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ABSTRACT

Brain tumors, including primary and metastatic brain tumors, remain a major clinical challenge because of their biological heterogeneity,
aggressive behavior, and limited treatment options. Early diagnosis, accurate prognostication, and continuous monitoring are essential
for improving patient outcomes. Recent advances in molecular biology and liquid biopsy technologies have identified several promising
biomarkers with potential clinical applications. This review summarizes emerging genetic, epigenetic, metabolic, and circulating
biomarkers for brain tumors, with particular emphasis on extracellular vesicles (EVs) and cerebrospinal fluid (CSF). Established
molecular markers, including isocitrate dehydrogenase (IDH) mutations, O6-methylguanine-DNA methyltransferase (MGMT)
promoter methylation, H3K27M, epidermal growth factor receptor (EGFR) amplification, TP53 and BRAF mutations, and TERT
promoter mutations, provide valuable information for tumor classification, prognosis, and therapeutic decision-making. Additional
biomarkers such as S100B, YKL-40, microRNAs, choline, and lactate may contribute to disease monitoring and assessment of tumor
activity. Advances in next-generation sequencing and liquid biopsy have further enhanced the ability to detect tumor-specific molecular
alterations and monitor tumor evolution. EVs are particularly promising because they transport proteins, lipids, DNA, and RNA and
may facilitate both biomarker detection and targeted drug delivery across the blood-brain barrier. CSF represents another valuable
biomarker source because of its close proximity to brain tumors and higher concentration of tumor-derived molecules compared with
peripheral blood. Despite these advances, challenges related to assay standardization, sensitivity, specificity, sampling, and clinical
validation remain. Integrating molecular biomarkers, EVs, CSF analysis, and advanced genomic technologies may ultimately enable
more accurate diagnosis, personalized treatment, and real-time monitoring of brain tumors.
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rain tumors pose a significant clinical challenge

because of their complex biology, varied histology,

and the need for timely diagnosis and effective
treatment [1,2]. They comprise primary brain tumors, which
originate within brain tissue, and metastatic brain tumors
(BrM), which arise from malignancies elsewhere in the body
[3]. Lung, breast, melanoma, colon, Kkidney, and ovarian
cancers are the most common sources of BrM, and
approximately 15% of cases have an unknown primary origin
[3]. Prognosis in BrM remains poor and varies with the primary
cancer type and the extent of metastatic disease [4], median
survival after BrM diagnosis is approximately 15 months in
lung cancer but only 7 to 10 months in melanoma.
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Despite advances in neuroimaging, neurosurgery, stereotactic
radiosurgery, and systemic therapies, outcomes have not
improved substantially over recent decades, underscoring the
need for innovative diagnostic and therapeutic strategies.
Advances in molecular biology and genomics have enabled the
identification of biomarkers, derived from tumor tissue, blood,
or cerebrospinal fluid (CSF), that offer insight into tumor
biology, treatment response, and disease progression [5].
Extracellular vesicles (EVs) and circulating tumor DNA
(ctDNA) are particularly promising because they reflect the
tumor's molecular profile and permit non-invasive monitoring
[5,6]. EVs, which include exosomes and microvesicles, mediate
intercellular communication and are implicated in tumor
progression and metastasis [7,8].
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CSF isincreasingly recognized as a valuable biomarker source:
it may contain higher concentrations of specific biomarkers
than peripheral blood, reflecting the tumor's molecular
landscape more accurately [12,13], and CSF ctDNA analysis
has revealed somatic alterations consistent with the primary
tumor type [14,15]. However, the invasiveness of CSF
sampling limits routine clinical application, and its feasibility
in broader patient populations requires further study. This
review summarizes emerging biomarkers for brain tumors,
focusing on the roles of EVs and CSF in early detection and
therapeutic monitoring, and aims to elucidate their clinical
utility in improving outcomes and guiding personalized
treatment.

