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ABSTRACT: The tuberculosis (TB) epidemic continues to be one of the largest public health challenges affecting
people globally, especially due to late diagnosis, disease monitoring, and prognosis. Currently used diagnostic tools
have variable sensitivity and accessibility, and many have limited ability to differentiate between latent and active TB.
In case of TB, exosomes from cells infected with Mycobacterium tuberculosis (M. tuberculosis) have disease-specific
antigens, microRNAs, and other molecular components, which make them potential diagnostic and prognostic
biomarkers. This review focuses on previously published literature regarding the role of exosomes and exosomal
antigens in TB screening and prognostication. It highlights their potential as non-conventional biomarkers due to
their stability in biological fluids, specificity, and the availability of less invasive sampling techniques. Moreover,
it covers recent developments in techniques for isolating and characterizing exosomes and also ways in which the
gaps between exosome-based biomarkers have been challenged in real-world clinical settings. In the future, research
needs to prioritize large validation studies, achievement-in-exosome-based assays, and incorporation of multi-omics
techniques to improve their clinical relevance. The use of exosome-based biomarkers shows promise for improving
diagnostic processes for tuberculosis and may support a worldwide campaign for tuberculosis control.
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1 Introduction

Tuberculosis is among the leading causes of death worldwide and remains a major infectious killer,
causing approximately 1.3 million deaths globally in recent years [1,2] M. tuberculosis was estimated to
infect approximately one-quarter of the world’s population, which corresponds to nearly 2 billion people.
The condition has remained one of the top 10 international health issues for many years [3]. Attributed to
its complex nature, high incidence rate, and fatal impact, tuberculosis (TB) has been labeled an epidemic
by the WHO. It has been reported that TB claimed 1.4 million lives in 2019 [1]. Mycobacterium bovis and
M. tuberculosis cause an ancient disease which believed to have started over 40,000 years ago. TB can
spread among infected people with pulmonary illness through airborne droplets, and, hence, those who
inhale these infections. Thus, TB is associated with immunologic suppression disorder [4]. Most of the
TB cases, approximately 90 percent, forego an exaggerated immune system response to M. tuberculosis
infection, more commonly referred to as latent TB infection (LTBI) [5]. Active TB, especially with further
immune suppression, occurs in 10% of the population [6]. It can move to regions such as bones or the
brain, and these conditions are termed extrapulmonary TB. The macrophages in the lungs ingest the bacilli,
thus the latter settle. Granulomas formed encircle the infection and serve the purpose of containing it [7].
TB primarily affects the lungs through infection with Mycobacterium tuberculosis, which spreads through
airborne droplets generated by coughing or sneezing, and causes chronic pulmonary disease rather than
typical pneumonia [8]. TB is associated with increased risk in individuals with immunosuppression, rather
than being an immunologic suppression disorder itself. (Fig. 1). Recent research has highlighted the role of
host–pathogen interactions at the cellular level, particularly through extracellular vesicles such as exosomes,
which carry molecular signatures reflective of Mycobacterium tuberculosis infection [9].

Figure 1: Shows inhalation of M. tuberculosis and granuloma formation. BioRender (BioRender.com, version 2024.1,
BioRender, Toronto, ON, Canada).
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Exosomes came to the attention of biologists in the 1980s during reticulocyte studies and are 30 to
150 nm in size [10]. These extracellular vesicles are secreted by all cells in the body and were initially
regarded as mere cellular debris. Today, exosomes are understood to be sophisticated messengers containing
proteins, lipids, and nucleic acids, and are enclosed within a lipid bilayer [11]. Exosomes provide diagnostic
potential through their lipid layers that carry proteins, lipids, and mRNA, miRNA, and even DNA. They
are formed in multivesicular bodies (MVB), which are part of the endosomal pathway. The intercellular
signaling functions of exosomes enable them to influence repair, immunity, and development [12]. Exosomes
can mediate signaling by fusing with target cells, binding with receptors, or getting internalized. Dendritic
cell exosomes, such as those responsible for activating T-cells, are classified as immune exosomes, while
stem cell exosomes are growth factor exosomes responsible for aiding healing. These exosomes can cross
barriers such as the blood-brain barrier, allowing them to affect distant tissues [13].

The role of exosomes in developing disease is evident in cancer, where exosomes promote metastasis, and
in neurodegenerative cases spread toxic proteins [14]. During TB, the exosomes of M. tuberculosis-infected
cells modulate immunity. Although exosomes do have biocompatibility issues, their cargo, when placed
in blood or saliva, turns them into liquid biopsies for diagnosis. The main challenge that seems to stand
in their way is related to their isolation and unclear origins. Nevertheless, their role in both health and
disease issues makes these exosomes transformative. In this review, we attempt to explain the complex
role of exosomes in tuberculosis, starting from their contribution towards disease progression and the
immune response, where these vesicles orchestrate or affect host defenses by transporting modulatory
substances that may either aid in the survival of M. tuberculosis or strengthen the immune response. The
review formulates approaches for implementing exosome-derived innovations into clinical practice and
equity advocacy by proposing their incorporation into international tuberculosis control frameworks and
low-cost models in economically disadvantaged environments, where exosomes can be harnessed to shed
light on dormant and resistant forms of TB, improve patient management, and contribute to the vision of
eliminating TB by the year 2030.

Objectives, Goals, and Scope of the Review

The main aim of this review is to critically assess the new role of exosomes and exosome-associated
antigens as diagnostic and prognostic biomarkers ofM. tuberculosis infection. Considering the ongoing high
incidence of tuberculosis in the world and the shortcomings of current diagnostic methods—especially to
differentiate between active disease and latent infection and to determine disease progression and response
to treatment—this review aims to evaluate the possibility of exosome-based biomarkers to add clinical value.

This article aims to review the existing data on the biological basis, molecular composition, and
functional significance of exosomes released in the course of M. tuberculosis infection, and their diagnostic
and prognostic value in particular. These involve the assessment of the evidence of reported presence
of exosomal antigens, microRNAs, and other molecular cargo that have been suggested as predictors of
disease presence, activity, and outcome. Moreover, this review will analyze the reported exosome-based
biomarker performance in preclinical and clinical trials, and pinpoint major methodological and translational
weaknesses and barriers to their validation and daily clinical use.

This review is in the form of a narrative literature review and has a narrow scope that limits itself
to host-derived exosomes and their molecular constituents in relation to the diagnosis and prognosis of
tuberculosis. Other subjects (e.g., exosome-based therapeutic uses, artificial intelligence-based diagnostic
tools, ethical implications, and the development of point-of-care devices) are touched upon only to the
extent that they directly relate to biomarker discovery or evaluation or clinical relevance. The guiding
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question in the review is to answer how exosomal components are modified duringM. tuberculosis infection,
whether these changes can be consistently used to distinguish between active tuberculosis and latent
infection, and to what extent exosome-based biomarkers could help in disease surveillance and prognostic
evaluation in the real-world clinical setting.

