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Tuberculosis (TB) is a global threat, affecting one-quarter of the world's
population. The World Health Organization (WHO) reports that 6 million people
die annually due to chronic illnesses, a statistic that includes TB-related deaths.
This high mortality is attributed to factors such as the emergence of drug-
resistant strains and the exceptional survival mechanisms of Mycobacterium
tuberculosis (MTB). Recently, microRNAs (miRNAs) have garnered attention for
their crucial role in TB pathogenesis, surpassing typical small RNAs (sRNA) in their
ability to alter the host's immune response. For instance, miR-155, miR-125b,
and miR-29a have been identified as key players in the immune response to
MTB, particularly in modulating macrophages, T cells, and cytokine production.
While sRNAs are restricted to within cells, exo-miRNAs are secreted from MTB-
infected macrophages. These exo-miRNAs modify the function of surrounding
cells to favor the bacterium, perpetuating the infection cycle. Another significant
aspectis that the expression of these miRNAs affects specific genes and pathways
involved in immune functions, suggesting their potential use in diagnosing
TB and as therapeutic targets. This review compiles existing information on
the immunomodulatory function of exosomal miRNAs from MTB, particularly
focusing on disease progression and the scientific potential of this approach
compared to existing diagnostic techniques. Thus, the aim of the study is to
understand the role of exosomal miRNAs in TB and to explore their potential
for developing novel diagnostic and therapeutic methods.
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Introduction

Tuberculosis (TB) is a severe bacterial infectious disease that
poses a significant threat to global health and sanitation (Paul,
2024). In 2022, 10.6 million individuals worldwide were afflicted
with TB. The disease can affect people of any age or gender,
with an estimated 5.8 million cases among adult men, 3.5 million
cases among adult women, and 1.3 million cases among children.
These figures highlight the significant impact of TB on the global
population. Additionally, an estimated 1.30 million fatalities from
TB were reported in 2022. This figure is nearly back to 2019 levels,
down from the peak estimates of 1.4 million in both 2020 and 2021
(World Health Organization, 2023).

Six million cases of TB were reported globally in 2021
(Bagcchi, 2023). However, it was observed in 2020 that TB
has been steadily rising, especially among adolescents between
the ages of 10 and 24 (Snow et al, 2020). TB is a highly
transmissible respiratory illness caused by Mycobacterium
tuberculosis (MTB) particles that infected individuals disseminate
into the environment. Nevertheless, MTB cannot infect individuals
unless their immune system is compromised (Moule and Cirillo,
2020).

MTB can infect nearly any part of the human body but
primarily targets the lungs. It is important to distinguish
between TB disease and MTB infection, as not all infections
result in active TB (Karpinski, 2024). Furthermore, individuals
with latent TB infection (LTBI) can be infected and show
no symptoms, even though they typically test positive
for TB through skin or blood tests. Proper TB tests are
designed to detect latent infections, so a negative test result
generally indicates the absence of infection? (Carranza et al,
2020).

Abbreviations: miRNA, Micro RNA; MTB, Mycobacterium Tuberculosis; WHO,
World Health Organization; TB, Tuberculosis; LTBI, Latent Tuberculosis
Infection; mRNA, Messenger RNA; DR, Drug-Resistant; MDR, Multiple
ILV, ESCRT, Endosomal Sorting
Complex Required for Transport; PAMP, Pathogen-Associated Molecular
Pattern; PRR, Pattern
Recognition Receptor; LAP, LC3 Associated Phagocytosis; 1,25D, 1,25-
dihydroxy vitamin D; MVB, Multi Vesicular Bodies; RalA/B, GTPases Ral A
and B Guanosine Triphosphatases; TSG101, Tumor Susceptibility Gene 101;
SecA2, Specialized Secretion System A2; ESX-1, ESAT-6 Secretion System
1, MSCs, Mesenchymal Stem Cells; CCL5 C-C Motif Chemokine Ligand
5; INOS, Inducible Nitric Oxide Synthase; TLR2/4, Toll-Like Receptor 2
and Toll-Like Receptor 4; MyD88, Myeloid Differentiation Primary Response
88; LPS, Lipopolysaccharide; CCL2, C-C Motif Chemokine Ligand 2; APCs,
Antigen-Presenting Cells; MHC-I/1I, Major Histocompatibility Complex class

Drug Resistant; Intraluminal Vesicle;

DAMP, Damage Associated Molecular Pattern;

| and class II; DC, Dendritic Cell; THP-1 Tumor-associated Macrophage-
derived Cell Line 1 ATM Ataxia Telangiectasia Mutated; AMPK, AMP-activated
Protein Kinase; Ago-proteins, Argonaute proteins; siRNA, small interfering
RNA; RNase lll, Ribonuclease Ill; ADC, Adenocarcinoma; sRNA, Small RNA;
Mcl-1, Myeloid cell leukemia sequence 1; STAT3, Signal Transducer and
Activator of Transcription 3; ATB, Active Tuberculosis; SM, Sputum Smear; HC,
Healthy Control; PPD, Purified Protein Derivative; IGRA, Interferon Gamma
Release Assay tests; LAC, Lung Adenocarcinoma; circRNA, Circular RNA; LAM,
Lipoarabinomannan; Ag85, Antigen 85.
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Moreover, LTBI patients are among the few who can develop
active TB infection (ATBI) at some point in their lives and play a
significant role in spreading the disease (Ferluga et al., 2020).

MTB can persist by evading the host’s immune system,
mainly by altering its immune cells and the hosts Micro RNA
(miRNAs). These strains, such as MTB, reside in host macrophages,
making them challenging to identify and eliminate (Bo et al,
2023). After transcription, miRNAs are crucial in regulating the
expression of potential genes. They can bind to the 3/ untranslated
regions of the messenger RNA (mRNA), causing either mRNA
degradation or suppressing the translation process (Negrini et al.,
2022).

The process of gene regulation by miRNAs is well-known
and extensively discussed. Scholars have further revealed
interactions between miRNAs and the immune system. Moreover,
miRNAs are involved in the development of immune cells
and influence their effectiveness, including macrophages,
T cells, and B cells. Notably, three particular miRNAs—
miR-155, miR-125b, and miR-21—have been proven to play
roles in different immune responses to MTB (Zhao et al,
2019).

These miRNAs are critical in preserving fundamental
signaling pathways and immune responses, significantly helping
to determine the progression of the infection. They modulate
the production of different inflammatory cytokines and play
a significant role in regulating the activation and functions of
macrophages, which are crucial for the clearance of TB and MTB
(Singh et al., 2021).

Certain factors in the emergence of drug-resistant (DR) and
multiple drug-resistant (MDR) TB complicate the diagnosis and
treatment of TB. Therefore, developing new biomarkers with
exceptional sensitivity and specificity is crucial for diagnosing TB
(Jumat et al., 2023). Traditional approaches such as smears and
MTB culture have limitations in determining the cause of TB. Some
exosomal miRNAs are involved in TB development and can be
distinguished from small RNAs that do not affect the host’s immune
response (Sharma et al., 2023).

For scientists studying the mechanisms of living organisms
or the impact of different medications, it is equally attractive
to investigate the actions of exosomal miRNAs released
by MTB on macrophages. This manipulation allows the
pathogen to counteract or evade the immune system, thereby
maintaining its infection. Such miRNAs target genes and
pathways linked to immune response processes and may be
used for TB diagnosis and potential therapeutic target discovery
(Carranza et al, 2021). Research should focus on identifying
promising exosomal miRNA targets and developing innovative
treatments for TB, highlighting their importance in managing
the disease.

In this review article, the authors analyze the latest studies
focused on the immunomodulatory properties of MTB exosomal
miRNAs. They discuss how these miRNAs influence the host
immune response and highlight their potential utility as biomarkers
for tracking the progression and severity of MTB infection.
The review provides an overview of the molecular mechanisms
by which MTB exosomal miRNAs modulate immune functions
and considers their implications for diagnostic and therapeutic
strategies in TB management.
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Understanding exosomes and miRNAs:
formation and composition

Exosomes play a significant role in mediating cell-to-cell
communication and are involved in the pathogenesis of MTB.
These small membrane vesicles range in size from 30 to 150 nm
in diameter and can be released into the extracellular matrix
by virtually any type of cell (Dreyer and Baur, 2016; Li et al,
2020; Kang et al., 2021). Exosomes originate through endocytosis,
forming small cup-shaped organelles known as early endosomes.
These early endosomes facilitate the encapsulation of extracellular
proteins, other molecules, and specific cell membrane receptors
(Dreyer and Baur, 2016; Kalluri and LeBleu, 2020). During the
transition from early endosomal to late endosomal identities,
cargo molecules are concentrated on the early endosome’s
surface. Subsequent budding processes transport these cargo
molecules into the intraluminal vesicles (ILVs) (Figure 1). These
processes can be further organized into Endosomal Sorting
Complex Required for Transport (ESCRT)-dependent and ESCRT-
independent pathways, depending on the presence of ESCRTs in
a cell (Eitan et al., 2016; Rayamajhi and Aryal, 2020; Gurunathan
et al., 2021).

There are two primary biosynthetic miRNA pathways: the
canonic and non-canonic signaling pathways (Sun et al., 2018).
According to Hill and Tran, the canonic pathway is the
principal route for miRNA biogenesis (Hill and Tran, 2022).
RNA polymerase II transcription in the nucleus generates long
primary miRNA with hairpin structures called pri-miRNA (Yu
et al., 2016). Subsequently, the Drosha complex, which includes
Drosha, Ribonuclease III (RNase III), double-stranded RNA-
binding protein, DiGeorge syndrome critical region 8, and other
partner proteins, cleaves the prior-miRNA into pre-miRNA with
a stem-loop structure. In this stage, the pre-miRNA is processed
to be transported in the cytoplasm. Once in the cytoplasm,
the RNase III endonuclease Dicer processes the hairpin duplex
into double-stranded miRNAs, producing a mature miRNA, the
complementary strand, and the Argonaute proteins (Ago proteins),
which are partial small interfering RNA (siRNA)-like molecules
(Matsuyama and Suzuki, 2019; Kilikevicius et al., 2022). One of
the two chains is chosen as the endogenous miRNA, whereas
the second chain is generally cleaved (Riahi Rad et al, 2021)
(Figure 1).