2. EMERGING BIOMARKERS FOR BRAIN TUMORS
2.1 IDH Mutation

Mutations in the isocitrate dehydrogenase genes IDH1 and
IDH2 are critical biomarkers in gliomas [16]. They confer a
gain of function that produces 2-hydroxyglutarate (2-HG), an
oncometabolite that promotes tumorigenesis by altering
cellular metabolism and epigenetic regulation [17]. IDH-
mutant gliomas show a lower grade at diagnosis, slower
growth, and improved overall survival compared with IDH
wild-type tumors [18]. IDH mutations are also linked to the
glioma CpG island methylation phenotype (G-CIMP),
characterized by widespread DNA methylation changes [19],
which is thought to influence tumor biology and response to
therapy, particularly temozolomide, making IDH status vital for
treatment planning and prognostication [20]. In current clinical
practice, IDH mutation status is an essential component of the
integrated molecular classification of diffuse gliomas. It
contributes to tumor diagnosis and grading when interpreted
alongside histological findings and other molecular alterations.
IDH status also provides important prognostic information and
may influence treatment planning. Furthermore, the availability
of IDH-targeted therapies has increased the clinical relevance
of identifying IDH mutations in selected patients. However,
IDH status should be interpreted together with other clinical
and molecular features rather than used as an isolated predictor
of outcome [19,20].

2.2 MGMT Promoter Methylation

06-methylguanine-DNA methyltransferase (MGMT) promoter
methylation is a significant biomarker in glioblastoma,
influencing treatment response and prognosis [21]. MGMT isa
DNA repair enzyme that counteracts alkylating agents such as
temozolomide (TMZ); promoter methylation silences the gene,
decreasing MGMT expression and enhancing TMZ sensitivity
[22]. Patients with MGMT methylation show improved overall
and progression-free survival with TMZ [23-25]. This value is
particularly pronounced in the context of IDH mutations, where
combined assessment of both biomarkers stratifies patients into

distinct risk categories and aids tailored management [23].
MGMT promoter methylation has particular clinical relevance
in glioblastoma because it is associated with a greater
likelihood of benefit from temozolomide-based chemotherapy.
In clinical practice, MGMT methylation status helps clinicians
interpret the expected benefit of alkylating-agent treatment,
particularly when considering treatment options for older or
medically vulnerable patients. Nevertheless, its interpretation
depends on the clinical context, assay methodology, and other
patient and tumor characteristics. MGMT promoter
methylation is therefore best considered a treatment-response
biomarker rather than a standalone diagnostic marker [24,25]

2.3 H3K27M Mutation

The H3K27M mutation, in the histone H3 gene (H3F3A), is
mainly associated with diffuse intrinsic pontine gliomas
(DIPGs) and other high-grade gliomas [26,27]. By altering
histone H3 methylation, it causes widespread epigenetic
changes that promote tumor growth and survival [28]. It
indicates poor prognosis, occurring in aggressive tumors
resistant to conventional therapies [29], and is used in
molecular diagnostics to classify tumors and guide treatment.
Targeting the epigenetic changes it induces, including with
small-molecule inhibitors of the affected pathways, may offer
new therapeutic avenues [30].

2.4 EGFR Amplification

Epidermal growth factor receptor (EGFR) amplification occurs
in approximately 40% of glioblastomas [31]. It causes EGFR
overexpression, promoting tumor cell proliferation, survival,
and invasion, and is associated with a more aggressive
phenotype and poorer prognosis [32]. EGFR alterations can
guide targeted therapy, such as tyrosine kinase inhibitors,
although these have shown limited efficacy in glioblastoma;
novel agents targeting EGFR and its downstream pathways are
under development [33].

2.5 TP53 Mutations

TP53 mutations are prevalent in brain tumors, particularly
glioblastomas. TP53 encodes p53, a tumor suppressor that
regulates the cell cycle, DNA repair, and apoptosis [34].
Mutations often cause loss of function, allowing unchecked
proliferation and survival [35], and are associated with more
aggressive behavior and poorer outcomes. They frequently co-
occur with other alterations, such as IDH mutations and MGMT
methylation, informing tumor biology and therapeutic
vulnerabilities, and assessing TP53 status is essential for
prognosis and treatment guidance in glioma [36].

2.6 BRAF Mutations

BRAF mutations, particularly V600E, occur in a subset of
gliomas, including pilocytic astrocytomas and some high-grade
gliomas [37]. BRAF is a key component of the MAPK
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signaling pathway, and its mutation causes constitutive
activation that promotes cell proliferation and survival [38].
BRAF mutations are associated with specific clinical features
and can influence treatment decisions [39]. BRAF inhibitors
have shown promise in preclinical models and early trials, but
resistance is a concern, and combination strategies require
further research [39].