2 Biology of Exosomes

2.1 Structural and Molecular Characteristics

The exosome is a type of extracellular vesicle that is characterized by a spherical shape and a lipid
bilayer membrane that encloses molecular cargo specific to the cell of origin [15]. This membrane, which is a
product of the endosomal compartment, is lipid-rich in cholesterol, sphingomyelin, and phosphatidylserine,
which increase stability and rigidity so that their contents are protected during movement outside the cell.
This lipid bilayer contains transmembrane proteins, of which tetraspanins, cluster of differentiation 9 (CD9),
CD63, and CD81 are notable since they act as exosome markers and have a role in interaction with target
cells [16]. Exosome targeting and uptake are facilitated by other surface proteins, including integrins and
adhesion molecules [17,18].

Exosome internal cargo is exceptionally heterogeneous, containing biologically active proteins, nucleic
acids, and lipids. These include cytoplasmic structural proteins such as actin and tubulin, and heat shock
proteins like heat shock protein 70 (HSP70) and HSP90, as well as some exosome membrane-associated
proteins, like Alix and TSG101 [19]. Genetic information that can be transferred to alter cellular behaviors
includes mRNAs, microRNAs (miRNAs), and small quantities of DNA [20]. For instance, miRNAs are
capable of post-uptake gene silencing of specific targets. Also, lipid signaling molecules like prostaglandins
are contained within the lumen. This composition is not arbitrary; it is curated according to the condition
of the parent cell. In tuberculosis, exosomes from macrophages infected with M. tuberculosis and exosomes
harboring bacterial lipids such as lipoarabinomannan and host inflammatory proteins showcase the intricate
dynamics of infection [21].

2.2 Exosome Biogenesis

The endosomal pathway marks the beginning of exosome formation, differentiating them from other
vesicles like microvesicles, which bud off directly from the plasma membrane. The process begins with the
early endosomes that result from the inward budding of the plasma membrane (Fig. 2). These endosomes
mature into late endosomes, which further generate intraluminal vesicles (ILVs) through the inward budding
of the endosomal membrane. This step is facilitated by the endosomal sorting complex required for transport
(ESCRT). It involves the action of Alix and TSG101, who aid in the sorting of cargo into ILVs. There is
also an ESCRT-independent, ceramide-rich lipid raft pathway that accentuates the complexity of exosome
biogenesis. These ILVs represent capsules loaded with bioactive materials. Their accumulation takes place
within the large endosomal compartments known as multivesicular bodies (MVBs). The MVBs face two
eventualities: fusion with lysosomes for degradation or secretion as exosomes. The fusion of MVBs with
plasma membranes is a calcium-dependent process regulated by Rab GTPases (e.g., Rab27a, Rab27b) and
SNARE proteins [22,23]. Exosomes emerge from the cleavage of MVBs. They release bioactive materials to
extracellular space, where they can be targeted either locally or distally. During tuberculosis, cells infected
by M. tuberculosis consider enhancing exosome generation, which may affect how MVBs are shaped [24].
Signals related to stress, such as hypoxia and infection, can change the fate of MVBs to boost secretion
and heightened exosome production [25]. Still, the precise stimulus and the mechanism for cargo selection
have not been studied and therefore remain a challenge for therapy-oriented strategies.
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Figure 2: Exosome biogenesis via the endosomal pathway and representative exosomal components relevant to M.
tuberculosis infection, shown in distinction from plasma membrane–derived microvesicles. BioRender (BioRender.com,
version 2024.1, BioRender, Toronto, ON, Canada).

3 Exosomes in Tuberculosis Pathogenesis

Exosomes serve important functions in the context of M. tuberculosis infection, both to promote the
survival of the bacterial pathogen and to mediate the mechanisms of host defense [26]. Consider the case
of infection, whereby M. tuberculosis is known to invade alveolar macrophages or other cells. In the case of
alveolar macrophages, they undergo a process of escape and are not destroyed [27]. There is a feedback
mechanism with respect to exosomes released, which can be further augmented by factors of bacterial
infection and host body stress signals, which include hypoxic conditions or inflammation [28]. These
vesicles give out M. tuberculosis-produced substances to cells that have not been infected, thereby priming
the host environment in anticipation of further infection and modifying immune system responses to be
more aggressive [29].

3.1 Host–Pathogen Interactions Mediated by Exosomes

M. tuberculosis makes use of exosomes for the purpose of increasing its pathogenicity [30]. Exosomes
derived from an infected cell can block phagosome-lysosome fusion in the recipient macrophage, and
this is an important strategy employed by M. tuberculosis for enduring in the harsh environment of the
macrophage [31,32]. This could also happen because such exosomes carry bacterial effectors that disrupt the
host trafficking pathways at already advanced stages of infectious blockade. Granuloma formation, which is
the characteristic signature of TB, could be facilitated by exosomes through recruiting immune components
and sustaining a persistent inflammatory response [33]. In LTBI, exosomes could be of help in maintaining
the bacterial form dormant by altering cytokine balance by elevating the levels of anti-inflammatory IL-10
despite the fact that stress-induced changes could set off the dormant particles [34]. On the other hand,
host-derived exosomes try to combat M. tuberculosis infection. Pro-inflammatory signals from activated



6 Biocell. 2026;50(8):7

macrophages or dendritic cells in the form of exosomes may serve to enhance the innate immune responses
of surrounding cells. However, M. tuberculosis’s capacity to usurp these system mechanisms tends to favor
the survival of the pathogen, especially in immunocompromised conditions such as co-infection with
human immunodeficiency virus (HIV), where the outcome is further complicated by exosome-mediated
immune suppression [35]. This highlights the importance of exosomes in the complex pathogenesis of TB.

3.2 Exosomal Cargo in TB

The exosomal cargo in TB is made up of proteins, lipids, and nucleic acids. Many constituents are
derived from the host, including heat shock proteins (HSP70), inflammatory cytokines like TNF-α and IL-1β,
as well as M. tuberculosis proteins ESAT-6 and CFP-10, which are virulence factors exported through the
bacterial type VII secretion system [36]. Depending on the situation, these proteins are able to either inhibit
macrophage killing pathways or activate T cell responses. Table 1 provides a summary of the exosomal
proteins and lipids found in people who were infected with M. tuberculosis infections.

