profile
of miRNA can vary depending on the specific stage of TB infection,
the type of sample analysed and the experimental methodology
employed. Therefore, there may be some discrepancies among dif-
ferent studies, though identifying statistically significant differential
expressed miRNA across the studies holds promise and would be
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Table 2. Differentially expressed miRNAs found in biofluids of tuberculosis patients in different studies

Clinical
sample miRNA (up/down) Functions Ref.
Serum miR-29a (up) miR-29a, regulator of Wnt signalling pathway genes and lipid metabolism (Ref. 124)
miR-361-5p (up), miR-576-3p miR-361-5p, targets SP-1 transcription factor, a key signalling pathway for IL-10; (Ref. 125)
(up), miR-889 (up) miR-576-3p, involved in immune system development; miR-889, is associated with
respiratory system development
miR-197 (up) Work as a biological indicator for breast cancer screening (Ref. 126)
miR-16 (up), miR-29a (up), miR-16, modulates inflammation; miR-125b, regulates EMT; miR-155, regulates the (Ref. 127)
miR-125b (up), miR-155 (up) adaptive immune response
miR-17-5p (up), miR-20b-5p (up), miR-17-5p and miR-423-5p, regulate cell proliferation; (Ref. 128)
miR-423-5p (up) miR-20b-5p, regulates wound healing process
miR-125b-5p (up), miR-146a-5p miR-146a-5p, regulate cancer cell proliferation. miR-146a-5p, regulating iNOS (Ref. 17)
(up) expression and NO production in macrophages upon M. bovis BCG infection
Plasma miR-22-3p (down), miR-320a miR-22-3p, involves in the DNA damage machinery; miR-320a, involves in the (Ref. 129)
(down), miR-769-5p (down) modulation of cytokine production, cell proliferation, migration and invasion;
miR-769-5p, involves in the prognosis of pancreatic cancer and non-small cell lung
cancer
miR-29a-3p (up), miR-155-5p miR-29a-3p, regulated several hallmarks of cancer including cell growth, migration, (Ref. 95)
(up), miR-361-5p (up) and tumour formation; miR-155-5p, key regulatory factor in the innate immunity;
miR-361-5p, suppresses lung cancer progression and decreases glycolytic
metabolism, proliferation, and invasion of breast cancer cell
miR-31 (up), miR-155 (up), miR-31, regulates lipid metabolism. miR-146a regulates IL-6 production and (Ref. 96)
miR-146a (down) inflammation; miR-146a, regulates IL-6 production and inflammation
PBMC miR-155 (up) miR-155, acts as a positive regulator of cytokine production in macrophages (Ref. 99)
miR-31 (down) miR-31, inhibition of IFN y-mediated autophagy (Ref. 130)
miR-199b-5p (up), MiR-582-5p miR-199b-5p, promotes cell proliferation, migration and suppresses apoptosis in (Ref. 131)
(up), miR-892b (down) cervical cancer cells; miR-582-5p, inhibits apoptosis of monocytes; miR-892b,
tumour-suppressor in breast cancer
Urine miR-155 (up), miR-625-3p (up) miR-625-3p, regulates cancer cell proliferation (Ref. 132)
Sputum miR-155 (up) miR-155, inhibits apoptosis of monocytes by targeting FOXO3 (Ref. 49)

informative for identifying potential diagnostic miRNA markers
(Table 2).

Assessing the impact of miRNAs on treatment outcomes

miRNA expression profiles have the potential to predict how indi-
viduals will respond to specific treatments. To evaluate the diag-
nostic usefulness of miRNA, receiver operating characteristic
(ROC) curves are commonly employed which provide a visual
representation of the test performance. A study by Ndzi et al.
showed that plasma-expressed miR-29a RNA exhibited promising
diagnostic performance (84.35%) in distinguishing between active
and latent TB, as well as good performance (81.37%) in distin-
guishing between active TB from control groups or active-TB
cases in children (Ref. 95). Another study by Kathirvel et al.
found miR-31, miR-155 and miR-146a demonstrated excellent
diagnostic area under the ROC curve (AUC) values of 0.978,
0.953 and 0.903 (95% CI) respectively, suggesting their effective-
ness as diagnostic biomarkers for detecting active-TB in children
(Ref. 96). Additional ROC analysis of miR-29a-3p indicated 86%
sensitivity, 73% specificity and an AUC of 0.763 (95% CI
0.668-0.858), further supporting it as a diagnostic marker for
PTB (Ref. 4). The well-established immune regulatory role of
miRNA-155 in macrophages due to miRNA imbalance is widely
acknowledged. A comprehensive meta-analysis comprising 122
studies focused on active TB indicated the high diagnostic accur-
acy of miRNA-155 with a specificity of 0.85 (95% CI 0.77-0.91)
and sensitivity of 0.87 (95% CI 0.76-0.93). Interestingly, these
diagnostic accuracy metrics were even more pronounced in

