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Exosomes as double-membrane vesicles contain various contents of lipids,
proteins, MRNAs and non-coding RNAs, and involve in multiple physiological
processes, for instance intercellular communication and immunomodulation.
Currently, numerous studies found that the components of exosomal proteins,
nucleic acids or lipids released from host cells are altered following infection with
Mycobacterium tuberculosis. Exosomal contents provide excellent biomarkers
for the auxiliary diagnosis, efficacy evaluation, and prognosis of tuberculosis. This
study aimed to review the current literatures detailing the functions of exosomes
in the procedure of M. tuberculosis infection, and determine the potential values
of exosomes as biomarkers to assist in the diagnosis and monitoring
of tuberculosis.
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1 Introduction

Tuberculosis (TB) is a bacterial infectious disease which causes a serious threat to the
health and hygiene of human (1). According to the report of World Health Organization
(WHO), ~25% of the worldwide population suffers from TB, and 1.6 million TB-related
deaths occurred in 2021 (2). Notably, the incidence of TB among adolescents aged 10 to 24
years has increased in recent years (3). TB is transmitted via droplets of Mycobacterium
tuberculosis (M. tuberculosis) complex when the body exhibits low levels of immunity (4).
M. tuberculosis may infect various parts of the human, with the majority of bacteria
colonizing the lungs (5). However, not all cases of M. tuberculosis infections will progress to
TB, and the majority of infected individuals do not present with notable symptoms; a
condition known as latent TB infection (LTBI) (6). Moreover, 5~10% of patients with LTBI
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develop active TB (ATB) during their whole lifetime; thus,
presenting as novel sources of TB infection (7). This condition
leads to complexities in the global prevention and control of TB.
M. tuberculosis enters the respiratory system, and is
subsequently encapsulated by native immune cells, containing
dendritic cells (DCs) and macrophages (8). Innate immune cells
use membrane surface pattern recognition receptors (PRRs) to
recognize the pathogen-associated molecular pattern (PAMP) or
damage-associated molecular pattern (DAMP) of M. tuberculosis,
and these trigger a signaling cascade within innate immune cells to
induce the downstream immune response (9). Alveolar
macrophages (AMs) are the primary targets of M. tuberculosis
early infection (10). Phagocytosis of AMs is activated by the
recognition of complement, Fcy receptors, mannose receptor (11)
or scavenger receptors (12), and rely on an intact surface
sphingomyelin biosynthetic pathway to uptake M. tuberculosis
into the cytoplasm to form phagosomes (13). During phagosome
maturation, the pH value inside the phagosome decreases (14).
Phagosomes bind to lysosomes to form phagolysosomes, which are
further acidified, leading to M. tuberculosis inhibition or death (15).
This process is known as LC3-associated phagocytosis (LAP).
Macrophages also actively metabolize 1, 25-dihydroxy vitamin D
(1, 25D) in response to the invasion of M. tuberculosis. 1, 25D
participated in immune regulating responses through binding to the
receptor of vitamin D, and regulating the expression of NOD2,
antimicrobial proteins (CAMP and B-defensin 2) and inflammatory
factors (IL-1B and IL-8). However, M. tuberculosis escapes the
immune response via resisting the natural immunity of immune
cells, and inhibiting apoptosis (16). Following the appearance of
drug-resistant and multi-drug resistant M. tuberculosis, the
diagnosis and therapy of TB have increased in complexity.

10.3389/fimmu.2023.1254347

Therefore, the development of biomarkers with high specificity
and sensitivity is particularly important for TB diagnosis. However,
traditional methods for the etiologic diagnosis of TB, including
sputum smears and culturing for M. tuberculosis exhibit limitations.
M. tuberculosis cannot be distinguished from other acid-fast bacilli
using sputum smears, and this method exhibits low levels of
sensitivity. This limits the positive detection rate of patients with
TB. Although culturing for M. tuberculosis is the common standard
for ATB diagnosis, this method exhibits notable disadvantages. For
example, M. tuberculosis culturing exhibits low positivity rates and
prolonged culture times, which are not conducive to early diagnosis.
X-ray imaging of the chest may aid in the detection of pulmonary
TB; however, this process cannot be used to identify LTBI (17).
Immunological strategies for TB diagnosis include tuberculin skin
tests and INF-y releasing assays. Notably, the aforementioned
immunological tools are recommended for the diagnosis of M.
tuberculosis infection; however, these are not currently
recommended for ATB diagnosis (17, 18). Rapid molecular
biology diagnostic techniques for TB, such as GeneXpert MTB/
RIF and DNA sequencing, require high levels of instrumentation
and specific expertise, and these techniques may lead to false
negatives or false positives (19). At present, various studies is
focused on the application of exosomes as biomarkers or vaccines
for TB. Exosomes are stable structures with low invasiveness, which
carry high levels of specific biomolecular information. The present
article aimed to review the current literature detailing the
immunomodulatory roles, diagnostic marker application of
exosomes in the infection course of M. tuberculosis, and the
challenges of exosomes as diagnostic markers for TB (Figure 1).
The present review could provide a novel theoretical foundation for
the role of exosomes as novel diagnostic markers of TB.