Nucleic acids, and more specifically miRNAs, are strong regulators within TB exosomes (Table 2).
Some host miRNAs, like miR-155, are inflammatory, while others, like miR-146a, are inhibitory, showing
how M. tuberculosis has programmed host genes to be used [37]. Small non-coding RNAs, as well as other
M. tuberculosis-derived RNAs, have been found in exosomes, possibly silencing defense genes or aiding in
bacterial survival [38]. The fact that this cargo is exosome-bound and correlates with the severity of the
infection enhances the potential of exosomes as biomarkers. For instance, increased levels of ESAT-6 or
LAM in the exosomes could indicate active TB, and different profiles of miRNAs could be used to distinguish
LTBI from reactivation [39].
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Table 1: Summary of Exosomal Proteins and Lipids in Subjects Infected with M. tuberculosis.

No.
Exosomal

Biomarker (s)
Biomarker

Type
Biofluid

Source of
Exosomes

n Cohort Type
Control
Group

Analytical
Method

Expression
Pattern

Diagnostic
Performance

External
Validation

1
HSP90, Vimentin,

Coronin-1C,
Moesin

Protein
Cell culture
supernatant

M. tuberculosis–
infected

macrophages
NR In vitro

Uninfected
macrophages

Tandem MS Increased Not reported No

2

AcpM, Ag85A,
Ald, DnaK, GroES,
Mpt51, Mpt53,
Mpt63, MrsA

Protein Serum
Human
serum

exosomes
21 ATB Adult

Healthy
controls

MRM–MS Increased Not reported No

3 LBP Protein Serum
Human
serum

exosomes
60 ATB Adult

Healthy
controls

ELISA Increased AUC 0.78 No

4 CD36, MHC-I Protein Serum
Human
serum

exosomes
60 ATB Adult

Healthy
controls

ELISA Decreased AUC 0.72 No

5
Rv1827, Rv2220,

Rv0350
Protein Serum

Human
serum

exosomes
48 LTBI Adult

Healthy
controls

MRM–MS Increased Not reported No

6 Hsp16.3 Protein Plasma
Plasma

exosomes
52 ATB Adult

Healthy
controls

Western blot Increased
Sensitivity 76%;
Specificity 82%

No

7

HP, PRG4, STOM,
CD151, ICAM2,
ORM1, SAA1,

SLC2A3

Protein Plasma
Plasma

exosomes
80 TB Adult

Healthy
controls

TMT-based
proteomics

Differential Not reported No

8 C1R, GRIP1 Protein Plasma
Plasma

exosomes
54 TB Adult

Healthy
controls

TMT
proteomics

Increased AUC 0.84 No

9
Phosphatidylserine

(PS)
Lipid

Cell culture
supernatant

M. tuberculosis–
infected

macrophages
NR In vitro

Uninfected
macrophages

Western blot Increased Not reported No
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Table 1: Cont.

No.
Exosomal

Biomarker (s)
Biomarker

Type
Biofluid

Source of
Exosomes

n Cohort Type
Control
Group

Analytical
Method

Expression
Pattern

Diagnostic
Performance

External
Validation

10
Lipoarabinomannan

(LAM)
Lipid/Antigen Urine

Urinary
exosomes

PTB n = 74;
EPTB n = 53

Adult
Healthy +
non-TB
diseases

Immuno-PCR Increased

Sensitivity
68–74%;

Specificity
91–93%

No

11
TAGs, Cholesteryl

esters
Lipid Plasma

Plasma
exosomes

80 TB Adult
Healthy
controls

ESI-MS Increased Not reported No

Note: Heat shock protein 90 (HSP90), heat shock protein 70 (HSP70), heat shock protein 16.3 (HSP16.3), coronin actin-binding protein 1C (Coronin 1C), acyl carrier protein,
mycobacterial (AcpM), antigen 85 complex A (Ag85a), aldolase (Ald), chaperone protein DnaK (DnaK), chaperonin GroES (GroES), mycobacterial protein 51 (Mpt51), mycobacterial
protein 53 (Mpt53), mycobacterial protein 63 (Mpt63), mycothiol reductase A (MrsA), lipopolysaccharide-binding protein (LBP), cluster of differentiation 36 (CD36), major
histocompatibility complex class I (MHC-I), haptoglobin (HP), proteoglycan 4 (PRG4), stomatin (STOM), cluster of differentiation 151 (CD151), intercellular adhesion molecule 2
(ICAM2), orosomucoid 1 (ORM1), serum amyloid A1 (SAA1), solute carrier family 2 member 3 (SLC2A3), complement C1r subcomponent (C1R), glutamate receptor-interacting
protein 1 (GRIP1), phosphatidylserine (PS), lipoarabinomannan (LAM), culture filtrate protein 10 (CFP-10), triacylglycerols (TAG), cholesteryl esters (CEs), active tuberculosis
(ATB), latent tuberculosis infection (LTBI), multiple reaction monitoring–mass spectrometry (MRM-MS), enzyme-linked immunosorbent assay (ELISA), tandem mass tag (TMT),
electrospray ionization mass spectrometry (ESI-MS), immuno-polymerase chain reaction (I-PCR).

Table 2: Summary of Exosomal miRNAs found in subjects infected with M. tuberculosis.

No. Exosomal miRNAs
Source of
Exosomes

Screening
Method

Expression
Pattern

References
Biological/Functional

Context
Disease Context Model/Species Note

1 miR-20b-5p

Macrophage
supernatant

(M. tuberculosis-
infected)

RT-PCR Decreased [40]

Reported to regulate hypoxia-
and immune-related

pathways; decreased levels
may favor pro-inflammatory

responses.

In vitro infection
model

Murine macrophage model;
findings may not fully translate

to human TB.

2
miR-27-3p, let-7a-5p,
let-7c-5p, miR-25-3p,

miR-98-5p, miR-30a-3p, etc.

Macrophage
supernatant

(M. tuberculosis-
infected)

RNA
sequencing Increased [41]

let-7 family and miR-27/30
families implicated in
macrophage activation,
cytokine signaling, and
autophagy regulation.

In vitro infection
model

Macrophage-derived exosomes;
experimental model, not patient

samples.

3 miR-194-5p, miR-5110
Macrophage
supernatant

(M. bovis-infected)

RNA
sequencing Decreased [41]

miR-194 is associated with
immune modulation and

epithelial–immune crosstalk.

In vitro infection
model

M. bovis infection; results may
differ from M. tuberculosis

infection in humans.
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Table 2: Cont.

No. Exosomal miRNAs
Source of
Exosomes

Screening
Method

Expression
Pattern

References
Biological/Functional

Context
Disease Context Model/Species Note

4 miR-185-5p Plasma (TB
patients)

RNA
sequencing Increased [42]

miR-185 is linked to the
regulation of TLR signaling
and inflammatory pathways.

Active TB (ATB) Human clinical samples.