Following the MTB invasion of the respiratory organs, the
immune cells, such as macrophages and dendritic cells, engulf the
pathogen (Sia and Rengarajan, 2019). Macrophages and dendritic
cells of the innate immune system detect MTB pathogen-associated
molecular patterns (PAMP) through damage-associated molecular
patterns (DAMP) or with the help of membrane surface pattern
recognition receptors (PRRs) (Boom et al, 2021). Alveolar
macrophages (MS) are particularly targeted in the initial stage of
MTB invasion (Cohen et al., 2018). Recently, more research has
focused on various types of receptors, such as scavenger receptors
(Linares-Alcdntara and Mendlovic, 2022), in connection with
phagocytosis (Choudhuri et al, 2020). Therefore, to transport
MTB within the cytoplasm and to form and translocate it into
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the phagosomes, immune cells must synthesize sphingomyelin
on the cell surface (Niekamp et al., 2021). The phagosome pH
drops during endosome-phagosome fusion, and then it fuses
with lysosomes to create acidified phagolysosomes, which are
essential for MTB suppression or elimination (Rai et al., 2022).
This process, known as phagocytosis, involves LC3-associated
phagocytosis (LAP) (Weiss and Schaible, 2015). After TB infection,
macrophages activate bioactive 1,25-dihydroxy vitamin D (1,25D)
via the vitamin D receptor, enhancing antimicrobial peptide
synthesis (Cathelicidin Antimicrobial Peptide and f-defensin
2) and inflammatory proteins (IL-1f and IL-8), contributing to
immunomodulation. MTB evades immune responses through
strategies like apoptosis and modulation of innate immune cell
responses (Wang et al., 2019). Multi Vesicular Bodies (MVBs)
can fuse with lysosomes and, when subjected to lysosomal
acid and proteolysis, become degraded. Moreover, MVBs can
fuse with the plasma membrane and release the ILVs into the
external milieu. Exosomes can also be formed by budding
directly through the cytoplasmic membrane, assupported by
previous studies (Eitan et al, 2016; Kalluri and LeBleu, 2020).
When exosome secretion is inhibited, there is an increase of
MVBs enhanced by lysosomal degradation (Eitan et al., 2016).
The release and the fusion of exosomes with recipient cells
membrane are closely regulated by the Ras superfamily. Several
Rab proteins act as molecular signals in the movement of MVBs
from one compartment to another. These proteins play a notable
role in regulating vesicle transport, as highlighted in recent
studies (Rayamajhi and Aryal, 2020; Gurunathan et al., 2021).
Furthermore, the release of exosomes is facilitated by Ral A and
B Guanosine Triphosphatases (RalA/B GTPases), which regulate
effectors and lipid metabolism. These GTPases also control
phospholipases D1 and D2, which are involved in maintaining
MVB equilibrium and exosome cargo formation (Zago et al,
2019; Ghoroghi et al., 2021). The process described by Wickner
& Rizo elucidates how Rab GTPase facilitates the assembly of
membrane-bound soluble N-ethylmaleimide-sensitive factor
attachment protein receptors into tetrameric coiled-coil complexes
at both exosomal and receptor cell membranes (Wickner and
Rizo, 2017), mediated by tethering proteins that colocalize
the two membranes to allow them to come close (Borchers
et al, 2021). In addition, exosome proteins include Cluster of
Differentiation (CD) 63, CD81, CD9, flotillin, Alix, and Tumor
Suceptibility Gene 101 (TSG101) (Figure 1). These proteins are
implicated in the creation of exosomes, as noted by Gurunathan
et al. (2021) in 2021. The exosomes biogenesis includes several
pathways and electiveprocesses that determine their structural,
transfer route, and cargo diversity acquired by cells from different
sources. Overall, exosomes are crucial in cellular communication
due to their ability to encapsulate diverse molecules through
Their
complex processes regulated by various proteins and pathways,

well-defined pathways. formation and release are
emphasizing their diverse roles in cellular communication and
transport. Thus, their involvement in the immune response
to MTB involves complex interactions between different cells
and molecules, highlighting the pathogen’s ability to evade

immune defenses.
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FIGURE 1

Role of exosomal miRNAs in the host's immune response. (A) MTB infecting the host macrophages, (B) activated Macrophage, (C) formation of the
Drosha complex, ILVs, and release of exosomes from the host macrophages with bacterial non-coding RNAs (RNAs in red), (D) structure of the MTB
exosome containing the necessary proteins. LAM, CD cluster, MHC-I/II, Receptors like PRRs, T-cell receptors, and Scavenger receptors; bacterial
antigens like Antigen 85 and non-coding RNAs (RNAs in red), (E) list of exosomal miRNAs involved in host's immune response regulation, immune
evasion, and up 1 and down |, expression of sustained infection miRNA, and diagnostic markers.

The function of exosomes in MTB-infected cationic liposome driven by MTB-infected Mesenchymal Stem
hosts Cells (MSCs) compels macrophages to release pro-inflammatory
cytokines, which include Tumor Necrosis Factor-alpha (TNF-

Microvesicles contain diverse cargo, such as nucleic acids (e.g, @), C-C Motif Chemokine Ligand 5 (CCL5), and Inducible
miRNA, IncRNA, mRNA, DNA), proteins, lipids, and metabolites ~ Nitric Oxide Synthase (iNOS). These factors escalate Toll-
(Kugeratski et al., 2021). Exosomes, a subset of microvesicles, play ~ Like Receptor 2 and Toll-Like Receptor 4 (TLR2/4) and
a significant role in intercellular and intracellular signaling and ~ Myeloid Differentiation Primary Response 88 (MyD88) to
communication between cells to regulate cellular processes and  induce inflammation and immune response (Liu et al, 2021).
immunological defenses. Consequently, the macrophage exosomes released by MTB-
MTB relies on the Specialized Secretion System A2 (SecA2) infected cells play a significant role in monocyte differentiation.
and ESAT-6 Secretion System 1 (ESX-1) secretory systems for  This process involves the activation of specific molecules and
cell membrane degradation (Cheng and Schorey, 2019). Previous  proper pathways, resulting in the generation of functional
research by Tiwari et al. demonstrated the crucial role of exosomes  macrophages (Singh et al., 2023). These exosomes are released
in transferring genetic material, proteins, and other molecules  following stimuli by lipopolysaccharide (LPS) and interferon-
within and between cells. gamma (IFN-y), most frequently by macrophages. These vesicles
PRRs recognize these exosomes as PAMPs of the LAP pathway,  can bind soluble endoplasmic reticulum aminopeptidase-1; thus,
triggering inflammasome activation (Tiwari et al, 2019). The  this study was intended to address this interaction and the effects
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it has on macrophages’ phagocytosis and nitric oxide production
(Goto et al., 2018).

Additionally, macrophages can engulf necroptotic exosomes,
leading to the secretion of pro-inflammatory cytokines such
as TNF-a, IL-6, and C-C Motif Chemokine Ligand 2 (CCL2);
Chemokine (Shlomovitz et al, 2021). Exosomes secreted by
Antigen-Presenting Cells (APCs) contain Major Histocompatibility
Complex class I and class IT (MHC-I/II), which present antigenic
information to T lymphocytes, thereby triggering specific immune
reactions (André et al., 2004; Ramachandra et al., 2010). Active
T cells promote the production of exosomes from miR155-loaded
dendritic cells (DCs), strengthening the activation of appropriate T
cells (Okoye et al., 2014). Furthermore, T helper 1 (Thl) receiving
let-7b-containing exosomes from Treg cellscounterbalance the
excessive inflammatory response (Lindenbergh et al., 2019).
Activated T lymphocytes transfer genetic material to DCs, aiding
in the innate immune response to curb MTB infection (Torralba
et al., 2018), while mitochondrial components play a crucial role
in detecting and relocating DAMPs to various biological processes
(Koenig and Buskiewicz-Koenig, 2022). Moreover, exosomes
induce tumor-associated macrophage-derived Cell Line 1 (THP-
1) autophagy (Sun et al., 2021b), and macrophage stimulation by
exosomes secreted from MTB-infected neutrophils has also been
observed (Alvarez-Jiménez et al., 2018). This stimulation provokes
the formation of reactive oxygen species (ROS) and the generation
of autophagy to eradicate MTB infection.

During infection, infected macrophages shed exosomes that
deliver miR-18a into target cells; this specific miRNA interferes
with autophagy, thereby promoting the resilience of MTB within
the macrophages. A 2020 study conducted by Yuan et al.
(2020) demonstrated the regulation of the Ataxia Telangiectasia
Mutated-AMP-activated Protein Kinase (ATM-AMPK) autophagic
pathway has been achieved. Macrophage-derived exosomes can
also suppress the T-cell receptor expressed on CD4 + T cells and
IL-2 production, as pointed out by Athman et al. in 2017 (Athman
et al., 2017). Singh et al. (2011) found a reduction in IFN-y levels
with kinetics comparable to the reduction of CD64 or MHC-II
expression in infected macrophages . Considering these findings,
exosomes play a critical role in cellular communication and
immune regulation, particularly in the context of MTB infection.
They enhance immune responses and contribute to disease
progression through various molecular pathways and interactions,
making them potential targets for TB diagnosis and therapy.

Exosomal miRNAs: potential and
synthesis

miRNAs are naturally occurring small RNA molecules of
around 18-24 nucleotides that do not code for protein andare
preserved throughout various evolutionary states (lacomino,
2023). Moreover, miRNAs are pivotalin the modulation of
several important biological processes, involving cell proliferation,
differentiation, migration, apoptosis, and autophagy. They achieve
this bytargeting gene mRNAs at the 3/-untranslated region (Song
et al., 2019; Farina et al., 2020; Riahi Rad et al., 2021; Zhu et al.,
2021).
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miRNAs can coordinate multiple biological activities due
to their complex regulation mechanisms. Their ability to
remain constant throughout evolutionary stages emphasizes
their evolutionary significance and adaptability in controlling
gene expression. MiRNAs bind to target gene mRNAs at
specific 3/-untranslated regions to alter genetic networks with
remarkable precision. The complex biosynthesis of miRNAs
involves transcription, cleavage by Drosha and Dicer, and the
selection of functional miRNA strands, ensuring effective Ago
protein-mediated post-transcriptional gene silencing.

The functions of exosomal miRNAs in the
host

Exosomal miRNA from MTB-infected macrophages can be
isolated using centrifugation techniques, making them suitable
biomarkers for MTB infection. Zhang et al. (2019) found that
exosomes from MTB-infected macrophages contain miR-20b-
5p, while non-infected macrophage exosomes did not have
this specific microRNA (Zhang et al, 2019). Recently, the
same authors employed high-throughput sequencing to discover
miRNAs in exosomes secreted by macrophages infected with
Mycobacterium bovis.