Exosomal cargoes in TB
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The immune function, the application and challenges of exosomes in TB. Exosomes regulate inflammatory responses and could be developed as
vaccines and diagnostic biomarkers. Of course, exosomes still face a series of challenges to become a convenient diagnostic marker in clinical
practice, such as isolation technologies, quantity limitations, and equipment and personnel limitations.
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2 The biogenesis and functions
of exosomes

Exosomes are nanovesicles that are with the diameter about
30~150 nm, and could be secreted into the extracellular matrix via
numerous different cell types (20, 21). Exosomes form cup-shaped
vesicles through endocytosis (20, 22, 23), including extracellular
proteins and other components, and cell membrane receptors (23).
These are known as early endosomes. The maturation of early
endosomes into late endosomes [also known as multivesicular
bodies (MVBs)] is accompanied by the sorting and enrichment of
cargo molecules on early endosomal membranes, and the formation
of intraluminal vesicles (ILVs) via membrane invagination (24). The
mechanisms underlying MVB formation are categorized into
endosomal sorting complexes required for transport (ESCRT)-
dependent or independent pathways (25-27). Generated MVBs
may fuse with lysosomes, and are degraded via lysosomal acid and
proteolysis. MVBs may also fuse with the plasma membrane and
secrete ILV's that are released to extracellular, or these directly bud
through the cytoplasmic membrane to form exosomes (23-26).
Notably, the inhibition of exosomes secretion leads to increased
degradation of MVBs via lysosomes (26). The release of exosomes
and their fusion with receptor cells is associated with the Ras
superfamily. Rab proteins, including Rab 2B, 54, 7, 9A, 11, 27 and
35 are molecular switches for the transport of MVBs, and these play
critical functions in the process of vesicle transport (25, 27).
Moreover, RalA/B GTPases promote the secretion of exosomes via
the regulation of various effector proteins and lipids, such as
phospholipase D1, which plays a role in the homeostasis of MVBs
(28, 29), and PLD2, which is involved in the budding of exosomes
cargoes (27). Rab GTPase facilitates the folding of membrane-bound
soluble N-ethylmaleimide-sensitive factor attachment protein
receptors into tetrameric coiled-coil complexes at exosomal and
receptor cell membranes (30). This process is carried out via the
recruitment of tethering proteins; thus, the two membranes remain in
close proximity (31). Additionally, there are numerous other proteins
in exosomes, such as the transmembrane 4 superfamily proteins
(CD63, CD81 and CD?Y), flotillin, Alix and TSG101, which are also
involved in exosomes biogenesis (27). The complex biogenesis,
selection and transfer mechanisms contribute to the high
heterogeneity of exosomes.

3 The functions of exosomes in M.
tuberculosis infected hosts

Exosomes possess a wide range of various cargo molecules,
including nucleic acids (miRNA, IncRNA, mRNA and DNA),
proteins, lipids and metabolites (27, 32). Notably, exosomes are
involved in intercellular messaging, maintenance of cellular
homeostasis and immune regulatory processes. Results of
previous studies demonstrated that the immune response induced
by the interaction of exosomes with M. tuberculosis exerts an
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important impact on the development of TB (33). Intracellular M.
tuberculosis uses SecA2 (34) and ESX-1 secretion systems to
mediate cell membrane cleavage, and the M. tuberculosis genome,
proteins and other components are transferred between cells via
exosomes (35). Exosomes are recognized by PRRs as carriers of
PAMP, which activate the inflammasome, LAP (34) and initiate an
innate immune response for M. tuberculosis clearance (36).
Exosomes released from M. tuberculosis-infected mesenchymal
stem cells (MSCs) induce macrophages to produce TNF-o, C-C
Motif Ligand-5 and iNOS. These factors promote inflammatory
responses and immunoreaction through the signaling pathway
synergistically mediated by Toll-like receptor 2/4 (TLR2/4) and
MyD88 (37). Exosomes released from M. tuberculosis-infected
macrophages induce the differentiation of naive monocytes, and
also activate MK-2 and NF-xb to produce functionally active
macrophages (38). Following the stimulation of LPS and IFN-v,
exosomes released from macrophages bind to their secreted
endoplasmic reticulum aminopeptidase 1 to enhance macrophage
phagocytosis and NO synthesis activity (39). Necroptotic exosomes
are phagocytosed by macrophages to induce the increased
production of inflammatory cytokines, TNF-o, IL-6, and
chemokine CCL2 (40). APCs secrete exosomes containing MHC-
I/II that present antigenic information to T lymphocytes to activate
specific immune responses (41, 42). Activated T cells stimulate DCs
to increase the release of miR155-containing exosomes, further
inducing specific T cell activation (43). Notably, T helper 1 (Thl)
cells receive let-7b-containing exosomes released from Treg cells,
and the inhibition of Thl cell proliferation and IFN-y secretion
prevents excessive inflammatory injury (44). Exosomes released
from activated T lymphocytes deliver genomic and mitochondrial
DNA to DCs, which, in turn, trigger an innate immune response
against M. tuberculosis infection (45), as the mitochondrial
component is the main source of DAMPs (46). Exosomes may
also stimulate autophagy and M. tuberculosis clearance (47).
Exosomes derived from M. tuberculosis-infected neutrophils
stimulate macrophage to produce O2- and induce autophagy,
facilitating intracellular M. tuberculosis clearance (48).