children compared to adults, implying the potential of
miRNA-155 as a diagnostic marker for active TB (Ref. 97).
miRNA-378 showed elevated expression in the active TB
group in contrast to the latent TB group, with an impressive
AUC of 0.849 for distinguishing the normal group from the active
TB group with a sensitivity of 77.42% and specificity of 79.37%.
Furthermore, when it came to distinguishing the normal group
from the latent TB group, miR-378 displayed an AUC of 0.898,
accompanied by a sensitivity of 80.66% and specificity of
82.54%. These findings suggest that miR-378 is a promising can-
didate for discerning different stages of TB (Ref. 98). The study
conducted by Barry et al. (Ref. 92) showed five differentially
expressed miRNAs (miR-29a, miR-99b, miR-21, miR-146a and
miR-652) and demonstrated their remarkable diagnostic perform-
ance. These miRNAs showed a sensitivity of 94%, a specificity of
88% and an AUC of 0.976 in distinguishing PTB from healthy
controls. However, among treated patients, significant alterations
in the expression of miR-29a, miR-99b, miR-26a and miR-146a
were observed, highlighting their potential as novel biomarkers
for PTB, with implications for monitoring treatment outcomes.

The potential of miRNAs in distinguishing active TB, LTBI and
healthy individual

Distinguishing between active and latent TB and a healthy indivi-
dual’s infection holds significant clinical importance, as it informs
appropriate treatment strategies and aids in comprehending the
progression of the disease. However, accurately discerning
between these two states can be a challenging task due to the



similarities in symptoms and the limitations of current diagnostic
methods. Several miRNAs, including miR-29a, miR-155, miR-223
and miR-99b, have consistently exhibited upregulation in active
TB compared to both latent TB and healthy controls (Refs 92,
99). However, their failure to upregulate in latent TB suggests
their potential role as a discriminative marker between these
two conditions. MiR-29a is known to target various genes
involved in immune responses, and inflammation, and modulate
the extracellular matrix, suggesting their key role in the pathogen-
esis of active TB. The studies also revealed that elevated levels of
miR-29a are associated with severe disease manifestations, such as
increased lung involvement, a higher bacterial burden and less
favourable treatment outcomes (Ref. 23).

MiR-155 regulates cellular pathways within macrophages and
is upregulated in active TB. This miRNA (miR-155) actively par-
ticipates in the activation of macrophages and dendritic cells, fos-
tering the release of pro-inflammatory cytokines such as TNF-o
and interleukin-6, which play a pivotal role in host defence
against Mtb infection (Fig. 1). Elevated levels of miR-155 have
been correlated with extensive lung involvement and a higher bac-
terial burden (Ref. 44). Remarkably, miR-155 demonstrated
superior diagnostic value for PTB and effectively distinguishes
PTB from other non-PTB (Refs 44, 97). Similarly, miR-223 exhi-
bits upregulation in active TB and is involved in regulating gran-
ulocyte differentiation, particularly in the development and
maturation of neutrophils. Dysregulation of miR-223 in active
TB may potentially influence neutrophil function, contributing
to the altered immune response. Several studies have noted that
a lower level of miR-223 is associated with severe disease manifes-
tations (Fig. 1).