The research revealed that the expression of 20 exosomal
miRNAs unfolded increased in the samples of infected patients,
while seven exosomal miRNAs decreased in the infected group
compared to the non-infected group. Specifically, higher levels
of let-7¢-5p, miR-27-3p, miR-25-3p, let-7a-5p, miR-98-5p, and
miR-30a-3p, and lower levels of miR-5110 and miR-194-5p were
observed in the infection group (Zhan et al, 2022). In a 2016
study, Kumar et al. compared the quantitative alterations of several
exosomal miRNAs in infected macrophages and the lung, spleen,
and lymph nodes of MTB-infected mice to those in a control group.
During MTB infection, miR-17-5p was found to be downregulated
in both macrophages and mice. Other miRNAs from the same
family, including miR-20a, miR-20b, miR-93, and miR-106a, were
also downregulated in infected macrophages. The study revealed
that miR-17 regulates the levels of Myeloid cell leukemia sequence
1 (Mcl-1) and its transcriptional activator Signal Transducer
and Activator of Transcription 3 STAT3 in the context of MTB
infection. By targeting Mcl-1 and STAT3, miR-17 plays a role in
regulating autophagy. This finding highlights the importance of
miRNAs, specifically miR-17-5p, in modulating autophagy and host
responses during MTB infection (Kumar et al., 2016).

Exosomal miRNAs might be valuable for differentiating TB
from other lung disorders. Wang et al. investigated the differences
in exosomal miRNA in pulmonary adenocarcinoma (ADC), TB,
and other diseases by evaluating their pleural distribution using
qPCR. They found miR-205-5p, miR-429, miR-483-5p, miR-375,
miR-200b-3p, and miR-200c-3p to be high in adenocarcinoma
exosomes compared to tubercular and other pathology, while a
downregulation of specific miRNAs, such as miR-3614-5p and
miR-150-5p, was observed in malignant pleural. In addition,
exosomes from TB were found to be laden with 148a-3p and 150-
5p, which are lower compared to exosomes from non-cancerous
tissues, showing contrasting results regarding the expression levels
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of miR-45la (Wang et al, 2017). Exosome expression from
LTBI, active tuberculosis infection (ATBI), and ADC patients’
blood was evaluated by small RNA (sRNA) sequencing (Guio
2022). Levels of miR-210-3p and miR-143-3p in serum
exosomes from patients with LTBI decreased, while miR-20a-5p

et al,,

was upregulated in exosomes from patients’ serum. Regarding
ATBI serum exosomes, miR-23b, miR-17, and miR-181b-5p were
downregulated, while miR-584 was upregulated. Finally, for ADC
patients, 15 downregulated miRNAs were found, including miR-
320a, miR-185-5p, miR-144-3p, let-7f-5p, and miR-199b-3p (Guio
etal., 2022).

Exosomal miRNAs isolated from MTB-infected macrophages
exhibit distinct profiles that hold promise as diagnostic biomarkers
for TB. In light of this evidence, the differential expression of
miRNAs in various clinical contexts underscores their potential
utility in distinguishing TB from other lung disorders and
monitoring disease progression. These findings advocate for further
research into exosomal miRNAs to refine their diagnostic accuracy
and clinical applicability in TB management.

miRNA-mediated manipulation by MTB

An evaluation score of exosomal miRNA found in MTB
patients was determined, revealing their promise for rapid and non-
invasive TB diagnosis. Research by Kaushik et al. (2021) showed
that plasma exosomal miR-185-5p expression was significantly
upregulated in the TB patient group compared to the healthy
controls. Other authors also indicated that integrating miR-185-5p
with other markers could significantly improve the diagnosis of TB.

A study conducted by Tu et al. (2019) identified higher
levels of exosomal miR-423-5p in the plasma of TB patients. The
TB diagnostic model achieved a score of 0. 908 with a 10-fold
cross-validation mean prediction accuracy of 78%. The model
demonstrated an accuracy of 18% and could differentiate between
ATBI patients and healthy subjects, reflecting the findings of
Kaushik et al. (2021). In the smear exosomes of LTBI patients, the
levels of miR-450a-5p, let-7e-5p, miR-140-5p, and let-7d-5p were
high. Additionally, in patients with LTBI, miR-370-3p and miR-
26a-5p levels were higher than those in ATBI patients (Lyu et al.,
2019). The results showed an escalating trend in the levels of these
miRNAs among Healthy Control (HCs), LTB, and ATB patients.
This distribution can be helpful in the recognition of different states
of MTB infection (Lyu et al., 2019).

Alipoor et al. also found that the concentration of specific
miRNAs in serum exosomes was significantly higher in patients
with TB compared to healthy individuals. When these miRNAs
were studied in combination with sputum smears, the diagnostic
sensitivity for TB improved (Alipoor et al., 2019).

These research findings indicate that specific exosomal
miRNAs hold significant potential for the rapid and non-
invasive diagnosis of TB, demonstrating high diagnostic accuracy
and the ability to differentiate between various stages of MTB
infection. These findings highlight the importance of miRNA
markers in improving TB diagnostics when combined with other
methods, such as sputum smears, plasma analysis, and cross-
validation models.
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Role of exosomal miRNAs in immune
regulation

The intrinsic properties of MTB enable it to survive
through specific mechanisms. Following MTB infection, post-
transcriptional regulation via miRNAs modulates target genes and
the associated biological and immune processes. Indeed, miRNAs
can inhibit translation or lead to mRNA degradation by specific
mRNA target sites. This finding stems from the transcription
mechanism of miRNA genes through RNA polymerase II and
their post-transcriptional processing via endonucleases (Singh
et al., 2022). miRNAs exhibit immunomodulatory functions for
numerous immune cells, such as macrophages, T cells, and
dendritic cells, playing a critical role in resistance against TB.
This factor is significantly involved in the immune response
to MTB in affected tissues. Ruiz-Tagle et al. (2020) provided
experimental evidence on how the pathogen affects host cellular
signaling through miRNAby analyzing dendritic maturation and
its reference to the activation of T cells. The results confirm
that miR-29 can decrease IFN-y levels and change the T-cell
response. Therefore, while IFN-y is downregulated, T cells are
actively triggered, and macrophages are reactivated. Through this
manipulation, pathogens can remain dormant when the immune
system is closing in and simultaneously reproduce (Ruiz-Tagle
et al., 2020). Various miRNAs participate in the regulation of the
immune response in MTB infection, managing the activities of
macrophages, dendritic cells, and T cells. For instance, miR-125b,
miR-155, and miR-223 significantly affect cytokines, cell cycle,
and cell death, all related to the immune system (Yang et al,
2021).

Research conducted by Kozlov et al. (2023) has demonstrated
that MiR-29 can influence or regulate IFN-y, indicating that
miRNAs play a role in the regulation of immune responses.
Sarkar et al. showed that the downregulation of miR-125b can
counteract the upregulation of TNF-a. Although TNF-a is an
inflammatory agent beneficial for immune responses, excessive
levels can inhibit immune reactions. MiR-125b targets the NF-
kB pathway, which is significant for macrophages as it helps
prevent prolonged inflammation, thereby aiding the eradication
of MTB (Sarkar et al, 2024). In a recent study, Sun et al.
explored the differences in infection levels when TNF-« is inhibited
by miR-125b. This inhibition may occur when macrophages
lose their ability to control and regulate the infection. These
studies focus on understanding how miRNAs regulate host
defense signaling pathways by targeting specific genes (Sun et al.,
2021a).

Thus, the regulatory role of miRNAs, such as miR-29 and miR-
125b, in modulating immune responses and host cellular signaling
highlights their critical involvement in MTB survival and immune
evasion, making them significant targets for understanding and
potentially controlling TB infection. It is compelling to discuss the
various processes by which MTB manipulates cellular elements.
Among these processes, the regulation of miRNAs is notable,
as MTB utilizes them to persist and proliferate. Understanding
the pathogen’s virulence involves examining how the hosts
miRNA expression, immune status, and cellular environment
are affected.
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Key miRNAs and their roles

According to a study by Alijani et al, there is a direct
correlation between elevated levels of miR-155 and macrophage
differentiation and functionality. This demonstrates how the
bacteria might affect the immunity of the host. MTB can
downregulate elements that promote anti-inflammatory processes,
which are advantageous during an ongoing infection, by
upregulating miR-155 (Alijani et al, 2023). Kulshrestha et al.
discovered that miR-21 helps the bacteria grow by neutralizing
genes that would otherwise cause the infected cells to die.
Furthermore, MTB inhibits the miR-125b gene, which is
essential for controlling the TNF-a cytokine, a major component
of the body’s fight against TB. Reduced TNF-a production
results from lower levels of miR-125b, which lowers the TNF-a
production, reducing the host’s ability to combat the infection
(Kulshrestha et al, 2019). Fu et al. (2020) highlighted the
pathogen’s ability to alter host immune responses for its survival
by discussing how this manipulation of miRNAs, namely the
inhibition of miR-125b, promotes the vulnerability of the host
to MTB.

Kundu and Basu established that miR-26a plays a significant
role in the immune response concerning MTB infection; it
pertains to regulating cytokines belonging to the pro-inflammatory
subdivision. This allows the pathogen to stay within the host
because it avoids the aggression of the activated macrophages
(Kundu and Basu, 2021).

According to Hu et al., miR-26a modulates a signaling pathway
concerning several genes involved in immune response and
inflammation mechanisms. Furthermore, miR-132 is linked with
target genes that participate in the immunity reaction of the
host organism. Discriminating from the cell aspect, it is noted
that there is an upregulation of TB in cells, which, in turn,
affects the production of other essential cytokines, such as TNF-
a and IL-6, which are known to boost immunity. Therefore,
this mechanism helps MTB escape elimination by the hosts
immune system and remains less toxic or capable of evoking
an immune response (Hu et al, 2020). These findings are
corroborated by Daniel et al. (2022) who noted that the host
defense pathways in response to bacterial invasion could be affected
by miR-132.