Although exosomes secreted by infected immune cells enhance
the ability of uninfected immune cells to defend against M.
tuberculosis, exosomes also aid M. tuberculosis immune evasion,
providing a favorable environment for survival. Modified exosomes
carry components of M. tuberculosis that affect the capacity of the
host to eliminate them. Infected macrophages release exosomes
containing miR-18a, which promotes M. tuberculosis survival in
macrophages via inhibition of the autophagic process. This is
carried out via regulation of the ATM-AMPK autophagic
pathway (49). Exosomes derived from macrophages also inhibit
CD4+ T cell antigen receptor signaling and IL-2 production (50),
and downregulated IFN-y induces the expression of CD64 or MHC-
II in macrophages (51). Exosomes may exhibit a dual role in
regulating the immune response. Exosomes come from a variety
of tissues and cells, and with the rapid changes in new detection
technologies, it has become possible for exosomes to become
diagnostic biomarkers for TB (Figure 2).
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Schematic of the resources and analyzed technologies of exosomes. Exosomes are released by various cells such as macrophages, lymphocytes,
monocytes and could purified from cell culture supernatant or body fluids. Exosomal contents could be screened through proteomics,
transcriptomics and lipomics to identify potential biomarkers for the diagnosis of TB.

4 Potential of exosomal miRNAs
as biomarkers

4.1 The synthesis and function of miRNAs

MiRNAs are endogenous non-coding single-stranded RNA
molecules that are 18-24 nucleotides in length, and are highly
conserved during evolution (52). MiRNAs participate in regulating
various fundamental biological functions, for instance cell proliferation,
differentiation, migration (53), apoptosis (54) and autophagy (55),
through binding to the 3’-untranslated region of target gene mRNAs
(56, 57). The biosynthetic pathways of miRNAs could be classified into
canonical and noncanonical pathways (56, 58). The canonical pathway
is the dominant pathway for miRNA generation (57). The majority of
miRNA genes are transcribed through RNA polymerase II in the
nucleus to form pri-miRNAs containing hairpin structures (59).
Subsequently, pri-miRNA is cleaved into pre-miRNA with stem-loop
structures by the Drosha complex, which includes Drosha, RNase III,
the double-stranded RNA-binding protein, DiGeorge syndrome
critical region 8, and partner proteins (60). Thus, pre-miRNA is
delivered into the cytoplasm via Exportin-5, and subsequently treated
with RNase III endonuclease, Dicer, to produce double-stranded
miRNAs (61). Double-stranded miRNAs and argonaute protein bind
into the miRNA-induced silencing complex, where one strand is
selected as the mature miRNA and the other strand is degraded (56,
61). Mature miRNAs may be packaged in exosomes and transferred
between cells. As miRNAs are protected by the exosomal lipid bilayer,
they may be protected from RNase degradation (Figure 3). Therefore,
exosomal miRNAs remain highly stable, and remain in the blood and
other bodily fluids for prolonged periods. Thus, these are considered as
promising candidate biomarkers for TB.

4.2 The functions of exosomal miRNAs in
M. tuberculosis infected subjects

Exosomal miRNAs released by macrophages infected with M.
tuberculosis are stored in the supernatant, providing a theoretical