2.7 Megalin

Megalin, a member of the low-density lipoprotein receptor
family, mediates the uptake of ligands, including hormones and
nutrients, in the brain. Its expression is linked to glioma
pathophysiology, may influence tumor growth and therapeutic
response, and elevated levels are associated with poor
prognosis [40]. Its mechanistic role and potential as a
therapeutic target or treatment-response biomarker remain
under investigation.

2.8 5100B

S100B is a calcium-binding protein predominantly expressed in
astrocytes, and its CSF and serum levels have been investigated
as biomarkers for brain tumors [41]. Elevated S100B is
associated with poor prognosis and tumor progression in
gliomas and is thought to influence tumor cell proliferation,
migration, and survival [42]. It is also being studied for
monitoring treatment response and recurrence [41]. Its non-
invasive nature makes it attractive, although validation in larger
cohorts is needed [43]. Despite its potential value, S100B has
limited diagnostic specificity for brain tumors because its
concentration may also increase in other neurological
conditions, including traumatic brain injury and stroke. Its
levels may be influenced by non-tumor-related tissue damage
and other clinical factors. Therefore, S100B should not be used
as a standalone diagnostic marker for brain tumors. Its potential
utility is better assessed in conjunction with clinical findings,
neuroimaging, and more tumor-specific molecular biomarkers.
Further validation in well-characterized patient cohorts is
required to establish its diagnostic performance and clinical
value for disease monitoring.

2.9 CSF Biomarkers (YKL-40)

YKL-40, a glycoprotein secreted by activated astrocytes and
microglia, has emerged as a promising biomarker in brain
tumors [44]. Elevated YKL-40 in CSF and serum correlates
with tumor presence, progression, and poor prognosis in
gliomas [45], and it is believed to participate in inflammatory
processes and tissue remodeling within the tumor
microenvironment [44]. Its measurement may provide
information on tumor activity and treatment response [46], and
its role in glioma biology and potential as a therapeutic target
or prognostic marker are under study.

2.10 ctDNA

CtDNA is a novel biomarker for monitoring tumor dynamics in
gliomas. Shed from tumor cells into the bloodstream, it can be
detected by advanced sequencing [47] and identifies specific
tumor mutations, providing insight into tumor heterogeneity
and evolution. It has potential as a non-invasive biomarker for
early detection of recurrence, assessment of treatment response,
and monitoring of minimal residual disease; its clinical
application remains under investigation, but it holds great
promise for glioma management [48,49]. Despite its potential,
the clinical application of circulating tumor DNA (ctDNA) in
brain tumors faces several limitations. Tumor-derived ctDNA
may be present at very low concentrations in peripheral blood
because the blood—brain barrier restricts the release of tumor-
associated material into the systemic circulation. Consequently,
the sensitivity of blood-based ctDNA assays may be limited,
particularly in patients with small tumors or low tumor burden.
A negative blood-based result does not necessarily exclude the
presence of a brain tumor or a clinically relevant molecular
alteration. In addition, assay sensitivity, pre-analytical sample
handling, and tumor heterogeneity can influence detection.
Cerebrospinal fluid (CSF) may provide a higher yield of tumor-
derived DNA in selected patients, although its collection is
invasive and may not be suitable for every patient.

2.11 TERT Promoter Mutation

TERT promoter mutations are common in gliomas and are
associated with telomerase activation, enhanced cellular
immortality, and tumorigenesis [50,51]. Particularly prevalent
in high-grade gliomas and linked to poor prognosis, they help
differentiate tumor types and predict clinical outcomes [52],
and are often assessed alongside other genetic alterations to
build a comprehensive molecular profile. Their functional
implications and potential as therapeutic targets are under
investigation [53].

2.12 Choline and Lactate

Choline and lactate are metabolites measurable by magnetic
resonance spectroscopy (MRS) and are associated with tumor
metabolism in gliomas. Elevated choline indicates increased
cellular membrane turnover, a hallmark of tumor proliferation,
whereas elevated lactate reflects anaerobic metabolism, often
seen in hypoxic tumor environments. Their assessment
provides insight into tumor aggressiveness, treatment response,
and recurrence, and MRS, as a non-invasive technique, allows
real-time monitoring of tumor metabolism in clinical glioma
management. [52]

2.13 miRNA

MicroRNAs (miRNAs) are small non-coding RNAs that
regulate gene expression and are implicated in glioma
pathogenesis. Specific miRNA profiles are associated with

Online First

Indian J Pharm Drug Studies | 3



Revanth & Nivetha

Emerging Biomarkers for Brain Tumors

glioma subtypes and provide insight into tumor behavior,
prognosis, and treatment response [54]. Their dysregulation
affects pathways governing proliferation, apoptosis, and
invasion, and their use as diagnostic and prognostic biomarkers
and in targeted therapies is under investigation; their non-
invasive detection in body fluids further enhances their appeal
[55].