On the other hand, miR-150 is expressed in lymphocytes and
holds a crucial function in the development and differentiation of
both B and T cells. The reduced expression of miR-150 in active
TB has an impact on lymphocyte differentiation, potentially influ-
encing immune response against Mtb. This downregulation is asso-
ciated with severe disease manifestation in active TB (Ref. 100).
The expression of miRNA-146a is triggered by Mitb-induced
inflammation, subsequently activating the pro-inflammatory
TLR-TRAF6-IRAKI-NFkB signalling pathway. As a result,
miRNA-146a plays a significant role in the pathogenesis of TB,
suggesting its potential as a biomarker for detecting active PTB
(Ref. 101). In children with active TB, as compared to healthy
controls, there is notable overexpression of miR-21, miR-29a,
miR-31 and miR-155, along with the downregulation of
miR-146a. These findings suggest that these miRNAs could
serve as effective diagnostic biomarkers for detecting active TB
in children (Ref. 96). A study in a Chinese population has indi-
cated that hsa-miR-451a has considerable potential for predicting
active TB development from LTBI The study also revealed that
individuals with LTBI who had lower levels of hsa-miR-16-5p
and hsa-miR-451a were at an increased risk of developing active
TB disease (Ref. 102).

Specific miRNAs have been linked to LTBI. For instance,
miR-132, miR-144 and miR-145 showed downregulation in latent
TB compared to active TB and healthy control groups. In con-
trast, miRNA-29a-3p expression is elevated in latent TB. The
increased expression of miRNA-29a-3p inhibits IFN-y expression
in T cells, dampens the immune response and may potentially
increase the susceptibility to PTB. However, it is worth noting
that studies have not found a correlation between
miRNA-29a-3p and the IFN-y expression (Refs 4, 103). The dys-
regulated expression of these miRNAs in latent TB is intricately
linked to the modulation of cellular pathways involved in immune
response and inflammation. These altered expressions may play a
pivotal role in maintaining the latent state of TB infection.
Similarly, miR-29a demonstrates a downregulation in latent TB
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compared to both active TB and healthy controls and plays a
key role in regulating extracellular matrix remodelling and
immune responses. The reduced expression miR-29a in latent
TB may contribute to the maintenance of a quiescent state.
Various studies have demonstrated that miR-21-5p and
miR-148b-3p were upregulated in the serum of TB patients in
comparison to healthy controls (Ref. 104) while miR-484 showed
upregulation in serum exosomes of TB patients (Ref. 105) (Fig. 2).
The potential of miRNAs as biomarkers for distinguishing
between active and latent TB is an ongoing area of investigation,
requiring further validation and refinement of these findings.
Different clinical samples may have different expression of
miR-155 and miR-20b, which could be due to a variety of factors
that affect the results of miRNA analysis (Refs 37, 53, 106). These
might consist of variations in sample collection timing, comorbid-
ities and population variability. Other than this, the normalization
techniques utilized by various reports vary, and it is still unknown
how drug treatment affects miRNA responsiveness. As a result,
different subjects may have various expression patterns. The
results of the study may also be impacted using various
data-analysis pipelines and acquisition systems for miRNA quan-
tification. The differential expression patterns of miRNAs in these
two disease states suggest their potential utility in enhancing TB
diagnosis and gaining insights into disease progression.