According to Wang et al, miR-29a can influence IFN-
v, hindering the immune system’s ability to suppress MTB.
Comparative analysis of the target miRNA focused on apoptosis
pathways carried out by J. Wang et al. led to the discovery
of the crucial role of miR-29a. This creates a cellular structure
that enhances the growth of these bacteria. More importantly,
IFN-y mRNA is not the target of miR-29a; thus, the interaction
between the two molecules is not the same. This is because
IFN-y plays a role in combating MTB as it stimulates the
activation process of macrophages that are instrumental in the
immune response (Wang et al, 2018). On the same note,
miR-29a has also been observed to regulate the synthesis
of another cytokine, IFN-y. Specifically, miR-29a focuses on
proteins implicated in apoptosis regulation, which will gradually
pinpoint whether it is beneficial to hold cells alive soon
after infection or otherwise eliminate them (Ruiz-Tagle et al,
2020).

Frontiersin Microbiology

10.3389/fmicb.2024.1441781

Therefore, it is necessary to understand and determine the
targets and functions of specific miRNA molecules, including miR-
26a, miR-132, and miR-29a. Such understanding yields significant
knowledge on how and through which MTB can evade several host
cellular processes to increase survival (Crane et al., 2018).

The functions of these miRNAs in immune system regulation
and their significance for TB are presented in Table 1. They
play crucial roles in immunity, such as inflammation, T cell
differentiation, and B cell activation. These processes are essential
for the human body’s ability to combat infection. These miRNAs
have a dual role in modulating host defense and the pathogen’s
ability to promote infection. Understanding the mechanisms of
action and molecular pathways of these miRNAs may provide
potential treatment strategies for modulating these miRNAs to
disrupt MTB’s balance in managing TB.

Diagnostic potential of mirnas in TB

Challenges in current TB diagnostic
methods

Currently, three widely-known TB diagnosis methods are
the Mantoux tuberculin skin test, two types of IGRA tests, and
sputum culture tests. However, these methods have demerits that
cause their ineffectiveness and redundancy. The second important
method of targeting the affected populace and identifying TB
is the Mantoux tuberculin skin test, in which purified protein
derivative (PPD) is inoculated into the skin. This test assists in
determining the skin’s reaction, in other words, whether a person
has been in contact with TB bacteria. However, it cannot distinguish
between the same individual’s current and previous infections.
Thus, tests like the QuantiFERON-TB Gold may further determine
the immune response to TB antigens in the body, increasing the
certainty level in diagnosing TB disease (Yang and Ge, 2018). It has
been noted elsewhere that knowledge of how to manage DR-TB and
MDR-TB is critical in eradicating this illness. Research suggests that
exosomal miRNAs could be utilized to predict disease progression
and diagnose either DR-TB or MDR-TB cases (Carranza et al,
2021).

Carranza et al. aimed to determine the baseline and 12-
month post-treatment levels of exosomal miRNA in the serum
of MDR-TB patients. Following therapy, they observed a drop in
the blood levels of exosomal miR-328-3p, miR-20a-3p, and miR-
195-5p. Conversely, let-7e-5p and miR-197-3p showed increased
expression after therapy. The research also brought to light notable
distinctions between the outcomes of those without cancer and
those with cancer. Exosomal miRNAs have shown promise as
biomarkers for DR-TB diagnosis and MDR-TB prediction. MDR-
TB patients had lower serum levels of miR-197-3p and miR-223-3p
than healthy controls, while their serum levels of let-7e-5p were
higher. Certain miRNAs found in exosomes made from peripheral
serum play a role in assessing the therapeutic impact of MDR-TB
patients during phases of prolonged treatment. These results, which
are related to variations in the serum of MDR-TB patients and
healthy individuals, suggest that circulating miRNA can be utilized
to assess TB strains’ medication sensitivity or resistance (Carranza
etal., 2021).
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TABLE 1 miRNAs’ roles in immune responses and their impact on TB.

10.3389/fmicb.2024.1441781

miRNA Immune system Function Impact on TB response Methodology References
aspect
miR-155 Innate Immunity Serves as an infection and Indicates active TB, enhances In vitro (Alijani et al., 2023)
activation marker, with higher | immune response in macrophages
expression in active TB
miR-125b Innate Immunity Modulates inflammatory Promotes MTB survival in In vivo (Sun et al., 2021a)
response by targeting ROCK1 macrophages, impairing host
defense
miR-223 Innate Immunity Regulates myeloid cell Balances pathogen clearance with In vitro (Peng et al., 2022)
function inflammation control, reducing
tissue damage
miR-29 Adaptive Immunity Modulates inflammatory Overexpression can suppress In vivo (Li et al., 2020)
cytokine production IFN-y, leading to inadequate
immune response
miR-21 Adaptive Immunity Modulates T cell Ensures controlled and effective In vitro (Zhao et al., 2019)
differentiation and function immune response, avoiding
overactivity
miR-150 Adaptive Immunity Involved in the regulation of Influences B cell repertoire, In vivo (Sinigaglia et al.,
immune responses, potentially enhancing long-term 2020)
particularly B cell immunity against MTB.
differentiation and antibody
production

As highlighted by Barry et al., miRNAs in infected patients
assist in differentiating TB from other diseases. The evaluation
of exosomal miRNAs reveals their high potential to impact TB-
related conditions and behaviors. Consequently, these specific
miRNA patterns may help diagnose and classify different types
of TB. Additionally, exosomal miRNAs have been implicated in
evaluating the effectiveness of anti-TB treatments, underscoring
their potential to improve TB management (Barry et al., 2018).

Awareness is essential for TB eradication, as it helps design
effective strategies to counteract the disease. However, there is
currently insufficient literature on the effects of exosomal miRNAs
on TB prognosis. The existing research on the influence of
exosomes on TB prognosis is limited. Further research is needed
to determine the potential of exosomal miRNAs in diagnosing TB
and to expand our understanding of their roles in TB development.
Identifying diagnostic and treatment biomarkers through exosomal
miRNAs is essential for improving TB management.

mMiRNAs as biomarkers for TB diagnosis

Due to their TB specificity, miRNAs can be evaluated as
biomarkers for the development of early diagnostic techniques
(Olsson, 2024). Implementation of miRNAs for TB diagnosing
in clinical can significantly improve treatment outcomes through
proper and timely identification (Singh et al., 2021).

Three exosomal miRNAs (miR-484, miR-425, and miR-96)
were assessed for their diagnostic utility in TB by Alipoor et al.
The area under the curve (AUC) values of 0.72, 0.66, and 0.62 for
serum exosomal miR-484, miR-425, and miR-96, respectively, were
obtained using receiver operating characteristic (ROC) analysis.
Furthermore, in TB-infected subjects, the levels of these three
serum exosomal miRNAs were associated with smear TB positivity
(Alipoor et al., 2019).
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Lyuetal. (2019) compared the serum exosomal miRNA profiles
of people with LTBI, ATBI, and healthy controls in a cross-sectional
study. Four miRNAs were found to be elevated in the LTBI group:
hsa-let-7e-5p, hsa-let-7d-5p, hsa-miR-450a-5p, and hsa-miR-140-
5p. Furthermore, patients with ATBI had increased expression
of five exosomal miRNAs: hsa-miR-1246, hsa-miR-2110, hsa-
miR-370-3P, hsa-miR-28-3p, and hsa-miR-193b-5p. These results
suggested that serum exosome miRNA patterns may be used to
distinguish between LTBI and ATBI. The diagnostic efficacy of
incorporating exosomal miRNA data into TB patients’ electronic
health records (EHRs) showed improved sensitivity and specificity
compared to the tuberculin skin test and interferon-gamma release
assays (Lyu et al., 2019).

Hu et al. assessed the mean £ SD of six distinct plasma
exosomal microRNA types (miR-20a, miR-20b, miR-26a, miR-
106a, miR-191, and miR-486) in TB patients and found notable
variations when compared to the control group. Including
exosomal miRNAs and EHRs in the diagnostic model showed
better diagnostic ability. Treatment success rates for patients with
pulmonary TB and TB meningitis were reported to be 97%.
Additionally, TB cases involving the organs frequently result in
pleural effusion, which affects the pleura (Hu et al., 2020).

Kim et al. attempted to detect exosomal miRNAs across a
variety of lung lesions, including lung adenocarcinoma, TB, and
non-cancerous lung disorders, to differentiate TB from other lung
diseases, such as lung cancer and pneumonia. Three miRNAs—
miR-148a-3p, miR-451a, and miR-150-5p—were shown to be
elevated in TB lesions compared to benign lung lesions using
deep sequencing and qRT-PCR to quantify and compare miRNA
expression (Kim et al., 2017).

Nine exosomal miRNAs in pleural effusion (PE) samples were
found to be significantly different in the lung adenocarcinoma
(LAC) group compared to the other two groups in a distinct study
conducted by Wang et al. According to the authors, a few of these
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TABLE 2 Some critical miRNAs' expression in TB, used as diagnostic

markers.

miRNA Expression  Samples References
extracted

miR-423-5p High Plasma of TB (Tuetal., 2019)
patients

miR-185-5p Upregulated Plasma exosome (Kaushik et al.,
of TB patients 2021)

miR-450a-5p, High SM LTBI patient, | (Lyu etal,2019)

let-7e»5p, serum exosomes

miR-140-5p, and

let-7d-5p

iR-370-3p, Higher Serum of LTBI (Lyu et al,, 2019)

miR-26a-5p expression

10.3389/fmicb.2024.1441781

TABLE 3 List of miRNAs as potential biomarkers.

miRNAs References

miR-4669-5p

Wang et al., 2023

miR-20b-5p

Zhang et al., 2019

miR-27-3p, let-7a-5p, let-7c-5p,
miR-25-3p, miR-98 5p,
miR-30a-3p, miR-194-5p,
miR-5110

Zhan et al., 2022

miR-17-5p, miR-20b-5p

Tuetal, 2019

miR-1246, miR-2110, miR-28-3p,
miR 193b-5p,

Lyu etal., 2019

miR-484, miR-425, miR-96

Alipoor et al., 2019

miR-205-5p, miR-200c-3p,
miR-141-3p, miR-483-5p, miR-375

Wang et al., 2017

miR-33a-3p, miR-153-3,

Zhang et al., 2022

miRNAs were miR-205, miR-483, miR-375, miR-200c, miR-429,
miR-200b, miR-200a, miR-203, and miR-141 (Wang et al., 2017).

The diagnostic potential of other miRNAs, including miR-146a
and miR-125b, has also been examined. Numerous studies have
demonstrated the impact of miRNAs on immunological responses
and disease susceptibility in TB patients, indicating their potential
as biomarkers for determining the presence and stage of the disease
(Kundu and Basu, 2021).