3. ADVANCES IN BIOMARKER DISCOVERY

Advanced molecular profiling and liquid biopsy technologies
have greatly enhanced biomarker discovery and validation,
enabling more precise detection and monitoring of brain tumors
and better clinical outcomes.

3.1 Molecular Profiling Techniques
Next-generation sequencing and biomarker identification

Next-generation sequencing (NGS) has revolutionized
molecular profiling by enabling comprehensive analysis of
genetic alterations at an unprecedented scale. In brain tumors,
it provides deep insight into the genomic landscape and enables
the identification of novel biomarkers [56], including mutations
in IDH1, the TERT promoter, and BRAF that are key glioma
biomarkers for diagnosis, prognosis, and therapeutic decision-
making [57]. Whole-genome sequencing (WGS), whole-exome
sequencing (WES), and targeted sequencing detect mutations,
copy number variations, and gene fusions often missed by
traditional methods [58]. Simultaneous high-resolution analysis
of multiple genes and integration with other omics data (e.g.,
transcriptomics, proteomics) further enhance biomarker
identification.

Traditional methods versus modern genomic approaches

Traditional methods, such as immunohistochemistry (IHC) and
fluorescence in situ hybridization (FISH), are widely used to
detect specific proteins and genetic alterations but are limited
by low throughput, inability to detect complex genomic
alterations, and reliance on prior knowledge of the target. NGS
offers comprehensive analysis of thousands of genes
simultaneously, enabling discovery of novel biomarkers
undetectable by traditional methods; high sensitivity for low-
frequency mutations and subclonal populations, giving a more
accurate representation of tumor heterogeneity; and speed and
efficiency, as modern platforms generate vast data quickly
enough for clinical application. [57]

3.2 Liquid Biopsy Innovations

Liquid biopsy is an emerging, non-invasive technique that
detects and monitors biomarkers in biofluids such as blood,
CSF, and urine, and is particularly advantageous in brain
tumors, for which traditional biopsy is invasive and risky [59].
Key biomarker sources include ctDNA, which carries tumor-
specific genetic alterations detectable in the bloodstream and

has shown promise in detecting brain tumors and monitoring
treatment response [60]; circulating tumor cells (CTCs), shed
into the bloodstream, which provide information on tumor
characteristics and metastatic potential [61] and EVs, including
exosomes, which contain tumor-derived proteins, RNA, and
DNA [7].

4. ROLE OF EXTRACELLULAR VESICLES IN
INTERCELLULAR COMMUNICATION AND TUMOR
BIOLOGY

EVs, which comprise membrane-bound vesicles such as
exosomes and microvesicles, are released by all cell types and
found in body fluids including blood, urine, saliva, and CSF.
By transporting proteins, lipids, RNA, DNA, and metabolites,
they are essential mediators of intercellular communication in
physiological and pathological processes.

4.1 EVs in Communication Between Tumor Cells and the
Tumor Microenvironment

The tumor microenvironment is a complex, dynamic system of
interactions among tumor cells, stromal cells, immune cells,
and the extracellular matrix. EVs are critical components of this
network, transferring molecular signals that significantly
influence tumor behavior.

Tumor progression and metastasis: Tumor-derived EVS
promote tumor progression and metastasis [62]. They carry
oncogenic proteins and nucleic acids that are taken up by
surrounding cells, altering gene expression and promoting a
more malignant phenotype; for example, EVs can transfer
mutated oncogenes such as Ras or p53, potentially transforming
normal cells into cancerous ones. They also carry growth
factors, cytokines, and angiogenic factors that stimulate tumor
cell proliferation and angiogenesis, which is critical for tumor
growth and metastasis [63,64].

Immune modulation and evasion: Tumor-derived EVs can
carry immunomodulatory molecules such as PD-L1, which
inhibit cytotoxic T cells and allow tumor cells to evade immune
surveillance. They can also alter immune cell function in the
tumor microenvironment, for example by converting
macrophages to a tumor-promoting (M2) phenotype or
inducing regulatory T cells (Tregs) that suppress the antitumor
immune response [65].