5 miR-423-5p, miR-17-5p,
miR-20b-5p

Serum (TB
patients)

RNA
sequencing Increased [43]

miR-17/20b cluster is
involved in cell proliferation
and immune regulation;

miR-423-5p is proposed as a
diagnostic biomarker.

Active TB (ATB) Human serum-derived
exosomes.

6 let-7e-5p, let-7d-5p,
miR-450a-5p, miR-140-5p

Serum (LTBI
patients)

RNA
sequencing Increased [44]

let-7 family miRNAs are
associated with immune

homeostasis and controlled
inflammation.

Latent TB
infection (LTBI) Human clinical samples.

7
miR-1246, miR-2110,

miR-370-3p, miR-28-3p,
miR-193b-5p, etc.

Serum (TB
patients)

RNA
sequencing Increased [44]

Several miRNAs are linked to
apoptosis, macrophage

activation, and
host–pathogen interactions.

Active TB (ATB) Human serum-derived
exosomes.

8 miR-26a-5p Serum (ATB
patients)

RNA
sequencing Decreased [44]

miR-26a-5p targets genes
involved in autophagy and
inflammatory signaling;

downregulation may enhance
bacterial survival.

Active TB (ATB) Human clinical samples.

9 miR-484, miR-425, miR-96,
etc.

Serum (TB
patients) qPCR Increased [45]

Associated with
mitochondrial function,
immune regulation, and
oxidative stress responses.

Active TB (ATB) Human serum-derived
exosomes.

10 miR-205-5p, miR-200c-3p,
miR-141-3p, etc.

Pleural effusion
(TB patients)

RNA
sequencing Increased [46]

miR-200 family implicated in
epithelial integrity and
inflammatory signaling.

Pleural TB Human pleural effusion
samples.

11 miR-483-5p, miR-375 Pleural effusion
(TB patients)

RNA
sequencing Decreased [46]

miR-375 is involved in
immune cell differentiation
and cytokine regulation.

Pleural TB Human pleural effusion
samples.
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Table 2: Cont.

No. Exosomal miRNAs
Source of
Exosomes

Screening
Method

Expression
Pattern

References
Biological/Functional

Context
Disease Context Model/Species Note

12 miR-33a-3p, miR-153-3p,
miR-373-5p, etc.

Pleural effusion
(TB patients)

RNA
sequencing Increased [47]

Linked to lipid metabolism
and immune signaling,

relevant to mycobacterial
persistence.

Pleural TB Human clinical samples.

13 miR-3120-5p, miR-489-3p,
miR-4669-5p, etc.

Pleural effusion
(LTBI patients)

sRNA
sequencing Decreased [47]

Reduced expression may
reflect immune quiescence
during latent infection.

Latent TB
infection (LTBI) Human clinical samples.

14 miR-143-3p, miR-210-3p,
miR-20a-5p, etc.

Serum (LTBI
patients)

sRNA
sequencing Increased [48]

miR-210 associated with
hypoxia responses; miR-143
linked to immune regulation.

Latent TB
infection (LTBI)

Human serum-derived
exosomes.

15 miR-23b, miR-17,
miR-584, etc.

Serum (ATB
patients)

sRNA
sequencing Increased [48]

miR-23b and miR-17 are
implicated in inflammatory
signaling and macrophage

function.

Active TB (ATB) Human serum-derived
exosomes.

Note: MicroRNA (miR), lethal-7 (let-7), reverse transcription PCR (RT-PCR), quantitative real-time polymerase chain reaction (qPCR), RNA sequencing (RNA-seq), small RNA
sequencing (sRNA-seq), active tuberculosis (ATB), latent tuberculosis infection (LTBI).
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4 Exosome Isolation, Detection, and Analytical Technologies

4.1 Exosome Isolation and Characterization Methods

The process of exosomal antigen detection begins with the isolation of exosomes from biofluids,
followed by analysis of the exosomal cargo. Basic procedures for exosome isolation are represented in Fig. 3.

Figure 3: Schematic illustration of stepwise exosomal isolation for biomarker diagnosis. BioRender (BioRender.com,
version 2024.1, BioRender, Toronto, ON, Canada).

Ultracentrifugation remains the most commonly used method, characterized by high-speed
centrifugation (100,000–120,000× g) for pelleting exosomes, making it the gold standard. It is highly
effective but time-consuming and demands sophisticated equipment. Moreover, it produces impure samples
because of the concomitant proteins that are co-isolated. Despite these limitations, ultracentrifugation is
still widely adopted as a reference method against which newer techniques are evaluated. In comparison,
Size-Exclusion Chromatography (SEC) uses porous columns to separate exosomes by size, enabling higher
purity and improved scalability.

Use porous columns to separate exosomes by size and gain high purity and scalability. Though less harsh
on the vesicles, these methods require optimization for TB samples [49]. Another approach, immunoaffinity
capture, is a highly selective but expensive method of isolating vesicles that employs antibodies against
exosome markers such as CD63 and CD9 or TB antigens such as ESAT-6 [50]; however, its applicability
is restricted by the availability and cost of suitable antibodies. Precipitation-based methods, which use
aggregating reagents (such as ExoQuick) to precipitate exosomes and facilitate centrifugation, offer a
rapid and simple alternative [51]. Nevertheless, these approaches carry a significant risk of non-specific
contamination, which can compromise downstream analyses. Taken together, each isolation strategy
presents distinct advantages and limitations in terms of purity, yield, cost, and scalability, underscoring
the need for careful method selection and, in some cases, the combination of techniques depending on the
study objectives.

During the initial stages of exosome analysis, effective separation from complex biofluids such as blood,
sputum, and urine is essential, as these matrices contain numerous contaminating proteins and particles
that can interfere with downstream analyses [52]. Following isolation, exosomes are further evaluated
to determine their size, concentration, and molecular cargo, which collectively inform their biological
relevance and diagnostic utility. Traditional isolation techniques, particularly ultracentrifugation at forces
of 100,000–120,000× g, remain widely regarded as the gold standard because of their ability to yield large
quantities of exosomes. However, this approach is associated with notable limitations, including the need
for expensive instrumentation, prolonged processing times of 4–6 h, and reduced sample purity due to the
co-isolation of soluble proteins and other vesicular components.
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In response to these challenges, recent innovations have focused on improving isolation speed,
accessibility, and cost-effectiveness while maintaining acceptable levels of purity. Microfluidic-based
platforms have emerged as a particularly promising alternative, employing miniaturized channels and
filtration systems to isolate exosomes based on size, morphology, or surface markers such as CD63 or
ESAT-6 [53]. These devices can process microliter-scale samples within minutes and achieve purity levels
comparable to ultracentrifugation. Notably, TB-specific microfluidic chips designed to targetMycobacterium
tuberculosis (Mtb) antigens are under active development and show considerable potential for rapid analysis
of sputum and blood samples, supporting their future application in point-of-care diagnostics.