Liu et al. established that miRNAs are specific and sensitive
indicators for disease diagnosis. The authors can effectively
diagnose diseases by using miR-155 and miR-29a, along with other
specific miRNAs, as biomarkers (Liu et al., 2022).

According to the mentioned research, while discussing the
diagnostic capacity of miRNA for TB, the emphasis should be on
the specific types of miRNA. The miRNAs indicated in Table 2,
including miR-423-5p, miR-185-5p, miR-26a-5p, miR-450a-5p, let-
7e-5p, miR-140-5p, let-7d-5p, and miR-3700-3p, strongly affect
the expression of the immunological system and the pathogenicity
of TB.

Discussion

Exosomes are a promising tool for understanding the subtleties
of the pathological process of TB, especially when released from
cells infected with MTB. As for the structure and composition of
exosomes, they have close relations to their function, modulating
the hosts immune response. Exosomes derived from MTB
organelles called MVBs carry lipids, proteins, nucleic acids, and
miRNA that are important for MTB to thrive, grow, and suppress
the immune response. MTB has been known to use different
proteins, such as ESAT-6 and Antigen 85 (Ag85), to control
the hosts immune response and survive within macrophage
cells (Raposo and Stoorvogel, 2013). Some proteins present
in MTB exosomes, such as lipoarabinomannan (LAM), may
affect apoptosis and cytokine secretion. This interaction may
enhance the immunological response to MTB, aligning with the
pathogen’s survival strategy. Interestingly, this adaptation also
serves a critical public health interest (Giri et al., 2010). Therefore,
understanding the composition of exosomes is important for
understanding how MTB communicates with the host and
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miR-373-5p, miR-3120-5p,
miR-489-3p, miR-4669-5p

miR-143-3p, miR-210-3p, miR Guio et al., 2022

20a-5p and 23b, miR 17, miR 584

for developing effective TB diagnosis and treatment strategies
(Schorey and Harding, 2016).

As reported in this review, several pieces of evidence have
stressed the importance of host miRNAs (Behrouzi et al.,, 2019),
sRNAs (Coskun et al., 2021), and circular RNA (circRNAs) (Wang
et al,, 2023) in TB. However, more research is needed, particularly
in identifying the exosomal miRNAs from MTB. Despite sSRNAs
having minimal impact on infection and expression rates, MTB
specifically produces exosomal miRNAs crucial for modulating
the host immune response. These miRNAs can alter several
macrophage functions, assisting the pathogen in evading the
immune response and perpetuating infection. The influence of
exosomal miRNAs on TB’s expression and infection process is
highly significant and informative for understanding the disease.
Shedding light on exosomal miRNAs is crucial as they are potential
diagnostic markers and therapeutic targets in TB.

Furthermore, TB diagnosis has improved by considering
associated diseases (Condrat et al.,, 2020). miR-29a is implicated
in distinguishing the active form of TB from the latent one,
thereby enhancing diagnostic accuracy (Sinigaglia et al., 2020). The
potential to apply this approach during therapy is rather significant.
Indeed, the possibility of establishing treatment for a critical issue of
antibiotic resistance can be evaluated by examining the regulations
of different miRNAs. Moreover, miR-125b is crucial for promoting
MTB growth by regulating inflammatory signaling and can be
safely depleted to boost the host’s immunity against the infection
(Sun et al.,, 2021a).

Studies have shown that some miRNAs may be targeted for
therapy, as reported in Table 3. Unfortunately, there is scarce
available data regarding their involvement in the prognosis of
TB. More studies are required to elucidate their significance in
diagnostic evaluation and understanding the causative agent of
TB (Wang et al., 2023). According to Ma et al. (2020) increasing
the concentration of miR- 155 increases the activity of the
macrophage-related gene, boosting the ability of macrophages to
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counteract MTB. miR-125b is widely acknowledged as one of the
miRNAs that can suppress inflammation. Thus, miR-125b is widely
acknowledged to suppress inflammation; thus, blocking miR-125b
will prevent the suppression of the host’s immune response. miR-
21 plays a vital role in controlling apoptosis and immunity, so
suppressing its activity may positively affect immune response
capacity and inflammation degree. Modulating specific miRNAs
can significantly impact TB progression, with beneficial miRNAs
counteracting detrimental ones (Schroder, 2022).

Thus, there is great hope for further developing miRNA
investigations related to TB. With the potential for developing
miRNA studies in TB, exciting avenues may be explored in the
future. Effective, high-throughput miRNA sequencing techniques
are anticipated to provide greater insight into miRNA function
in TB, alongside advancements in bioinformatics data analysis
methods. This progress will likely lead to new technologies in
diagnosis and treatment.

Conclusion

These miRNAs are critically involved in managing the immune
system’s response to TB, a significant global health concern. These
small non-coding RNAs, including miR-155, miR-125b, and miR-
29a, play a pivotal role in governing innate and adaptive immunity.
They modulate the differentiation of macrophages and T cells and
the levels of cytokines. Thus, exosomal miRNAs secreted by MTB
are reported to have a crucial function in regulating the hosts
immune response, allowing the pathogen to avoid elimination by
the immune system and persist in the body. Due to the exosome’s
stability and non-invasive nature, miRNAs have substantial value
as biomarkers for distinguishing between active TB and LTBI,
contributing to the development of efficient and accurate diagnostic
tests. Moreover, given the diverse roles of miRNAs, miRNA-
based therapies hold promise for improving immune responses
and countering bacterial survival strategies. These approaches
offer new ways to combat drug resistance and enhance patient
treatment outcomes.

References

Alijani, E., Rad, F. R., Katebi, A., and Ajdary, S. (2023). Differential expression of
miR-146 and miR-155 in active and latent tuberculosis infection. Iran. J. Public Health
52, 1749-1757. doi: 10.18502/ijph.v52i8.13414

Alipoor, S. D., Tabarsi, P., Varahram, M., Movassaghi, M., Dizaji, M. K., Folkerts,
G., et al. (2019). Serum exosomal miRNAs are associated with active pulmonary
tuberculosis. Dis. Markers 2019:1907426. doi: 10.1155/2019/1907426

Alvarez-Jiménez, V. D., Leyva-Paredes, K., Garcia-Martinez, M., Vazquez-Flores,
L., Garcia-Paredes, V. G., Campillo-Navarro, M., et al. (2018). Extracellular vesicles
released from mycobacterium tuberculosis-infected neutrophils promote macrophage
autophagy and decrease intracellular mycobacterial survival. Front. Immunol. 9:272.
doi: 10.3389/fimmu.2018.00272

André, F.,, Chaput, N,, Schartz, N. E. C,, Flament, C., Aubert, N., Bernard, J., et al.
(2004). Exosomes as potent cell-free peptide-based vaccine. I. dendritic cell-derived
exosomes transfer functional MHC class I/peptide complexes to dendritic cells 1. J.
Immunol. 172, 2126-2136. doi: 10.4049/jimmunol.172.4.2126

Athman, J. J., Sande, O. J., Groft, S. G., Reba, S. M., Nagy, N., Wearsch, P. A,,
et al. (2017). Mycobacterium tuberculosis membrane vesicles inhibit T cell activation.
J. Immunol. 198, 2028-2037. doi: 10.4049/jimmunol.1601199

Frontiers in Microbiology

10.3389/fmicb.2024.1441781

Author contributions

FM: Conceptualization, Investigation, Writing - original
draft, Writing -
Writing - original draft, Writing - review & editing. NB:

review & editing. AG: Data curation,

Formal analysis, Investigation, Writing — review & editing. MF:
Formal analysis, Investigation, Writing — review & editing. MD:
Data curation, Investigation, Writing — review & editing. MA:
Conceptualization, Data curation, Writing — review & editing.
MZ: Conceptualization, Formal analysis, Supervision, Writing —
review & editing. DN: Supervision, Validation, Writing - review
& editing. RDM: Project administration, Resources, Supervision,
Validation, Writing — review & editing. GPP: Conceptualization,
Validation, draft,
& editing.

Writing - original Writing - review

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bagcchi, S. (2023). WHO?’s global tuberculosis report 2022. Lancet Microbe 4:e20.
doi: 10.1016/S2666-5247(22)00359-7

Barry, S. E., Ellis, M., Yang, Y., Guan, G., Wang, X., Britton, W. ], et al. (2018).
Identification of a plasma microRNA profile in untreated pulmonary tuberculosis
patients that is modulated by anti-mycobacterial therapy. J. Infect. 77, 341-348.
doi: 10.1016/j.jinf.2018.03.006

Behrouzi, A., Alimohammadi, M., Nafari, A. H., Yousefi, M. H., Riazi Rad, F., Vaziri,
F., etal. (2019). The role of host miRNAs on Mycobacterium tuberculosis. ExXRNA 1:40.
doi: 10.1186/s41544-019-0040-y

Bo, H.,, Moure, U. A. E,, Yang, Y., Pan, J, Li, L, Wang, M., et al. (2023).

Mycobacterium tuberculosis-macrophage interaction: Molecular updates. Front. Cell.
Infect. Microbiol. 13:1062963. doi: 10.3389/fcimb.2023.1062963

Boom, W. H., Schaible, U. E., and Achkar, J. M. (2021). The knowns and unknowns
of latent Mycobacterium tuberculosis infection. J. Clin. Invest. 131, €136222,136222.
doi: 10.1172/JCI136222

Borchers, A. C., Langemeyer, L., and Ungermann, C. (2021). Who’s in control?
Principles of Rab GTPase activation in endolysosomal membrane trafficking and
beyond. J. Cell Biol. 220:¢202105120. doi: 10.1083/jcb.202105120

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1441781
https://doi.org/10.18502/ijph.v52i8.13414
https://doi.org/10.1155/2019/1907426
https://doi.org/10.3389/fimmu.2018.00272
https://doi.org/10.4049/jimmunol.172.4.2126
https://doi.org/10.4049/jimmunol.1601199
https://doi.org/10.1016/S2666-5247(22)00359-7
https://doi.org/10.1016/j.jinf.2018.03.006
https://doi.org/10.1186/s41544-019-0040-y
https://doi.org/10.3389/fcimb.2023.1062963
https://doi.org/10.1172/JCI136222
https://doi.org/10.1083/jcb.202105120
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Mukhtar et al.