Frontiers in Immunology

basis for studying the potential of exosomal miRNAs as biomarkers
for the diagnosis of M. tuberculosis infection. Zhang et al. showed
that miR-20b-5p was expressed in exosomes from M. tuberculosis-
infected macrophages, but not in exosomes from non-infected
macrophages (62). Zhan et al. used high-throughput sequencing
to detect miRNAs in exosomes secreted from Mycobacterium bovis-
infected macrophages, and the results demonstrated that 20
exosomal miRNAs were increased, and 7 exosomal miRNAs were
decreased in the infected group, compared with the non-infected
group (63). Moreover, expression levels of let-7c-5p, miR-27-3p,
miR-25-3p, let-7a-5p, miR-98-5p and miR-30a-3p were increased
in the infected group, while the expression levels of miR-5110 and
miR-194-5p were decreased (63). Results of a previous study
suggested that the expression levels of exosomal miR-106a, miR-
20a, miR-20b, miR-17 and miR-93 were downregulated in infected
macrophages, as well as in the lungs, spleens and lymph nodes of
mice infected with M. tuberculosis (64). The different exosomal
miRNAs expression profiles of M. tuberculosis-infected patients
were exhibited in body fluids. These miRNAs hold promise as
potential biomarkers for the rapid and noninvasive diagnosis of TB.
Kaushik et al. revealed that miR-185-5p in plasma exosomes were
increased significantly in TB patients, compared with healthy
controls (HCs), with a sensitivity and specificity of 50 and
93.75%, respectively. Moreover, Kaushik et al. suggested that the
use of miR-185-5p in combination with other biomarkers may
exhibit potential in TB diagnosis (65). Tu et al. confirmed that
exosomal miR-423-5p is increased in the plasma of TB patients
(66). The area under the curve (AUC) of the TB diagnostic model
was 0.908 and the 10-fold cross validation demonstrated a
prediction accuracy of 78.18%, which indicated that the model
exhibited clinical value in differentiating ATB patients from HCs
(65, 66). Lyu et al. demonstrated that miRNAs were differentially
expressed in the serum of exosomes from HCs, LTBI patients and
ATB patients, suggesting that miRNA cargo is selectively packaged
into exosomes at different stages of M. tuberculosis infection (67).
Notably, miR-450a-5p, let-7e-5p, miR-140-5p and let-7d-5p were
only increased in the serum exosomes from LTBI patients, whereas
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Biogenesis of exosomal miRNAs and circRNAs. In the cytoplasm, miRNA genes are transcribed into pri-miRNA, which is further processed to form
pre-miRNA. Mature target miRNAs are integrated into RISC and fuse with MVBs, prior to releasing miRNA-containing exosomes. In addition, the
main product of circRNA gene transcription, pre-mRNA, is processed to form three subclasses: ecircRNAs, EICIRNAs and circRNAs. These also fuse
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miR-370-3p, miR-1246, miR-193b-5p, miR-2110 and miR-28-3p
were only increased in the serum exosomes from patients with ATB
(67). Moreover, miR-26a-5p was upexpressed in LTBI serum
exosomes, but decreased in ATB (67). Results of further studies
demonstrated that miR-140-3p, miR-423-3p and miR-3184-5p
were sequentially increased in HCs, LTBI and ATB patients, and
this differentiation may exhibit potential in determining the
infectious stages of M. tuberculosis (67). In addition, Alipoor et al.
demonstrated that the expression of miR-96, miR-484 and miR-425
were significantly increased in serum exosomes of TB patients, and
the combined testing with sputum smears improved the detection
rate of TB (68).

Exosomal miRNAs may also be used to differentiate TB from
other lung-related diseases. Wang et al. verified the differential
expression profiles of exosomal miRNAs in pleural effusions from
adenocarcinoma of the lung (ADC), TB and other benign lesions
using quantitative PCR (qPCR). Notably, the expression levels of
miR-205-5p, miR-429, miR-483-5p, miR-375, miR-200b-3p and
miR-200c-3p were higher in ADC-derived exosomes, compared
with TB or other benign lesions (69). In addition, miR-148a-3p and
miR-150-5p were upexpressed in TB-derived exosomes, and
downexpressed in other benign lesion-derived exosomes.
Interestingly, the opposite results were observed for the
expression levels of miR-451a (69). Zhang et al. compared the

Frontiers in Immunology

expression profiles of exosomal miRNAs in TB pleural effusion and
malignant pleural effusion. The results demonstrated that miR-
3614-5p and miR-150-5p were decreased in malignant pleural
effusion, and miR-629-5p, miR-200b-3p and miR-182-5p were
increased in TB pleural effusion (70). Guio et al. carried out
sRNA sequencing to analyze exosomes that were extracted from
blood samples obtained from patients with LTBI, ATB or ADC. The
results demonstrated that miR-210-3p and miR-143-3p were
downregulated in the serum exosomes from patients with LTBI,
and miR-20a-5p was upregulated in the serum exosomes from
patients with LTBI (71). MiR-23b, miR-17 and miR-181b-5p were
only downregulated in the serum exosomes from patients with
ATB, and miR-584 was only upregulated in the serum exosomes
from patients with ATB. A total of 15 miRNAs, including miR-
320a, miR-185-5p, miR-144-3p, let-7f-5p and miR-199b-3p, were
only downregulated in the serum exosomes of patients with
ADC (71).

The diagnosis and treatment of drug-resistant TB (DR-TB) and
multidrug-resistant TB (MDR-TB) are important for the prevention
and control of TB. Notably, exosomal miRNAs exhibit potential as
biomarkers in the early diagnosis and prognosis of DR-TB and
MDR-TB. Carranza et al. analyzed the expression profiles of
exosomal miRNAs in the serum of MDR-TB patients before and
after 12 months of treatment, and revealed that the expression of
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exosomal miR-328-3p, miR-20a-3p and miR-195-5p and was
decreased in the serum following treatment (72). Moreover, let-
7e-5p and miR-197-3p were increased in post-treatment serum.
Excluding patients with type 2 diabetes mellitus, results of the
previous study demonstrated that the expression of let-7e-5p in the
serum exosomes of patients with MDR-TB were upexpressed
following treatment progression. Compared with HCs, miR-197-
3p and miR-223-3p were decreased in the serum of DR-TB patients,
while let7e-5p was increased in the serum of DR-TB patients (72).
These results implied that the differential expression of exosomal
miRNAs in the serum of MDR-TB patients with prolonged
treatment may act as a biomarker for monitoring MDR-TB
therapy, and that the differential expression in the serum of DR-
TB and HCs may exhibit potential as a biomarker for determining
drug-sensitive and drug-resistant TB.