Immunoaffinity-based isolation represents another targeted strategy, relying on magnetic beads or
functionalized chips coated with antibodies against exosomal markers such as CD9 or TB-associated
antigens, including lipoarabinomannan (LAM) [54]. This approach enables highly selective enrichment of
TB-relevant exosomes from complex biofluids, particularly urine. Despite its specificity, immunoaffinity
capture remains constrained by the high cost of antibodies and limited scalability, which currently restricts
its widespread implementation in large-scale or low-resource screening programs. Acoustic trapping
techniques offer a centrifugation-free alternative by exploiting sound waves to separate exosomes based on
size, achieving processing times of less than one hour [55]. While the relatively low equipment requirements
make this method attractive for use in resource-limited settings, further optimization is necessary to ensure
consistent performance across diverse TB-related biofluids. In contrast, precipitation-based methods using
commercial reagents such as ExoQuick provide a rapid and user-friendly means of exosome recovery via
low-speed centrifugation [56]. However, their susceptibility to non-specific contamination limits their
suitability for sensitive TB-focused analyses.

Following isolation, rigorous characterization of exosomes is critical for quality control and validation.
Techniques such as nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS) are routinely
employed to quantify vesicle size distribution and concentration, ensuring consistency and reliability of
isolated samples [57]. Morphological confirmation is typically achieved through transmission electron
microscopy, while flow cytometry using fluorescently labelled antibodies enables profiling of exosome
surface markers [58]. Together, these complementary methods confirm the identity of TB-associated
exosomes, including those carrying markers such as LAM. Nevertheless, the dependence of many
characterization techniques on centralized laboratory infrastructure poses challenges for field-based
applications. The development of portable and miniaturized analytical platforms, including emerging
portable NTA devices, may help overcome these barriers and advance the feasibility of exosome-based
tuberculosis diagnostics in resource-limited settings.

4.2 Antigen Detection and High-Throughput Screening

This method employs antibodies aimed at specific antigens (like LAM & ESAT-6) for detection [59]. It
is sensitive and readily available but requires known targets. Enzyme-linked immunosorbent assay (ELISA),
therefore, remains a practical choice for targeted antigen detection when prior knowledge of TB-specific
markers is available. In contrast, mass spectrometry uses powerful techniques to comprehensively profile
exosomal proteins and identify novel TB antigens [60]. While potent, it is expensive and dependent on the
laboratory facilities. Western blotting is commonly used to confirm the presence of specific antigens, such
as Ag85B, with a high degree of specificity; however, it is low-throughput and only semi-quantitative [61].
Polymerase chain reaction (PCR) offers a high level of sensitivity for detecting exosomal M. tuberculosis
DNA or host miRNAs and can complement protein-based analyses, although it is sensitive but not widely
used on the sought-after antigens [62]. In addition to these detection approaches, nanoparticle tracking



Biocell. 2026;50(8):7 13

analysis (NTA) is employed to quantify the size and concentration of exosomes, supporting quality control
before antigen detection rather than direct antigen identification [57]. Collectively, these techniques vary
in sensitivity, specificity, throughput, and resource requirements, and are often applied in combination to
enhance the robustness and interpretability of exosome-based TB antigen detection.

There is a need to further screen for TB-specific exosomal antigens such as ESAT-6 and Ag85B [63].
These antigens require high-throughput screening due to the complex nature of the cargo [64]. Traditional
methods like ELISA or Western blotting are not suitable for high-throughput screening as they focus
on known antigens one at a time. As a result, discovery-oriented approaches that enable simultaneous
interrogation of multiple targets are increasingly required to advance exosome-based TB biomarker research.

Mass Spectrometry Based Proteomics: The use of liquid chromatography (LC-MS/MS) allows for the
examination of thousands of exosomal proteins at once [65]. This includes the examination ofM. tuberculosis
markers like CFP-10 and host responses such as TNF-α. Although sensitive and comprehensive, these tests
are expensive and are confined to laboratories, which limits their use in low and middle-income countries.
Nevertheless, mass spectrometry remains a powerful discovery tool and is often used as a reference platform
for validating candidate exosomal biomarkers.

Antibody Microarrays: These chips, containing hundreds of antibodies specific to TB antigens and
grasping multiple targets in a single exosome sample, are able to implement multiplexing alongside speed
and efficiency [66]. They have noted increased levels of LAM and ESAT-6 in exosomes from patients with
active TB; however, tailored diagnostic arrays remain uncommon. The limited availability of standardized
and clinically validated antibody panels currently restricts the broader implementation of this technology.

Aptamer-Based Screening: Specific antigens are bound by high-affinity synthetic DNA/RNA molecules
called aptamers. Aptamer high-throughput libraries examine exosomal cargo in large quantities, uncovering
new TB biomarkers [67]. Although these settings with low stability and costs are advantageous, the
development of M. tuberculosis antigens lags. Further optimization and validation of TB-specific aptamers
are therefore required before widespread diagnostic adoption.

Surface-Enhanced Raman Spectroscopy (SERS): This focuses on the amplification of molecular
signals from exosomal antigens using nanoparticles, which enables rapid, label-free screening [68].
Preliminary research was able to detect M. tuberculosis lipids in exosomes, but sensitivity still needs
improvement. Advances in nanoparticle design and signal enhancement may help address these current
technical limitations.

These methods demonstrate the ability to uncover TB-specific signatures—for example, increased
ESAT-6 levels in active vs. latent TB, but all face difficulties in reproducibility, validation in cross-diverse
cohorts, and reproducibility. To overcome these shared challenges, future efforts should emphasize
standardization, miniaturization, and automation to enable scalable clinical translation of high-throughput
exosomal screening platforms.

4.3 Integration with Omics Technologies

In the case of TB, blood and sputum are the main specimens, but urine and CSF are being investigated
for extrapulmonary cases. Other difficulties include exosome heterogeneity, low concentrations of exosomes
in dilute fluids, and the need for portable, inexpensive technologies in resource-poor environments such
as low and middle-income countries (LMICs). A detailed summary of the origin of exosomes, isolation
techniques, and identified cargo in studies on M. tuberculosis Infection is presented in Table 3.



14 Biocell. 2026;50(8):7

Table 3: Summary of Exosomes’ origin, isolation technique, and identified cargo in studies onM. tuberculosis Infection.