Carranza, C., Herrera, M. T., Guzman-Beltran, S., Salgado-Cantd, M. G., Salido-
Guadarrama, 1., Santiago, E., et al. (2021). A dual marker for monitoring MDR-TB
treatment: host-derived miRNAs and M. tuberculosis-derived RNA sequences in serum.
Front. Immunol. 12:760468. doi: 10.3389/fimmu.2021.760468

Carranza, C., Pedraza-Sanchez, S., de Oyarzabal-Mendez, E., and Torres, M. (2020).
Diagnosis for latent tuberculosis infection: new alternatives. Front. Immunol. 11:2006.
doi: 10.3389/fimmu.2020.02006

Cheng, Y., and Schorey, J. S. (2019). Extracellular vesicles deliver Mycobacterium
RNA to promote host immunity and bacterial killing. EMBO Rep. 20:e46613.
doi: 10.15252/embr.201846613

Choudhuri, S., Chowdhury, I. H.,, and Garg, N. J. (2020). Mitochondrial
regulation of macrophage response against pathogens. Front. Immunol. 11:622602.
doi: 10.3389/fimmu.2020.622602

Cohen, S. B., Gern, B. H., Delahaye, J. L., Adams, K. N., Plumlee, C. R,
Winkler, J. K., et al. (2018). Alveolar macrophages provide an early mycobacterium
tuberculosis niche and initiate dissemination. Cell Host Microbe 24:439-446.e4.
doi: 10.1016/j.chom.2018.08.001

Condrat, C. E., Thompson, D. C., Barbu, M. G., Bugnar, O. L., Boboc, A., Cretoiu,
D, et al. (2020). miRNAs as biomarkers in disease: latest findings regarding their role
in diagnosis and prognosis. Cells 9:276. doi: 10.3390/cells9020276

Coskun, F. S., Plocinski, P., and van Oers, N. S. C. (2021). Small RNAs asserting big
roles in mycobacteria. Noncoding RNA 7:69. doi: 10.3390/ncrna7040069

Crane, M. J., Lee, K. M, FitzGerald, E. S., and Jamieson, A. M. (2018). Surviving
deadly lung infections: innate host tolerance mechanisms in the pulmonary system.
Front. Immunol. 9:01421. doi: 10.3389/fimmu.2018.01421

Daniel, E. A, Sathiyamani, B., Thiruvengadam, K., Vivekanandan, §.,
Vembuli, H., and Hanna, L. E. (2022). MicroRNAs as diagnostic biomarkers for
tuberculosis: a systematic review and meta- analysis. Front. Immunol. 13:954396.
doi: 10.3389/fimmu.2022.954396

Dreyer, F., and Baur, A.
exosomes and extracellular vesicles.
doi: 10.1007/978-1-4939-3753-0_15

Eitan, E., Suire, C., Zhang, S., and Mattson, M. P. (2016). Impact of lysosome
status on extracellular vesicle content and release. Ageing Res. Rev. 32, 65-74.
doi: 10.1016/j.arr.2016.05.001

Farina, F. M., Hall, L. F., Serio, S., Zani, S., Climent, M., Salvarani, N., et al. (2020).
miR-128-3p is a novel regulator of vascular smooth muscle cell phenotypic switch and
vascular diseases. Circ. Res. 126, e120-e135. doi: 10.1161/CIRCRESAHA.120.316489

Ferluga, J., Yasmin, H., Al-Ahdal, M. N, Bhakta, S., and Kishore, U. (2020). Natural
and trained innate immunity against Mycobacterium tuberculosis. Immunobiology
225:151951. doi: 10.1016/j.imbi0.2020.151951

functions  of
1448, 201-216.

(2016).  Biogenesis and
Methods Mol.  Biol.

Fu, B., Xue, W., Zhang, H., Zhang, R., Feldman, K., Zhao, Q., et al. (2020).
MicroRNA-325-3p facilitates immune escape of mycobacterium tuberculosis through
targeting LNX1 via NEK6 accumulation to promote anti-apoptotic STAT3 signaling.
MBio 11, €00557-e00520. doi: 10.1128/mBi0.00557-20

Ghoroghi, S., Mary, B., Larnicol, A., Asokan, N., Klein, A., Osmani, N, et al. (2021).
Ral GTPases promote breast cancer metastasis by controlling biogenesis and organ
targeting of exosomes. Elife 10:¢61539. doi: 10.7554/eLife.61539

Giri, P. K., Kruh, N. A,, Dobos, K. M., and Schorey, J. S. (2010). Proteomic
analysis identifies highly antigenic proteins in exosomes from M. tuberculosis-
infected and culture filtrate protein-treated macrophages. Proteomics. 10, 3190-3202.
doi: 10.1002/pmic.200900840

Goto, Y., Ogawa, Y., Tsumoto, H., Miura, Y., Nakamura, T. J., Ogawa, K.,
et al. (2018). Contribution of the exosome-associated form of secreted endoplasmic
reticulum aminopeptidase 1 to exosome-mediated macrophage activation. Biochim.
Biophys. Acta. Mol. Cell Res. 1865, 874-888. doi: 10.1016/j.bbamcr.2018.03.009

Guio, H., Aliaga-Tobar, V., Galarza, M., Pellon-Cardenas, O., Capristano, S.,
Gomez, H. L, et al. (2022). Comparative profiling of circulating exosomal small RNAs
derived from peruvian patients with tuberculosis and pulmonary adenocarcinoma.
Front. Cell. Infect. Microbiol. 12:909837. doi: 10.3389/fcimb.2022.909837

Gurunathan, S., Kang, M.-H., and Kim, J.-H. (2021). A comprehensive review
on factors influences biogenesis, functions, therapeutic and clinical implications of
exosomes. IJN. 16, 1281-1312. doi: 10.2147/1JN.S291956

Hill, M., and Tran, N. (2022). miRNA:miRNA interactions: a novel mode of
miRNA regulation and its effect on disease. Adv. Exp. Med. Biol. 1385, 241-257.
doi: 10.1007/978-3-031-08356-3_9

Hu, X,, Liao, S., Bai, H., Gupta, S., Zhou, Y., Zhou, J., et al. (2020). Long noncoding
RNA and predictive model to improve diagnosis of clinically diagnosed pulmonary
tuberculosis. J. Clini. Microbiol. 58:19. doi: 10.1128/JCM.01973-19

Tacomino, G. (2023). miRNAs: the road from bench to bedside. Genes 14:314.
doi: 10.3390/genes14020314

Jumat, M. 1., Sarmiento, M. E., Acosta, A., and Chin, K. L. (2023). Role of non-

coding RNAs in tuberculosis and their potential for clinical applications. J. Appl.
Microbiol. 134:1xad104. doi: 10.1093/jambio/lxad104

Frontiersin Microbiology

10.3389/fmicb.2024.1441781

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical
applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kang, T., Atukorala, I, and Mathivanan, S. (2021). Biogenesis of extracellular
vesicles. Subcell. Biochem. 97, 19-43. doi: 10.1007/978-3-030-67171-6_2

Karpinski, W. (2024). Investigating the Effects of Mpycobacterium tuberculosis
Bacterial Heterogeneity on Innate Immune Cell Tropism. Available at: https://dash.
harvard.edu/handle/1/37378559 (accessed July 12, 2024).

Kaushik, A. C., Wu, Q., Lin, L., Li, H., Zhao, L., Wen, Z., et al. (2021). Exosomal
ncRNAs profiling of mycobacterial infection identified miRNA-185-5p as a novel
biomarker for tuberculosis. Brief. Bioinform. 22:bbab210. doi: 10.1093/bib/bbab210

Kilikevicius, A., Meister, G., and Corey, D. R. (2022). Reexamining
assumptions about miRNA-guided gene silencing. Nucleic Acids Res. 50, 617-634.
doi: 10.1093/nar/gkab1256

Kim, H.-R., Kim, B.-R,, Park, R.-K,, Yoon, K.-H,, Jeong, E.-T., and Hwang, K.-E.
(2017). Diagnostic significance of measuring vascular endothelial growth factor for
the differentiation between malignant and tuberculous pleural effusion. Tohoku J. Exp.
Med. 242, 137-142. doi: 10.1620/tjem.242.137

Koenig, A., and Buskiewicz-Koenig, I. A. (2022). Redox Activation of mitochondrial
DAMPs and the metabolic consequences for development of autoimmunity. Antioxid.
Redox Signal. 36, 441-461. doi: 10.1089/ars.2021.0073

Kozlov, D. S., Rodimova, S. A., and Kuznetsova, D. S. (2023). The role of
MicroRNAs in liver functioning: from biogenesis to therapeutic approaches (Review).
Cospemennvie mexrorozuu 6 meduyunre 15, 54-79. doi: 10.17691/stm2023.15.5.06

Kugeratski, F. G., Hodge, K., Lilla, S., McAndrews, K. M., Zhou, X., Hwang, R. F.,
et al. (2021). Quantitative proteomics identifies the core proteome of exosomes with
syntenin-1 as the highest abundant protein and a putative universal biomarker. Nat.
Cell Biol. 23, 631-641. doi: 10.1038/s41556-021-00693-y

Kulshrestha, A., Upadhyay, A., Dadheech, M., Niraj, R., Gupta, D., Jatawa, S., et al.
(2019). miRNA-21 Signature in the plasma samples of patients with extrapulmonary
tuberculosis. Int. J. Pure Appl. Biosci. 7, 43-49. doi: 10.18782/2320-7051.7804

Kumar, R, Sahu, S. K, Kumar, M., Jana, K., Gupta, P, Gupta, U. D,
et al. (2016). MicroRNA 17-5p regulates autophagy in Mycobacterium tuberculosis-
infected macrophages by targeting Mcl-1 and STAT3. Cell. Microbiol. 18, 679-691.
doi: 10.1111/cmi.12540

Kundu, M., and Basu, J. (2021). The role of microRNAs and long non-coding RNAs
in the regulation of the immune response to Mycobacterium tuberculosis infection.
Front. Immunol. 12:687962. doi: 10.3389/fimmu.2021.687962

Li, Y.-J., Wu, J.-Y., Wang, J.-M., Hu, X.-B., and Xiang, D.-X. (2020). Emerging
strategies for labeling and tracking of extracellular vesicles. J. Control. Release 328,
141-159. doi: 10.1016/j.jconrel.2020.08.056

Linares-Alcantara, E., and Mendlovic, F. (2022). Scavenger receptor Al signaling
pathways affecting macrophage functions in innate and adaptive immunity. Immunol.
Invest. 51, 1725-1755. doi: 10.1080/08820139.2021.2020812