In short, the differential expression profiles of miRNAs in TB
patients may provide a novel perspective for the diagnosis and
differential diagnosis of TB (Table 1). However, further
investigations are still required to illustrate the mechanisms by
which exosomal miRNAs contribute to the pathogenesis of TB, thus
assisting in the development of biomarkers for the diagnosis and
therapy of TB. The role of exosomal miRNAs in predicting the
success of anti-TB therapy has also been highlighted in previous
studies (73). Unfortunately, there is currently a limited amount of
research focusing on the involvement of exosomes in TB prognosis,

10.3389/fimmu.2023.1254347

and additional investigations are needed to explore and understand
the potential implications of exosomal miRNAs in TB prognosis.

5 Exosomal circRNAs used as
a biomarkers

5.1 The biogenesis and roles of circRNAs

Circular RNAs (circRNAs) are endogenous non-coding single
stranded RNAs present in all eukaryotic cells (74), and are
characterized by a covalently closed loop structure without a 5’
terminal cap and a 3’ terminal poly (A) tail (75). CircRNAs are
grouped into intronic RNAs (ciRNAs), exonic circRNAs (ecircRNAs)
and exon-intron circRNAs (elciRNAs) (76), displaying critical
biological roles through playing as transcriptional regulators,
ceRNA or miRNA sponges and protein templates (Figure 3) (77).
Importantly, several studies have showed that the expression levels of
circRNAs are dysregulated during M. tuberculosis infection (Table 2).
CircRNAs are resistant to degradation by ribonucleases and RNA
nucleic acid exonucleases due to their unique structure, and are
highly conserved and detectable in various body fluids, such as
plasma, saliva and urine. Additionally, circRNAs exhibit tissue
specificity (84, 85); thus, are optimal candidates for the
development of diagnostic biomarkers for clinical diseases.

TABLE 1 Summary of exosomal miRNAs from M. tuberculosis infected subjects.

Number Exosomal miRNAs Exosomes sources Method Expression = Refs
screening pattern
1 miR-20b-5p Supernatant of macrophage infected with RT-PCR decrease (62)
M. tuberculosis
2 miR-27-3p, let-7a-5p, let-7c-5p, miR-25-3p, miR-98- Supernatant of macrophage infected with RNA sequencing increase (63)
5p, miR-30a-3p, etc. M. tuberculosis
3 miR-194-5p, miR-5110 Supernatant of macrophage infected with RNA sequencing decrease (63)
M. bovis
4 miR-185-5p Plasma of TB patient RNA sequencing increase (65)
5 miR-423-5p, miR-17-5p, miR-20b-5p Serum of TB patient RNA sequencing increase (66)
6 let-7e-5p, let-7d-5p, miR-450a-5p, miR-140-5p Serum of LTBI patient RNA sequencing increase (67)
7 miR-1246, miR-2110, miR-370-3p, miR -28-3p, miR- Serum of TB patient RNA sequencing increase (67)
193b-5p, etc.
8 miR-26a-5p Serum of ATB patient RNA sequencing decrease (67)
9 miR-484, miR-425, miR-96, etc. Serum of TB patient qRT-PCR increase (68)
10 miR-205-5p, miR-200c-3p, miR-141-3p, etc. Pleural effusion of TB patient RNA sequencing increase (69)
11 miR-483-5p, miR-375 Pleural effusion of TB patient RNA sequencing decrease (69)
12 miR-33a-3p, miR-153-3, miR-373-5p, etc. Pleural effusion of TB patient RNA sequencing increase (70)
13 miR-3120-5p, miR-489-3p, -miR-4669-5p, etc. Pleural effusion of LTBI patient sRNA sequencing decrease (70)
14 miR-143-3p, miR-210-3p, miR-20a-5p, etc. Serum of LTBI patient sRNA sequencing increase (71)
15 miR-23b, miR-17, miR-584, etc. Serum of ATB patient sRNA sequencing increase (71)
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TABLE 2 Summary of exosomal circRNAs in M. tuberculosis infected subjects.

Number Exosomal circRNAs Exosomes sources = Method screening  Expression = Refs
pattern
1 circRNA_0001380 Plasma of ATB patient qRT-PCR decrease (78)
2 circRNA_059914, circRNA_103017, circRNA_101128, etc. Plasma of ATB patient RNA sequencing increase (79)
3 circRNA_062400 Plasma of ATB patient RNA sequencing decrease (79)
4 circRNA_103571, circRNA_091692, circRNA_102296, etc. Plasma of ATB patient circRNA microarrays increase (80)
5 circRNA_103571, circRNA_406755 Plasma of ATB patient circRNA microarrays decrease (80)
6 circRNA_0009024, circRNA_0001953, circRNA_0008297, etc. Plasma of ATB patient RNA sequencing increase (81)
7 circRNA_0001204, circRNA_0001747 Plasma of ATB patient RNA sequencing decrease (82)
8 circRNA_051239, circRNA_029965, Serum of ATB patient RNA sequencing increase (83)
circRNA_404022, etc.