Obstacles and progress in utilizing miRNAs for diagnostic
purposes

Need for standardized protocols for miRNA-based diagnostics

The translation of miRNAs into effective diagnostic tool faces sev-
eral challenges. First, the heterogeneity and specificity of miRNA
expression profiles can vary significantly among different tissues
and disease conditions (Ref. 22). Therefore, achieving a balance
between sensitivity and specificity is crucial to ensure accurate
diagnosis, considering the potential overlap of miRNA signatures
between diseases. Secondly, the process of sample collection,
handling and storage can introduce biasness that impact
miRNA detection, potentially leading to erroneous results
(Ref. 34). Notably, significant challenges arise from inconsisten-
cies in sample collection, handling and processing such as the
presence of blood cell contamination during sample preparation
and the absence of consensus regarding data normalization
(Ref. 107). It is essential to acknowledge that several diseases,
including TB, can lead to the release of nucleic acids in blood cir-
culation, resulting in elevated levels of circulating RNA in TB
patients compared to healthy individuals (Ref. 108). Hence,
when conducting analysis for the detection of circulating biomar-
kers, it may be more precise to use an equal volume input rather
than an equivalent RNA quantity (Ref. 109). Third, the existing
methods for miRNA detection, including microarray platforms
and immunoassays exhibit limitations in terms of sensitivity, spe-
cificity and dynamic range due to the extremely short sequences
and relatively low copy numbers of miRNAs (Ref. 110). Fourth,
factors like miRNA homologues cause cross-reactivity and mis-
identification. The analysis of 169 specimens using culture
resulted in 100% sensitivity and specificity for detecting Mtb.
However, the MTB/RIF assay incorrectly assigned rifampicin
resistance in 4/13 (31%) cases (Ref. 111). Hence, the establish-
ment of standardized protocols for sample handling, rigorous val-
idation studies and advanced bioinformatics tools becomes
imperative to minimize preanalytical variations and ensure the
reliability of outcomes. The integration of miRNA analysis with
other diagnostic techniques, such as imaging or protein-based
biomarkers, can enhance the accuracy and reliability of diagnosis
(Ref. 112). This multi-modal approach may be advantageous in
holding great promise for personalized medicine.
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Figure 1. Schematic representation of miRNA regulation of apoptosis and autophagy in Mtb-infected macrophage. MiR-155 and miR-223 are potential regulators of
apoptosis and autophagy in M. tuberculosis. During Mtb infection, acyl carrier protein (AcpM; Rv2244) of Mtb promotes the expression of miR-155, which targets SH2
domain-containing inositol 5-phosphatase-1 (SHIP1) to activate the Aktl/mTOR pathway. The activated Akt1/mTOR signalling pathway inhibits the nuclear trans-
location of transcription factor EB (TFEB) and reduces the expression of autophagy and lysosomal genes, which is likely to induce antimicrobial defence and
improves intracellular mycobacterial survival by inhibiting phagosome-lysosome fusion in macrophages (Ref. 133). MiR-155 can abolish expression of SHIP1, lead-
ing to activation of phosphatidylinositol 3-kinase (PI3 K) signalling-mediated inhibition of pro-apoptotic factors including Bad, FOXO-1 and FOXO-3. In addition,
miR-155 and miR-223 can also directly target and suppress the expression of FOXO-3 which is not able to induce a variety of apoptotic stimuli and reducing
the release of cytochrome ¢ from mitochondria, which in turn inhibits a series of downstream biochemical reactions, mediates caspase inactivation and down-
regulate the apoptotic process (Ref. 134). MiR-155 is induced by TLR activation which inhibits suppressor of cytokine signaling-1 (SOCS1) and activate signal trans-
ducer and activator of transcription-1 (STAT1) to induce the production of pro-inflammatory cytokines such as IL-6, IL-13 and TNF-a (Refs 16, 135). miR-155 and
miR-223 also inhibit IL-6 expression which in turn inhibits IFN-y inducted autophagy in M. tuberculosis-infected macrophages (Refs 136, 137). MiR-155 also inhibits
TAB2 which can abrogate the activation of NFxB to induce the activation of autophagy-related genes. Inhibition of TAB2 y miR-155 also leads to the suppression of
JNK pathway-related proteins to regulate innate immune responses in macrophages (Refs 16, 137). MiR-155 also targets Ras homologue enriched in brain (Rheb)

and mediates the positive regulation of autophagy during Mtb infection (Ref. 63). Adapted from references (Refs 16, 63, 133, 134, 135, 136, 137).

The development of innovative techniques, such as NGS and
digital droplet PCR, can overcome several limitations, although
challenges related to cost-effectiveness and standardization still
persists. Additionally, computational challenges inherent in data
analysis, and interpretation to extract meaningful insights from
complex miRNA expression data demand advanced bioinformat-
ics tools and algorithms (Ref. 113). Analysing extensive datasets to
identify disease-specific miRNA signatures and distinguishing
them from normal variations pose a substantial computational
challenge. In recent years, various computational methods based
on sequence complementarity between miRNA and the mRNAs
have been developed. However, the outcomes generated by these
computational methods in predicting interactions remain incon-
sistent and yield false-positive rates. These methods often forecast
hundreds of thousands of target mRNAs for each miRNA
(Ref. 114). According to studies, the estimated false-positive rate
of these predictions ranges from 24 to 70% (Refs 115, 116). In
the absence of high-throughput experimental techniques for

miRNA target prediction, several computational approaches
have emerged. Some of these methods combine expression data
with sequence analysis, and the integration of miRNA and
mRNA expression data has proven to be a valuable strategy for
filtering sequence-based putative predictions.