Lindenbergh, M. F. S., Koerhuis, D. G.J., Borg, E. G. F., van’t Veld, E. M., Driedonks,
T. A. P., Wubbolts, R., et al. (2019). Bystander T-cells support clonal T-cell activation
by controlling the release of dendritic cell-derived immune-stimulatory extracellular
vesicles. Front. Immunol. 10:448. doi: 10.3389/fimmu.2019.00448

Liu, M., Wang, Z, Ren, S, and Zhao, H. (2021). Exosomes derived from
mycobacterium tuberculosis-infected MSCs induce a pro-inflammatory response of
macrophages. Aging 13, 11595-11609. doi: 10.18632/aging.202854

Liu, Y., Chen, C., Wang, X, Sun, Y., Zhang, J., Chen, J., et al. (2022). An epigenetic
role of mitochondria in cancer. Cells 11:2518. doi: 10.3390/cells11162518

Lyu, L., Zhang, X, Li, C,, Yang, T., Wang, J., Pan, L., et al. (2019). Small RNA profiles
of serum exosomes derived from individuals with latent and active tuberculosis. Front.
Microbiol. 10:1174. doi: 10.3389/fmicb.2019.01174

Ma, S., Long, T., and Huang, W. J. M. (2020). Noncoding RNAs in inflammation
and colorectal cancer. RNA Biol. 17, 1628-1635. doi: 10.1080/15476286.2019.
1705610

Matsuyama, H., and Suzuki, H. I. (2019). Systems and synthetic microRNA
biology: from biogenesis to disease pathogenesis. Int. J. Mol. Sci. 21:132.
doi: 10.3390/ijms21010132

Moule, M. G., and Cirillo, J. D. (2020). Mycobacterium tuberculosis dissemination
plays a critical role in pathogenesis. Front. Cell. Infect. Microbiol. 10:65.
doi: 10.3389/fcimb.2020.00065

Negrini, M., Calin, G. A., and Croce, C. M. (2022). MicroRNA in Human
Malignancies. London: Elsevier.

Niekamp, P., Guzman, G., Leier, H. C., Rashidfarrokhi, A., Richina, V., Pott,
F., et al. (2021). Sphingomyelin biosynthesis is essential for phagocytic signaling
during mycobacterium tuberculosis host cell entry. MBio 12, e03141-e03120.
doi: 10.1128/mBi0.03141-20

Okoye, I. S, Coomes, S. M., Pelly, V. S, Czieso, S., Papayannopoulos,
V., Tolmachova, T. et al. (2014). MicroRNA-containing T-regulatory-cell-
derived exosomes suppress pathogenic T helper 1 cells. Immunity 41, 89-103.
doi: 10.1016/j.immuni.2014.05.019

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1441781
https://doi.org/10.3389/fimmu.2021.760468
https://doi.org/10.3389/fimmu.2020.02006
https://doi.org/10.15252/embr.201846613
https://doi.org/10.3389/fimmu.2020.622602
https://doi.org/10.1016/j.chom.2018.08.001
https://doi.org/10.3390/cells9020276
https://doi.org/10.3390/ncrna7040069
https://doi.org/10.3389/fimmu.2018.01421
https://doi.org/10.3389/fimmu.2022.954396
https://doi.org/10.1007/978-1-4939-3753-0_15
https://doi.org/10.1016/j.arr.2016.05.001
https://doi.org/10.1161/CIRCRESAHA.120.316489
https://doi.org/10.1016/j.imbio.2020.151951
https://doi.org/10.1128/mBio.00557-20
https://doi.org/10.7554/eLife.61539
https://doi.org/10.1002/pmic.200900840
https://doi.org/10.1016/j.bbamcr.2018.03.009
https://doi.org/10.3389/fcimb.2022.909837
https://doi.org/10.2147/IJN.S291956
https://doi.org/10.1007/978-3-031-08356-3_9
https://doi.org/10.1128/JCM.01973-19
https://doi.org/10.3390/genes14020314
https://doi.org/10.1093/jambio/lxad104
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1007/978-3-030-67171-6_2
https://dash.harvard.edu/handle/1/37378559
https://dash.harvard.edu/handle/1/37378559
https://doi.org/10.1093/bib/bbab210
https://doi.org/10.1093/nar/gkab1256
https://doi.org/10.1620/tjem.242.137
https://doi.org/10.1089/ars.2021.0073
https://doi.org/10.17691/stm2023.15.5.06
https://doi.org/10.1038/s41556-021-00693-y
https://doi.org/10.18782/2320-7051.7804
https://doi.org/10.1111/cmi.12540
https://doi.org/10.3389/fimmu.2021.687962
https://doi.org/10.1016/j.jconrel.2020.08.056
https://doi.org/10.1080/08820139.2021.2020812
https://doi.org/10.3389/fimmu.2019.00448
https://doi.org/10.18632/aging.202854
https://doi.org/10.3390/cells11162518
https://doi.org/10.3389/fmicb.2019.01174
https://doi.org/10.1080/15476286.2019.1705610
https://doi.org/10.3390/ijms21010132
https://doi.org/10.3389/fcimb.2020.00065
https://doi.org/10.1128/mBio.03141-20
https://doi.org/10.1016/j.immuni.2014.05.019
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Mukhtar et al.

Olsson, O. (2024). Immune Mediators in People With HIV and Tuberculosis. Lund:
Lund University, Faculty of Medicine.

Paul, J. (2024). “Introduction to infectious diseases,” in Disease Causing Microbes,
ed. J. Paul (Cham: Springer International Publishing), 1-63.

Peng, Y., Zhu, X., Gao, L., Wang, J., Liu, H., Zhu, T, et al. (2022). Mycobacterium
tuberculosis Rv0309 dampens the inflammatory response and enhances mycobacterial
survival. Front. Immunol. 13:829410. doi: 10.3389/fimmu.2022.829410

Rai, R, Singh, V., Mathew, B. J., Singh, A. K, and Chaurasiya, S. K. (2022).
Mycobacterial response to an acidic environment: protective mechanisms. Pathog. Dis.
80, ftac032. doi: 10.1093/femspd/ftac032

Ramachandra, L., Qu, Y., Wang, Y., Lewis, C. J., Cobb, B. A, Takatsu, K.,
et al. (2010). Mycobacterium tuberculosis synergizes with ATP To induce release
of microvesicles and exosomes containing major histocompatibility complex class
II molecules capable of antigen presentation. Infect. Immun. 78, 5116-5125.
doi: 10.1128/IAL.01089-09

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes,
microvesicles, and friends. J. Cell Biol. 200, 373-383. doi: 10.1083/jcb.201211138

Rayamajhi, S., and Aryal, S. (2020). Surface functionalization strategies of
extracellular vesicles. J. Mater. Chem. B 8, 4552-4569. doi: 10.1039/D0TB00744G

Riahi Rad, Z., Riahi Rad, Z., Goudarzi, H., Goudarzi, M., Mahmoudi, M., Yasbolaghi
Sharahi, J., et al. (2021). MicroRNAs in the interaction between host-bacterial
pathogens: A new perspective. J. Cell. Physiol. 236, 6249-6270. doi: 10.1002/jcp.30333

Ruiz-Tagle, C., Naves, R., and Balcells, M. E. (2020). Unraveling the role of
microRNAs in Mycobacterium tuberculosis infection and disease: advances and pitfalls.
Infect. Immun. 88, €00649-¢00619. doi: 10.1128/IA1.00649-19

Sarkar, A., Khan, A. S., Kaul, R, Lee, S., Kamal, I, Paul, P., et al. (2024). The link
between gut microbiome, nutraceuticals, diet, and diabetes mellitus: a bibliometric
and visual analysis of research and emerging trends from 2012 to 2022. Preprints.
doi: 10.20944/preprints202401.0048.v1

Schorey, J. S., and Harding, C. V. (2016). Extracellular vesicles and infectious
diseases: new complexity to an old story. J. Clin. Invest. 126, 1181-1189.
doi: 10.1172/JCI81132

Schréder, J. C. (2022). Effects of Circulating Exosomes on B Cells in Head and Neck
Squamous Cell Carcinoma. Available at: https://oparu.uni-ulm.de/items/84081bf-
11df-4454-a36b-5cal945f1370 (accessed May 13, 2024).

Sharma, A., Srivastava, P., Sharma, A., Sharma, M., Vashisht, P., and Sawhney, M.
(2023). Micro-RNA: a potential screening marker for latent tuberculosis. JMMTD 9,
1-5. doi: 10.18231/j.ijmmtd.2023.001

Shlomovitz, L, Erlich, Z., Arad, G., Edry-Botzer, L., Zargarian, S., Cohen, H., et al.
(2021). Proteomic analysis of necroptotic extracellular vesicles. Cell Death Dis. 12:1059.
doi: 10.1038/s41419-021-04317-z

Sia, J. K., and Rengarajan, J. (2019). Immunology of Mycobacterium tuberculosis
infections. Microbiol. Spect. 7:2018. doi: 10.1128/microbiolspec. GPP3-0022-2018

Singh, A., Das, K., Banerjee, S., and Sen, P. (2023). Elucidation of the
signalling pathways for enhanced exosome release from Mycobacterium-infected
macrophages and subsequent induction of differentiation. Immunology 168, 63-82.
doi: 10.1111/imm.13561

Singh, A. K., Ghosh, M., Kumar, V., Aggarwal, S., and Patil, S. A. (2021). Interplay
between miRNAs and Mycobacterium tuberculosis: diagnostic and therapeutic
implications. Drug Discov. Today 26, 1245-1255. doi: 10.1016/j.drudis.2021.
01.021

Singh, P. P., LeMaire, C., Tan, J. C., Zeng, E., and Schorey, J. S. (2011).
Exosomes released from M. tuberculosis infected cells can suppress IFN-y mediated
activation of naive macrophages. PLoS ONE 6:e18564. doi: 10.1371/journal.pone.
0018564

Singh, S., Allwood, B. W., Chiyaka, T. L., Kleyhans, L., Naidoo, C. C., Moodley, S.,
et al. (2022). Immunologic and imaging signatures in post tuberculosis lung disease.
Tuberculosis 136:102244. doi: 10.1016/j.tube.2022.102244

Sinigaglia, A., Peta, E., Riccetti, S., Venkateswaran, S., Manganelli, R., and Barzon, L.
(2020). Tuberculosis-associated microRNAs: from pathogenesis to disease biomarkers.
Cells 9:2160. doi: 10.3390/cells9102160