5.2 The functional analysis of exosomal
circRNAs in samples of TB patients

Yuan et al. used bioinformatics to screen three central genes
related to the development of TB, including circRNA_0002419 and
circRNA_0007919 (86). The aforementioned genes were
upregulated in TB tissues, and circRNA_0005521 was decreased in
TB tissues (86). Moreover, Yi et al. confirmed that both miR-223-3p
and miR-448 were decreased in the plasma of patients with TB, and
also concluded that the mRNA-miRNA-circRNA interaction chain
may function significant roles in M. tuberculosis infection (87). In
addition, SAMD8_circRNA_994 and TWF1_circRNA_9897 may
act as novel diagnostic biomarkers for TB (87). Zhang et al.
carried out qPCR and demonstrated that circRNA_0028883
expression levels were upexpressed in PBMCs from ATB patients
(88). Moreover, Zhang et al. performed ROC curve analysis and
determined an AUC value of 0.773 (88). These foundings suggested
that circRNA_0028883 could serve as a novel biomarker for ATB
diagnosis. Further studies demonstrated that compared with HCs,
circRNA_0001380 was decreased significantly in PBMCs from ATB
patients (78), and circRNA_0009128 or circ_0005836 were also
downexpressed in PBMCs of ATB patients (89). CircRNA_101128,
circRNA_059914 and circRNA_103017 were expressed at higher
levels in PMBCs from ATB patients, while circRNA_062400
expression was significantly lower in ATB samples than in HCs
(79). The expression of circRNA_103571 decreased in the plasma of
ATB patients, and this study demonstrated an interaction between
circRNA_103571 and ATB-associated miRNAs (miR-29a and miR-
16) (80). Thus, the selective expression of exosomal circRNA in TB
demonstrates that exosomes exhibit potential as non-invasive
diagnostic tools.

Huang et al. reported that circRNA_001937, circRNA_005086
and circRNA_009024 increased significantly, but circRNA_102101,
circRNA_104296and circRNA_104964 decreased obviously in
PBMCs of ATB patients, compared with HCs (90). In addition,
circRNA_001937 expression levels were markedly increased in
PBMCs of ATB patients, compared with patients with
pneumonia, lung cancer and chronic obstructive pulmonary
disease. Interestingly, circRNA_001937 could be increased
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following ATB treatment (90). Results of this study further
demonstrated that circRNA_0003528, circRNA_0009024,
circRNA_0001953, circRNA_0003524, circRNA_0008297 and
circRNA_0015879 in plasma were increased markedly in ATB
patients. However, the expression levels of circRNA_0001747and
circRNA_0001204 were notably decreased in the plasma of
ATB patients, compared with those of HCs (81). Reports also
show that circRNA_0009024 and circRNA_0001953 in plasma
were associated with the severity of ATB disease. Moreover, the
AUC value of the ROC curve of ATB patients was increased to 0.928
with the combined detection of circRNA_0001747 and
circRNA_0001204, and in ATB patients, the expression levels of
circRNA_0001747and circRNA_0001204 returned to baseline in
the plasma following treatment (82). Huang et al. also reported
that monocyte derived macrophages from ATB patients
exhibited significantly higher levels of circRNA_0043497
compared with HCs, with an AUC value of 0.860 (91). In
addition, circRNA_0043497 levels decreased and returned to
baseline following anti-TB therapy (91). Therefore, circRNAs may
be used for the differential diagnosis of TB and associated diseases,
and for the assessment of TB severity and prognosis. The combined
detection of multiple circRNAs exhibited greater diagnostic value
for patients with TB. CircRNA may also aid in distinguishing
patients with DR-TB from patients with pan-sensitive TB. Liu
et al. revealed that circRNA_051239, circRNA_404022 and
circRNA_029965 were increased in the sera of ATB patients, and
circRNA_051239 was decreased significantly in the sera of patients
with DR-TB (83).

CircRNAs are highly enriched in exosomes compared with
production cells. The regulation of relevant miRNAs in donor
cells causes to changes in the composition of exosomal circRNAs
and may transmit molecular information to recipient cells (92). In
this process, various RNA binding proteins act as key factors that
facilitate the propagation of circRNAs in donor cells (93). Results of
a previous study demonstrated that exosomal circRNAs of host cells
exhibit distinct expression patterns following M. tuberculosis
infection (65). This provides evidence for the potential of
exosomal circRNAs as biomarkers for the diagnosis of TB. But
there is still a need for large-scale screening of blood samples, and
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further investigation based on existing research is required to  aforementioned proteins were confirmed via western blot
explore the potential role of exosomal circRNAs as biomarkers  analysis, including moesin, HSP90, vimentin and Coronin 1C
for early diagnosis and prognosis of TB. (97). Kruh-Garcia et al. highlighted bacterial-derived biomarkers
in the serum exosomes of TB patients, including multiple peptides

from 8 proteins (Antigen85B, Antigen85C, Apa, HspX, BfrB,

6 Exosomal prOteinS act as biomarkers Mpt64, GlcB and KatG). Of these, 29 peptides from 17 proteins
of TB were unique to ATB patients, such as AcpM, Ald, Ag85a, DnaK,
Mpt51, GroES, Mpt63, Mpt53 and MrsA (98). Among 41 patients