Potential of miRNAs to improve accuracy and efficiency of
TB diagnosis

Standardized techniques would enable the development of reliable
diagnostic criteria and facilitate cross-laboratory comparisons,
quality control and reproducibility while alleviating the technical
constraints associated with the miRNA identification methods.
Moreover, standardized procedures would streamline the integra-
tion of miRNA analysis with other diagnostic modalities, such as
imaging or protein-based indicators, thereby enhancing the preci-
sion and comprehensiveness of diagnostic strategies (Ref. 112).
These reliable diagnostic assays can aid in early disease
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identification and accurate prognosis and promote personalized
medicine by understanding inter- and intra-individual drug
metabolism potencies (Ref. 117). In one of the study protocols
for a randomized controlled trial, the effectiveness of a standard
anti-TB drug therapy regimen was evaluated for patients with
multi-DR TB (STREAM). In Bangladesh, several cohort studies
revealed a nine-month programme with excellent results
(Ref. 118). A study published by Hoving et al, examined
point-of-care ultrasound (PoCUS) performance in identifying
HIV-associated TB in HIV-positive patients. They established
independent PoCUS predictors of HIV-associated TB suitable
for use by emergency centre practitioners, performed an external
validation of the focused assessment with sonography for HIV/TB
(FASH) protocol, and determined the diagnostic accuracy of indi-
vidual PoCUS features (Ref. 119). For miRNA-based diagnostic
testing, the FDA should demand precise procedures and thorough
validation studies to enhance regulatory control. This would sim-
plify approval processes and boost confidence in miRNA-based
diagnostic methods. To encourage the integration of biomarkers
into standard clinical practice, researchers must promote test util-
ity, conduct thorough validation studies and meet specific clinical
demands (Ref. 120). It is essential to use the right methods for
sample collection, RNA isolation, detection and data analysis.
By reducing the sample volume, it is possible to improve detec-
tion, reproducibility and cross-validation studies to harmonize
the data. In a study conducted in Lima, Peru, Mtb was detected

in oral swabs using Xpert MTB/RIF ULTRA (Xpert Ultra;
Cepheid, CA, USA), with a sensitivity of 45% (95% CI 29-62%)
and specificity of 100% (95% CI 89-100%) using liquid culture
of sputum as reference test (Ref. 121).

Conclusions and future prospects

In summary, miRNAs have emerged as promising diagnostic bio-
markers, despite the obstacles in heterogeneity, technological limita-
tions and data analysis complexities. The implementation of
standardized procedures is essential to tackle these challenges and
create reliable and reproducible miRNA-based diagnostics.
Through the adaptation of standardized approaches, we can unlock
the potential of miRNAs and pave the way for their integration into
routine clinical practice, ultimately enhancing patient care and out-
comes. Despite the difficulties, miRNAs have the potential to revo-
lutionize the field of TB diagnostics. Their distinctive features, such
as stability, tissue specificity and presence in various biofluids, make
them appealing prospects for early disease detection, monitoring
treatment responses, and predicting patient outcomes. However,
to fully harness the diagnostic capabilities of miRNAs, it is impera-
tive to confront the challenges and establish standardized protocols.

ML techniques such as Support Vector Machine-Hidden
Markov Model (SVM HMM), naive Bayes and deep learning
(DL) have initiated a new era of research in miRNA discovery
and target prediction. They hold the promise of identifying
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potential disease biomarkers with high accuracy and lower false-
positive rates. As a result, there is a pressing need for advance-
ment in ML approaches within the field of miRNA research, par-
ticularly for novel identification, target prediction and functional
annotation for clinical biomarkers (Ref. 122). However, many of
these methods rely on predefined features that demand significant
computational effort and resources, often yielding suboptimal
miRNA target prediction. Recently, a novel hybrid DL-based
approach has been developed to enhance miRNA target predic-
tion accuracy. This approach integrates convolutional neural net-
works for capturing spatial features and recurrent neural networks
for recognizing sequential features. It offers the advantage of
learning both the intrinsic spatial and sequential characteristics
of miRNA and its target. Notably, this represents the first study
that compares various existing DL-based approaches for
miRNA target prediction using the user-friendly tool, miTAR
(Ref. 123). In conclusion, miRNA-based diagnostics for TB hold
significant promise for the future, but their clinical implementa-
tion will necessitate further research and refinement.
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