Snow, K. J,, Cruz, A. T., Seddon, J. A, Ferrand, R. A., Chiang, S. S., Hughes,
J. A, et al. (2020). Adolescent tuberculosis. Lancet Child Adolesc Health 4, 68-79.
doi: 10.1016/52352-4642(19)30337-2

Song, Y., Zhang, C., Zhang, J., Jiao, Z., Dong, N. Wang, G, et al
(2019). Localized injection of miRNA-21-enriched extracellular vesicles effectively
restores cardiac function after myocardial infarction. Theranostics 9, 2346-2360.
doi: 10.7150/thno.29945

Sun, X,, Liu, K., Wang, X., Zhang, T., Li, X,, and Zhao, Y. (2021a). Diagnostic value
of microRNA-125b in peripheral blood mononuclear cells for pulmonary tuberculosis.
Mol. Med. Rep. 23, 1-1. doi: 10.3892/mmr.2021.11888

Frontiersin Microbiology

12

10.3389/fmicb.2024.1441781

Sun, Y.-F,, Pi, J., and Xu, J.-F. (2021b). Emerging role of exosomes in tuberculosis:
from immunity regulations to vaccine and immunotherapy. Front. Immunol.
12:628973. doi: 10.3389/fimmu.2021.628973

Sun, Z., Shi, K., Yang, S., Liu, J., Zhou, Q., Wang, G., et al. (2018). Effect of
exosomal miRNA on cancer biology and clinical applications. Mol. Cancer 17:147.
doi: 10.1186/s12943-018-0897-7

Tiwari, S., Casey, R, Goulding, C. W., Hingley-Wilson, S., and Jacobs, W.
R. (2019). Infect and inject: how mycobacterium tuberculosis exploits its major
virulence-associated type VII secretion system, ESX-1. Microbiol. Spect. 7:24.
doi: 10.1128/microbiolspec.BAI-0024-2019

Torralba, D., Baixauli, F., Villarroya-Beltri, C., Fernandez-Delgado, I., Latorre-
Pellicer, A., Acin-Pérez, R., et al. (2018). Priming of dendritic cells by DNA-containing
extracellular vesicles from activated T cells through antigen-driven contacts. Nat.
Commun. 9:2658. doi: 10.1038/s41467-018-05077-9

Tu, H., Yang, S., Jiang, T., Wei, L., Shi, L., Liu, C,, et al. (2019). Elevated pulmonary
tuberculosis biomarker miR-423-5p plays critical role in the occurrence of active TB
by inhibiting autophagosome-lysosome fusion. Emerg. Microbes Infect. 8, 448-460.
doi: 10.1080/22221751.2019.1590129

Wang, J., Wang, Y., Tang, L., and Garcia, R. C. (2019). Extracellular vesicles in
mycobacterial infections: their potential as molecule transfer vectors. Front. Immunol.
10:1929. doi: 10.3389/fimmu.2019.01929

Wang, J., Zhu, X,, Xiong, X., Ge, P., Liu, H., Ren, N, et al. (2018). Identification
of potential urine proteins and microRNA biomarkers for the diagnosis of pulmonary
tuberculosis patients. Emerg. Microbes Infect. 7, 1-13. doi: 10.1038/s41426-018-0206-y

Wang, N, Yao, Y., Qian, Y., Qiu, D., Cao, H., Xiang, H., et al. (2023). Cargoes of
exosomes function as potential biomarkers for Mycobacterium tuberculosis infection.
Front. Immunol. 14:1254347. doi: 10.3389/fimmu.2023.1254347

Wang, Y., Xu, Y.-M, Zou, Y.-Q, Lin, ], Huang, B., Liu, ], et al.
(2017). Identification of differential expressed PE exosomal miRNA in lung
adenocarcinoma, tuberculosis, and other benign lesions. Medicine 96:e8361.
doi: 10.1097/MD.0000000000008361

Weiss, G., and Schaible, U. E. (2015). Macrophage defense mechanisms against
intracellular bacteria. Immunol. Rev. 264, 182-203. doi: 10.1111/imr.12266

Wickner, W., and Rizo, J. (2017). A cascade of multiple proteins and lipids catalyzes
membrane fusion. Mol. Biol. Cell 28, 707-711. doi: 10.1091/mbc.e16-07-0517

World Health Organization (2023). Global Tuberculosis Report 2023. Geneva:
World Health Organization. Licence: CC BY-NC-SA 3.0 IGO. Available at: https://
www.who.int/teams/global- tuberculosis- programme/tb- reports/global- tuberculosis-
report-2023 (accessed July 12, 2024).

Yang, H.-J., Wang, D., Wen, X, Weiner, D. M., and Via, L. E. (2021). One size
fits all? Not in in vivo modeling of tuberculosis chemotherapeutics. Front. Cell. Infect.
Microbiol. 11:613149. doi: 10.3389/fcimb.2021.613149

Yang, T., and Ge, B. (2018). miRNAs in immune responses to Mycobacterium
tuberculosis infection. Cancer Lett. 431, 22-30. doi: 10.1016/j.canlet.2018.05.028

Yu, X., Odenthal, M., and Fries, J. W. U. (2016). Exosomes as miRNA carriers:
formation-function-future. Int. J. Mol. Sci. 17:2028. doi: 10.3390/ijms17122028

Yuan, Q., Chen, H,, Yang, Y., Fu, Y., and Yi, Z. (2020). miR-18a promotes
Mycobacterial survival in macrophages via inhibiting autophagy by down-regulation
of ATM. J. Cell. Mol. Med. 24, 2004-2012. doi: 10.1111/jcmm.14899

Zago, G., Biondini, M., Camonis, J., and Parrini, M. C. (2019). A family affair: A
Ral-exocyst-centered network links Ras, Rac, Rho signaling to control cell migration.
Small GTPases 10, 323-330. doi: 10.1080/21541248.2017.1310649

Zhan, X., Yuan, W., Zhou, Y., Ma, R, and Ge, Z. (2022). Small RNA
sequencing and bioinformatics analysis of RAW264.7-derived exosomes after
Mycobacterium Bovis Bacillus Calmette-Guérin infection. BMC Genomics 23:355.
doi: 10.1186/512864-022-08590-w

Zhang, D., Yi, Z., and Fu, Y. (2019). Downregulation of miR-20b-5p facilitates
Mycobacterium tuberculosis survival in RAW 264.7 macrophages via attenuating
the cell apoptosis by Mcl-1 upregulation. J. Cell. Biochem. 120, 5889-5896.
doi: 10.1002/jcb.27874

Zhang, X., Bao, L., Yu, G., and Wang, H. (2022). Exosomal miRNA-profiling of
pleural effusion in lung adenocarcinoma and tuberculosis. Front. Surg. 9:1050242.
doi: 10.3389/fsurg.2022.1050242

Zhao, Z., Hao, J., Li, X., Chen, Y., and Qi, X. (2019). MiR-21-5p regulates
mycobacterial survival and inflammatory responses by targeting Bcl-2 and TLR4
in Mycobacterium tuberculosis-infected macrophages. FEBS Lett. 593, 1326-1335.
doi: 10.1002/1873-3468.13438

Zhu, Q., Zhang, Q., Gu, M., Zhang, K, Xia, T. Zhang, S., et al
(2021). MIR106A-5p upregulation suppresses autophagy and accelerates
malignant phenotype in nasopharyngeal carcinoma. Autophagy 17, 1667-1683.
doi: 10.1080/15548627.2020.1781368

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1441781
https://doi.org/10.3389/fimmu.2022.829410
https://doi.org/10.1093/femspd/ftac032
https://doi.org/10.1128/IAI.01089-09
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1039/D0TB00744G
https://doi.org/10.1002/jcp.30333
https://doi.org/10.1128/IAI.00649-19
https://doi.org/10.20944/preprints202401.0048.v1
https://doi.org/10.1172/JCI81132
https://oparu.uni-ulm.de/items/84081bff-11df-4454-a36b-5ca1945f1370
https://oparu.uni-ulm.de/items/84081bff-11df-4454-a36b-5ca1945f1370
https://doi.org/10.18231/j.ijmmtd.2023.001
https://doi.org/10.1038/s41419-021-04317-z
https://doi.org/10.1128/microbiolspec.GPP3-0022-2018
https://doi.org/10.1111/imm.13561
https://doi.org/10.1016/j.drudis.2021.01.021
https://doi.org/10.1371/journal.pone.0018564
https://doi.org/10.1016/j.tube.2022.102244
https://doi.org/10.3390/cells9102160
https://doi.org/10.1016/S2352-4642(19)30337-2
https://doi.org/10.7150/thno.29945
https://doi.org/10.3892/mmr.2021.11888
https://doi.org/10.3389/fimmu.2021.628973
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1128/microbiolspec.BAI-0024-2019
https://doi.org/10.1038/s41467-018-05077-9
https://doi.org/10.1080/22221751.2019.1590129
https://doi.org/10.3389/fimmu.2019.01929
https://doi.org/10.1038/s41426-018-0206-y
https://doi.org/10.3389/fimmu.2023.1254347
https://doi.org/10.1097/MD.0000000000008361
https://doi.org/10.1111/imr.12266
https://doi.org/10.1091/mbc.e16-07-0517
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://doi.org/10.3389/fcimb.2021.613149
https://doi.org/10.1016/j.canlet.2018.05.028
https://doi.org/10.3390/ijms17122028
https://doi.org/10.1111/jcmm.14899
https://doi.org/10.1080/21541248.2017.1310649
https://doi.org/10.1186/s12864-022-08590-w
https://doi.org/10.1002/jcb.27874
https://doi.org/10.3389/fsurg.2022.1050242
https://doi.org/10.1002/1873-3468.13438
https://doi.org/10.1080/15548627.2020.1781368
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	The role of Mycobacterium tuberculosis exosomal miRNAs in host pathogen cross-talk as diagnostic and therapeutic biomarkers
	Introduction
	Understanding exosomes and miRNAs: formation and composition
	The function of exosomes in MTB-infected hosts

	Exosomal miRNAs: potential and synthesis
	The functions of exosomal miRNAs in the host
	miRNA-mediated manipulation by MTB
	Role of exosomal miRNAs in immune regulation

	Key miRNAs and their roles
	Diagnostic potential of mirnas in TB
	Challenges in current TB diagnostic methods
	miRNAs as biomarkers for TB diagnosis

	Discussion
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