At present, studies is focused on the protein content of  with TB, biomarker candidates consisting of seven peptides were
exosomes. Previous studies have demonstrated which exosomes  used to correctly diagnose 83% of TB cases, and at least one peptide
from M. tuberculosis-infected macrophages are present with highly ~ was present in 81% of TB patients, and 90% of patients with
antigenic mycobacterial proteins, such as KatG (Rv1908c), GroES  extrapulmonary TB (98). The combined testing of two peptides
(Rv3418c¢), GInA (Rv2220), MPT63 (Rv1926c), ESAT-6 (Rv3875),  increased the diagnosis of patients with intrapulmonary or
19 KDa lipoprotein/LpqH (Rv3763), CFP-10, Ag85 complex  extrapulmonary TB to 90%. Obviously, human immunodeficiency
(Rv3804c, Rv1886¢, Rv0129¢) and SodA (Rv3846) (94). Lee et al.  virus infection does not affect the number of peptides observed in
performed proteomic analysis of M. tuberculosis extracellular  the plasma of TB patients (98). These results demonstrated that
vehicles (EVs) and identified a total of 287 vesicular proteins (95).  exosomal proteins may be used as biomarkers for TB diagnosis, and
Among them, SodB, PstS1, EsxN, KatG, LppX, Apa, LpqH, FadA3,  that the simultaneous detection of multiple peptides may
GInAl, AcpM, FbpA, Mtc28 and Fba were abundant proteins in  substantially improve the accuracy of TB diagnosis. Through
EVs of M. tuberculosis. Proteins such as SodB, FbpA, LpqH, FbpC,  proteomic analysis, Zhang et al. indicated 123 differential proteins
FbpB, and PstS1 were associated with M. tuberculosis virulence (95).  in serum exosomes from HCs and ATB patients, including 40
The aforementioned M. tuberculosis proteins carried by exosomes  upregulated proteins and 83 downregulated proteins (99). Notably,
may impact the innate or adaptive immune response (96), and may  lipopolysaccharide binding protein expression was increased in the
play important functions in the development of TB. serum exosomes of ATB patients, while CD36 and MHC-I
The composition of exosomal proteins released by cells infected ~ expression levels were decreased (99). The aforementioned three
with M. tuberculosis is altered (Table 3), thus the differential  proteins were identified as potential biomarkers for ATB diagnosis
expression profiles of proteins in TB patients may provide a novel ~ with ROC analysis. In addition, Mehaffy et al. characterized
perspective for the diagnosis of M. tuberculosis infection (Figure 4).  peptides from M. tuberculosis proteins involved in nitrogen
Diaz et al. evaluated differences in exosomal proteins between M.  metabolism, and these included GarA (Rv1827), peptide FLL and
tuberculosis-infected and -uninfected macrophages using tandem  SVF belonging to glutamine synthetase GInA1 (Rv2220) (100). Heat
mass spectrometry. Results of study demonstrated that a total of 41~ shock chaperone proteins, including GroES and DnaK (Rv0350)
proteins were significantly upregulated in the exosomes of M.  were also characterized in the serum EVs of patients with LTBI
tuberculosis-infected cells (97). Notably, some of the (100). Among them, a single peptide in glutamine synthetase

TABLE 3 Summary of exosomal proteins and lipids from M. tuberculosis infected subjects.

Number Exosomal proteins Exosomal Exosomes sources Method Expression Refs
lipids screening pattern
1 HSP90, vimentin, Coronin 1 C, moesin, — Supernatant of macrophage Tandem mass increase 97)
etc infected with M. tuberculosis spectrometry
2 AcpM, Ag85a, Ald, DnaK, GroES, Mpt51, — Serum of ATB patient MRM-MS increase (98)
Mpt53, Mpt63, MrsA, etc
3 LBP — Serum of ATB patient ELISA increase (99)
4 CD36, MHC-I — Serum of ATB patient ELISA decrease (99)
5 Rv1827, Rv2220, Rv0350, etc. — Serum of LTBI patient MRM-MS increase (100)
6 Hspl6.3 Plasma of ATB patient Western blot increase (101)
7 HP, PRG4, STOM, CD151, ICAM2, — Plasma of TB patient Tandem mass Tag- increase (102)
ORMI1, SAA1, SLC2A3, etc. labeled (TMT)
8 CIR, GRIP1 — Plasma of TB patient TMT increase (102)
9 — PS Supernatant of macrophage Western blotting increase (103)

infected with M. tuberculosis
10 — LAM, CFP-10 Urine of TB patient 1I-PCR increase (104)

11 — TAG, CEs Plasma of TB patient ESI-MS increase (102)
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(GInA1) enzyme was present in the serum of 82% of LTBI patients,
indicating that peptides from M. tuberculosis proteins involved in
nitrogen metabolism may act as candidate biomarkers for the
detection of LTBI pathogen specificity (100). Exosomal proteins
may be used to distinguish ATB from other associated diseases.
Results of previous studies demonstrated that Hspl16.3 protein
levels were detected in exosomes extracted from the plasma of
ATB patients; however, Hsp16.3 was not detected in the plasma
exosomes of LTBI patients (101). Biadglegne et al. demonstrated
that haptoglobin (HP), proteoglycan 4, CD151, stomatin, ICAM-2,
alpha-1-acid glycoprotein 1, solute carrier family 2A3 and serum
amyloid A-1 protein were abundant in plasma exosomes from TB
patients, compared with HCs (102). In addition, immunoglobulins,
glutamate receptor-interacting protein 1 and complement
component 1r were enriched in TB patients’ lymphadenitis (102).
Thus, the specific expression levels of exosomal proteins in TB and
TB lymphadenitis may exhibit potential for diagnosis and
differential diagnosis.