No. Exosome Source Isolation Method Identified Cargo Reference Notes/Limitations

1 M. tuberculosis-infected
macrophages

Sucrose-gradient
ultracentrifugation,
Ultracentrifugation

Lipoarabinomannan,
19-kDa lipoprotein [69]

Possible co-isolation of
heterogeneous EVs; traceability

limited; negative controls not fully
discussed

2 M. tuberculosis-infected
macrophages Ultracentrifugation miRNA, mRNA [70]

Purity concerns; potential loss of
vesicles; negative controls not

mentioned

3 Serum (LTBI
individuals) ExoQuick

M. tuberculosis peptides
(Ag85C, DnaK, HspX,

Ag85A, etc.)
[70]

Co-isolation of serum proteins is
possible; limited discussion on

contaminants; negative controls are
limited

4
M. tuberculosis-infected

and CFP-treated
macrophages

Sucrose-gradient
ultracentrifugation

Mycobacterial proteins
(Antigen 85C, GlnA,
19-kDa LpqH, etc.)

[69]
Traceability limited; loss during
gradient fractionation; negative
controls not fully described

5 M. tuberculosis-infected
macrophages

ExoQuick,
Ultracentrifugation 19-kDa lipoprotein [71]

Mixing ExoQuick with
ultracentrifugation without
discussion of contaminants;

co-isolation likely; purity concerns

6 M. tuberculosis-infected
macrophages

ExoQuick,
Ultracentrifugation M. tuberculosis RNA [72]

Same as above: potential
contaminants not addressed;

heterogeneous EV populations;
negative controls limited

7 Serum (TB patients)
ExoQuick,

Sucrose-gradient
ultracentrifugation

Host proteins (KYAT3,
SERPINA1, HP,

APOC3)
[73]

Purity issues; co-isolation of non-EV
proteins; negative controls limited;

traceability not detailed

8 Serum (TB patients) ExoQuick

M. tuberculosis peptides
(Ag85B, Ag85C, Apa,
BfrB, GlcB, HspX,

KatG, etc.)

[69]
Same as above: co-isolation likely;

contaminants not discussed;
negative controls limited

9 Urine (TB patients) Centrifugation Lipoarabinomannan,
CFP-10 [74]

Potential loss of EVs; co-isolation
with urine proteins; traceability and

controls are limited

10 M. tuberculosis-infected
macrophages

Sucrose-gradient
ultracentrifugation Lipoproteins [75]

Loss during fractionation; limited
negative controls; heterogeneous

EVs possible

11 Serum (TB patients) Ultracentrifugation

miRNAs (hsa-miR-1246,
hsa-miR-2110,
hsa-miR-370-3p,
hsa-miR-28-3p,

hsa-miR-193b-5p, etc.)

[74] Purity and co-isolation concerns;
negative controls not fully described

12 Serum (TB patients) ExoQuick miRNAs [76]

Contaminant co-isolation likely;
limited discussion on purity and
traceability; negative controls

limited

Elevating exosome analyses, Omics technologies such as proteomics, transcriptomics, and others
examine their molecular intricacies, providing crucial information on TB pathogenesis and potential
biomarkers. These high-dimensional approaches enable a systems-level understanding of host–pathogen
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interactions that cannot be captured by single-analyte techniques. Using LC-MS/MS and shotgun proteomics,
we not only map exosomal proteins but also track risk markers like HspX in LTBI and host markers
such as IL-1β in active TB [77]. The integration of proteomics data into curated repositories such as
UniProt enhances the refinement of TB-specific biomarker panels; however, their stringent data processing
requirements necessitate advanced bioinformatics expertise, which can limit accessibility.

Transcriptomic analyses further expand the diagnostic and mechanistic potential of exosome research.
RNA sequencing of exosomal nucleic acids (RNA-seq) uncovers regulatory microRNAs such as miR-155,
M. tuberculosis–encoded RNAs, and host gene targets involved in immune modulation [78]. These
RNA-based signatures offer valuable insights into disease activity and immune status. Although single-cell
RNA sequencing of exosome-producing cells could theoretically enable precise discrimination of infection
stages, the inherently low RNA content of exosomes poses technical challenges and increases susceptibility
to analytical variability.

Greater insight can be achieved through multi-omics integration, where proteomic and transcriptomic
datasets are analyzed in parallel to identify correlated molecular signatures. For instance, a TB exosome
study demonstrated an association between miR-146a expression and IL-10 levels, highlighting coordinated
regulation at the RNA and protein levels [79]. The application of machine learning algorithms to such
integrated datasets has shown promise in developing predictive models of disease state or treatment
response, with reported accuracies of 80–90% in preliminary studies. Although comparatively less explored,
lipidomics may further enhance TB diagnostics by incorporating signatures of M. tuberculosis–derived
lipids, including lipoarabinomannan (LAM).

Omics-based analyses provide compelling evidence of disease progression and severity, exemplified
by the upregulation of exosomal miR-21 in multidrug-resistant TB [39]. Recent advances in cloud-based
computing, user-friendly analytical pipelines, and simplified assay kits represent important steps toward
broader implementation of omics approaches. These developments are particularly relevant for low- and
middle-income countries, where resource limitations and restricted access to high-performance computing
have historically constrained the adoption of omics-driven diagnostics.

5 Clinical Application in Tuberculosis Diagnosis

5.1 Diagnostic and Prognostic Application

Detecting and treating tuberculosis in patients as early as possible is crucial for reducing its transmission
and improving health outcomes [80]. However, traditional approaches tend to overlook cases right before
symptoms worsen. Exosomes, which are present in blood, sputum, urine, and saliva, act as markers
of infection in its early stages [81]. These exosomes, which are shed by macrophages and dendritic
cells during M. tuberculosis infection, contain bacterial antigens such as ESAT-6 and LAM, as well as
inflammatory molecules like TNF-α and miR-155, signaling infection before bacterial loads become
detectable in sputum [30].

Exostosomic biomarkers could help during the preclinical phase when sputum microscopy has low
sensitivity (20–60%) [82]. For example, some researchers have identified M. tuberculosis-specific proteins in
blood-derived exosomes from asymptomatic individuals who later progressed to active TB, indicating a
predictive capability [83]. Exosomes found in urine are ideal for HIV-TB co-infection, where sputum is
scarce. Their lipid bilayer encapsulation enhances stability and ensures that these markers are preserved,
unlike free proteins that get degraded in circulation.

Exosomes have potential uses in extrapulmonary TB (~15–20% of cases) where sputum tests are
irrelevant [84]. Exosomes in cerebrospinal fluid or blood containing Mtb antigens could accelerate the
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diagnosis of TB meningitis and decrease the wait time associated with invasive biopsies [85]. However,
while timely detection with exosomes is beneficial, population variability requires extensive validation and
standardization in testing to establish consistency and reliability.

The sensitivity and specificity of exosomal biomarkers provide themwith diagnostic credibility. In some
contexts, initial research indicates that exosomal antigen biomarkers may outperform other approaches.
For instance, detecting ESAT-6 and CFP-10 in the exosomes of active TB patients by ELISA has shown
approximately 80–90% sensitivity in preliminary studies, which exceeds that of sputum smear microscopy
(20–60%) and is comparable to GeneXpert (85–90% in smear-positive cases) [84,86]. With smear-negative
TB more frequently seen in HIV patients, exosomal markers could originate from fluids other than sputum,
providing potentially greater sensitivity (70–80%) than GeneXpert (50–60%) [87].

The specificity of M. tuberculosis is greatly enhanced by its unique antigens, such as ESAT-6, which
is absent in BCG and non-tuberculous mycobacteria (NTM), although LAM shows cross-reactivity with
some NTM species [88,89]. LAM demonstrates partial overlap with NTM mycobacterial species, which
diminishes its specificity further (85–90% specificity) [90]. However, confirming that these antigens are
indeed contained within exosomes, rather than free or transported by other particles, is essential. Proteomic
analyses have shown that more exosomal markers, such as ESAT-6, Ag85B, and specific host miRNAs, can
enhance specificity beyond 95%.

Exosomes in blood and sputum also show variation in both sensitivity and specificity depending on
the stage of the disease. While blood exosomes might dilute weakly abundant antigens, those obtained
from sputum carry higher concentrations but are more difficult to obtain from younger children. The
paucibacillary nature of extrapulmonary TB also makes it potentially less sensitive [7]. While exosomes
are less conclusive than culture tests (which demonstrate an 80–90% sensitivity and near 100% specificity),
exosomes do offer a quicker alternative and could be useful for screening or early detection rather than
definitive diagnosis.

Mycobacterial proteins culture filtrate protein 10 (CFP-10) and other antigenic determinants have been
found in exosomes isolated in the plasma of TB patients, which are highly expressed in active and latent
TB as compared to healthy controls and thus could serve as diagnostic biomarkers with high discriminative
ability (e.g., area under the curve (AUC) values > 0.9) in preliminary studies.

Besides, aptamers and electrochemical biosensors to CFP-10 and early secreted antigenic target 6
(ESAT-6) (and their complexes) are highly sensitive and specific in clinical sputum samples, providing
a pathway to portable, rapid detection that could overcome limitations of traditional smear microscopy,
especially in smear-negative, extrapulmonary, and HIV-related TB.

New technologies like microfluidic exosome isolation, surface-enhanced Raman spectroscopy (SERS)
also hold promise of providing sensitive, label-free detection of vesicle cargo. Even though standardized
protocols of isolation and quantification are still a challenge, and ethical issues regarding patient consent
and fair access to emerging diagnostics are paramount, the incorporation of the advances into point-of-care
systems could significantly benefit TB detection in resource-constrained environments.

5.2 Applications in Latent vs. Active TB Diagnosis

The ability to differentiate latent TB infection from active TB is one of the core diagnostic capabilities
of the test, as only 5–10% of the 2 billion people known to be latently infected actually progress to an active
disease [91]. Current methods, including the TST and interferon-gamma release assay (IGRAs)—both of
which only identify LTBI—fail to differentiate it from active TB, as well as make any predictive assessments
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regarding progression [92]. They are also exosome-reliant, which offers the analysis of disease state through
their cargo profiles.

In active tuberculosis (TB), exosomes from infected cells are associated with the bacterial virulence
factors (e.g., ESAT-6, LAM) and pro-inflammatory miRNAs (like miR-155) proportional to immune response
and bacterial replication [93,94]. There are reports of higher antigen loads in blood and sputum exosomes
of actively infected cases compared to those with latent TB infection (LTBI), and these can be detected using
ELISA or PCR. In LTBI, exosomes store dormant HspX latency-associated exosomes and anti-inflammatory
mediators such as miR-146a, indicating dormancy [95]. Differential miRNA signatures—increased miR-155
for active TB versus elevated miR-223 for LTBI—serve as additional distinguishers [96].

5.3 Point-of-Care (POC) Applications and Future Directions

Translating exosome technologies into POC diagnostics is crucial for TB control in high-burden,
low-resource settings. Current laboratory-based techniques (e.g., MS, ultracentrifugation) are not feasible
for rural LMICs due to their cost, infrastructure requirements, and technical complexity. Consequently,
significant efforts are being directed toward developing portable, low-cost, and user-friendly platforms that
can maintain acceptable diagnostic performance outside of centralized laboratories.

Lateral flow assays (LFAs) are among the most advanced POC approaches for exosome-based TB
detection. Prototypes have demonstrated sensitivities of 70–80%, comparable to smear microscopy, with
costs under $5 per test [97]. Like rapid COVID-19 diagnostic tests, LFAs employ antibodies to identify
exosomal TB antigens such as ESAT-6 in blood or urine samples, delivering results within 15–30 min. Their
simplicity, affordability, and rapid turnaround time make LFAs particularly attractive for decentralized
screening and early case detection.

In parallel, handheld biosensor-based devices are under active development and early clinical
evaluation. These platforms integrate microfluidics with electrochemical or optical biosensors incorporating
nanomaterials such as gold nanoparticles, enabling the detection of exosomal markers at picomolar
concentrations [98]. Such devices are designed to achieve GeneXpert-like diagnostic speeds of approximately
two hours without the need for sophisticated laboratory infrastructure. If successfully validated, biosensor
technologies could bridge the gap between laboratory-grade sensitivity and true field deployability.

Paper-based microfluidic systems offer an additional low-cost alternative, using capillary action to
isolate and detect exosomes on disposable, single-use chips suitable for sputum or saliva samples [99]. Early
TB assays based on these platforms have reported a sensitivity of approximately 75%, and their simple design
supports large-scale manufacturing. The scalability and minimal resource requirements of paper-based
devices position them as promising candidates for mass screening programs in resource-limited settings.

Collectively, these emerging POC technologies underscore a shift toward decentralized TB diagnostics
that prioritize accessibility, affordability, and speed. Continued optimization, large-scale clinical validation,
and integration with existing TB control programs will be essential to realize their full potential in
real-world settings.

Screening field tests could benefit from the addition of miniaturized MS and RNA-seq tools, but they
must be lower in cost [100]. There is improved accuracy for predicting TB outcomes from multi-marker
profiles as artificial intelligence enhances exosomal data interpretation [101]. These protocols are essential
for gaining regulatory approval, as they ensure the consistency of isolation and detection measures across
borders. Collaborative feasibility of POC trials in India, South Africa, and other regions considers issues of
power, training, and supply chain [102].