Exosomal proteins exhibit potential in determining the
prognosis of TB patients. Du et al. confirmed that S100A9 and
C4BPA in plasma exosomes of LTBI patients were differentially
decreased following therapy, and the area under the ROC curve was
0.73 and 0.69, respectively (105). Biadglegne et al. reported that
plasma exosomes myosin-9, IG chain IGHV4-28 and GRIP1 were
increased markedly in TB patients following anti-TB treatment,
while HP, ficolin 3, transmembrane protein 215, serum amyloid A-
4 protein and apolipoprotein B-100 were decreased following anti-
TB treatment (102).

Due to their small size, exosomes pass freely across the tissue
barriers of the body. Exosomes protect proteins from free protease
hydrolysis using their lipid bilayer membrane structure (106). The
composition of exosomal proteins from infected M. tuberculosis
reflects the exosomal proteomic profile more directly than that of
nucleic acids (106, 107). In conclusion, exosomal proteins may
exhibit potential as novel biomarkers of TB, and could be used for
the development of new diagnostic methods. In addition, lipids and
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lipid metabolism are currently a research hotspot, and exosomes
lipids are also potential diagnostic biomarkers for tuberculosis.

7 Exosomal lipids function as
biomarkers of TB

The lipid components of the host is closely associated with the
pathogenic mechanisms of M. tuberculosis. When macrophages
consume glucose, M. tuberculosis could utilize host lipids as the
main source of energy (108). M. tuberculosis may also produce a
variety of unique lipids that act as inflammatory regulators, and these
are implicated in preventing phagosome maturation (109). A
previous study revealed that lipids produced by M. tuberculosis are
glycolipids, including atrehalose-6, 6’-dimycolate, lipomannan,
lipoarabinomannan (LAM) and phosphatidylinositol mannosides
(PIMs), the sugar fraction of which is recognized by PRRs that
stimulate the innate immune response of the organism during
infection (110). In summary, M. tuberculosis lipids take a
multifaceted approach to disrupt the antimicrobial response of host
cells to ensure their survival and proliferation in host cells, and also
act important roles in the immune process as immunomodulators.

Existing studies have shown that exosomes in the peripheral
blood of TB patients contain rich lipids, with various sources and
components. These liposomes can be used to assess TB infection and
may serve as biomarkers for TB diagnosis (Table 3). Garcia-
Martinez et al., discovered that phosphatidylserine (PS) was more
abundant in extracellular vesicles released from macrophages of M.
tuberculosis-infected mouse compared to those of normal mouse
(103). Dahiya et al. detected LAM and CFP-10, using
immunopolymerase chain reaction in urine EVs from patients
with pulmonary and extrapulmonary TB (104). Apparently, the
sensitivity of LAM detection in the urine EVs of patients with
pulmonary and extrapulmonary TB was 74.3 and 67.9%,
respectively, and the specificity was 91.5-92.8% (104). The
presence of large amounts of triacylglycerols and cholesterylesters
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(CEs) in plasma exosomes of patients infected with M. tuberculosis
has also been reported, while CEs are difficult to detect in HCs (102).
The accumulation of CEs facilitates the survival and multiplication
of M. tuberculosis, and promotes the dissemination of M.
tuberculosis following cytolytic disintegration (102). Han et al.
revealed that plasma CEs may act as novel biomarkers in TB
diagnosis with optimal accuracy (AUC, 0.863; specificity, 83.5%;
sensitivity, 79.4%) (111). Thus, certain differentially expressed lipid
components in exosomes may also play a role in TB diagnosis.
However, there is currently relatively little research on this topic, and
there are also relatively few lipids found to have diagnostic value.

8 Future perspective

Exosomes have vast clinical potential in the diagnosis of TB and
the differential diagnosis of related diseases (112, 113). However, the
current research on exosomes in the prognosis and therapeutic
evaluation of TB is relatively limited. In order to fully explore the
potential of exosomes as biomarkers for TB (114), it is necessary to
collect more clinical samples, conduct large-scale clinical trials, and
utilize highly sensitive and specific techniques to analyze and
identify the changes in exosomal components after M.
tuberculosis infection (115). Unfortunately, obtaining highly pure
exosomes remains technical challenges for large-scale clinical
diagnostic applications due to the lack of standardized isolation
and purification protocols and the high heterogeneity of exosomes
(116). Therefore, it is necessary to conduct in-depth research to
innovate and improve exosomes extraction techniques, in order to
provide more accurate and reliable methods for the diagnosis,
treatment, and monitoring of TB in the future.
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