18 Biocell. 2026;50(8):7

6 Challenges, Ethics, Future Directions and Conclusion

6.1 Technical, Biological, and Standardization Challenges

There are several challenges to incorporating exosome technologies into TB care. Isolation techniques,
such as ultracentrifugation, and detection Methods like mass spectrometry are laborious and expensive
(costing $100–500 per sample), slow, and unsuited for LMIC clinics [103]. Furthermore, exosome heterogeneity
as well as low yields of urine pose reliability issues. Most evidence stems from small, controlled studies, and
diverse large-scale trials are lacking. Moreover, the sensitivity/specificity of 70–90% is significantly lower
than the close to 100% feasibility of culture, and prognostic accuracy over time remains unvalidated [104].

Infrastructure: Regions with the highest burden lack the required power, labs, and trained personnel
to perform exosome analysis. Controlled environments for simpler techniques, such as precipitation kits,
are scarce in rural areas. Funds from LMICs do not meet the demand for advanced tools, such as GeneXpert
cartridges costing $10–20. Without optimization, exosome assays could double that cost. There is an unmet
demand for scaling production and reducing reagent costs. No protocols exist for the isolation of exosomes,
antigen retrieval, or biomarker cutoff values. This creates potential for inconsistent outcomes in different
settings. Social stigma affects testing and requires follow-up monitoring, while access refers to travel to
the facilities. These issues are similar to those with the initial rollout of GeneXpert, indicating low-slope
adoption [105].

There are regulatory and ethical issues to consider with the clinical application of exosome-based TB
diagnostic tools:

6.2 Regulatory Barriers

There is a regulatory barrier to obtaining approval, as there is an expectation for extensive proof
of safety, efficacy, and reproducibility. Large multi-center studies need to be conducted to demonstrate
that the use of exosome-based diagnostics will meet or exceed the benchmarks set by GeneXpert [106].
Exosome therapeutics, which are considered biologics, face even more stringent requirements [107]. Before
clinical testing, there needs to be preclinical safety data, such as immunogenicity, as well as compliance
with Good Manufacturing Practices (GMP). In low and middle-income countries, these bodies do not have
the resources and capacity to assess new technologies, which slows down the approval process.

6.3 Standardization Gaps

There is a need for compliance from these governing bodies through widely accepted documented
processes, and protocols have to be validated, such as International Organization for Standardization (ISO)
guidelines. However, there is a lack of consensus regarding exosomal processes.

6.4 Ethical Issues

Informed consent is particularly difficult to obtain in sensitive populations like the rural poor living
with HIV, as they are not equipped to navigate intricate diagnostic processes. There are also notable privacy
concerns that come with exosomal profiling due to the possibility of nucleic acids disclosing non-TB-related
health information, such as cancer risk. Equitable access to diagnostics is one of the primary ethical
concerns; expensive diagnostics may deepen inequity due to an increasing focus on rich regions and neglect
of lower-middle-income countries.
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6.5 Therapeutic Risks

Tailored exosomes are associated with effects on non-target sites of action or immune response
complications, which need extensive monitoring for safety over time. In areas with a high incidence of TB,
there is a great need for ethical community involvement to prevent their use for exploitation within trial
settings. There is a need to create a balance between the regulation of exosome technologies and the ethical
considerations concerning patients and innovation to ensure that frameworks for patents are in place.

6.6 Emerging Research Directions

The development of TB solutions through exosomes has been made possible by novel research
breakthroughs. Focusing on the small RNAs Mtb is known to excrete, as well as some of the proteins
produced by the host, like cathelicidin, researchers are attempting to add more specificity to other existing
biomarkers, such as ESAT-6 and LAM, particularly for MDR-TB or LTBI progression. Moreover, lipidomics
aims to discover distinct signatures where Mtb cell wall lipids are targeted. There is ongoing pre-clinical
research on genetically modifying exosomes so that they can carry some anti-TB drugs, like rifampicin,
and immune enhancers like IFN-γ to reduce the toxic effects while sharpening the effectiveness of the
drugs. Currently, mouse models show a 30% increase in bacterial clearance, with human trials anticipated
in the near future. Some pilot studies have demonstrated that with the aid of AI, integrating data from
exosomal proteomics and miRNA offers the ability to predict the outcome of TB with 80–90% accuracy.
Rapid point-of-care testing could become a reality due to AI-powered biosensors. The focus of research
now moves to urine and salivary exosomes, bypassing the issues posed by sputum collection in children
or extrapulmonary TB. Assays based on urine from HIV-TB cohorts demonstrate 70% sensitivity, thus
strengthening the potential for point-of-care use.

Studies investigate how Mtb exploits exosome release, for instance, through the ESX-1 secretion
system, shedding light on intervention targets. The involvement of exosomes in granuloma upkeep and
reactivation has become an area of increasing interest. Exosome research continues to advance, aided by
support from the NIH and the Gates Foundation. However, the development of clinical applications remains
a primary challenge.

7 Conclusions

In order to reach the desired outcomes, purposeful research on exosomes is critical. A central
requirement for progress is rigorous validation supported by standardization. The existing proof for
smaller cohorts of 20–100 participants is insufficient. It is imperative to conduct multi-center trials in TB
high-prevalence (LMICs) such as India and South Africa, where exosomal diagnostics and prognostics
are tested against gold standards (culture, GeneXpert). These milestones need to be reached with age
and ethnic diversity: HIV and diabetes as co-morbidities alongside TB, with an expectation of above
90% sensitivity/specificity. It is elementary and pressing to establish universal isolation protocols like
microfluidics, biosensor detection, and define a set of candidate biomarkers, ESAT-6 level thresholds.
Cross-border collaboration is therefore essential, building on MISEV guidelines, TB standard benchmarks
for regulatory endorsement, and consistency in clinical endorsement.

Beyond validation, translation into real-world settings depends on simplifying and integrating
technologies. Research must focus on portable and low-cost diagnostic tools like lateral flow assays
(which cost $5 per test) or handheld biosensors, suited for clinics in low and middle-income countries
(LMICs). Streamlining omics workflows, such as a miniaturized form of mass spectrometry, could improve
access to multi-marker analysis.
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Therapeutic development represents an additional and promising frontier. Preclinical results from
engineered exosomes, such as 30% enhanced bacterial clearance in mice, justify human trials to evaluate
the safety, efficacy, and scalability of exosome-based drug delivery and immunotherapy approaches.

Sustained funding and coordinated collaboration act as the enabling foundation for all these advances.
International health organizations likeWHO and NIH, as well as the private sector, need to support this work
and facilitate collaboration among researchers, clinicians, and policymakers to develop solutions oriented
towards LMICs. By aligning validation, technological simplification, combination strategies, and therapeutic
exploration, exosome research can move from a concept of great promise into practical application, helping
to narrow the gap between the global burden of tuberculosis and its eventual eradication.
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