Pre-metastatic niches: Before metastasizing, tumor cells often
prepare distant sites by secreting EVs that recruit bone marrow-
derived cells, increase vascular permeability, and modulate the
extracellular matrix, creating a niche that supports the survival
and growth of metastatic tumor cells [66].

4.2 Mechanisms of EV Release and Uptake

Exosome biogenesis. Exosomes form within the endosomal
system. The cell membrane invaginates to form an early
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endosome, which matures by inward budding into
multivesicular bodies (MVBSs) containing intraluminal vesicles
(ILVs) [64]. These ILVs, 30 to 100 nm in diameter, are the
precursors of exosomes. MVBs either fuse with lysosomes,
degrading their contents, or fuse with the plasma membrane,
releasing the ILVs extracellularly as exosomes [64,67].

Microvesicle formation. Microvesicles form by outward
budding of the plasma membrane, involving cytoskeletal
rearrangement and lipid redistribution that cause the membrane
to bulge and pinch off. They are generally larger than
exosomes, ranging from 100 nm to 1 pm [68,69].

Uptake by recipient cells. EVs interact with recipient cells
through several mechanisms. In direct membrane fusion, EVs
deliver cargo directly into the cytoplasm, a route particularly
efficient for membrane proteins and lipids [70]. In receptor-
mediated endocytosis, recipient cell receptors recognize EV
surface ligands, and the internalized EV releases its cargo from
an endosome into the cytoplasm [71]. Larger EVs, such as
microvesicles, can be engulfed by phagocytosis or
macropinocytosis, more commonly in phagocytic cells such as
macrophages [71]. EVs may also act without internalization by
engaging cell surface receptors and initiating signaling
cascades; for example, EVs carrying Whnt proteins can activate
Whnt signaling, influencing proliferation and differentiation
[70].

4.3 Overall Impact of EV-Mediated Communication in
Tumor Biology

EV-mediated communication between tumor cells and their
microenvironment is a major factor in cancer progression [72].
By transferring oncogenic molecules, modulating immune
responses, and preparing distant sites for metastasis, EVs
enable tumors to grow more aggressively and evade therapy;
understanding EV release, uptake, and function is therefore
crucial for developing strategies that disrupt this
communication [72,73].

4.4 Mechanism of EVs in Crossing the Blood-Brain Barrier

Because EVs carry and deliver proteins, lipids, and nucleic
acids, they are versatile drug delivery tools [74]. Significantly,
EVs can cross the BBB, which is typically impermeable to most
substances, owing primarily to their small size,
biocompatibility, and surface proteins that facilitate uptake by
brain endothelial cells. Their natural origin also allows them to
evade the immune system, reducing rapid clearance and
enhancing their potential as drug carriers [75,76].

4.5 Applications of EVs in Targeted Drug Delivery

By traversing the BBB, EVs enable targeted drug delivery in
central nervous system (CNS) disorders and brain tumors.
Encapsulating small molecules, proteins, or RNA within EVs
can achieve targeted brain delivery, increasing efficacy while

minimizing systemic side effects, which is particularly
advantageous for chemotherapy, where traditional treatments
often fail because of the restrictive BBB [77].

4.6 Therapeutic Implications in Brain Tumor Treatment

Glioblastomas and other brain tumors are difficult to treat
because of the BBB and their infiltrative nature. EVs can be
engineered to carry anticancer drugs, RNA interference
molecules, or gene-editing tools directly to tumor cells, and
EVs derived from specific cell types, such as stem cells with
inherent tumor-targeting properties, may further increase
precision and effectiveness [78,79]. Recent preclinical studies
show that EVs loaded with chemotherapeutic agents such as
doxorubicin or paclitaxel reduced tumor size and improved
survival in animal models, and displaying tumor-specific
ligands on the EV surface may further enhance targeting and
efficacy [80]. Extracellular vesicles have potential applications
both as diagnostic biomarkers and as therapeutic delivery
systems. However, the clinical evidence must be interpreted
according to the disease context and intended application.
Clinical trials involving EVs in brain tumors are particularly
relevant to this review because they may provide direct
evidence regarding safety, feasibility, biomarker performance,
or therapeutic potential in the central nervous system. Trials
conducted in other diseases are included only to illustrate
broader developments in EV-based clinical translation and
should not be interpreted as evidence of efficacy in brain
tumors. Disease-specific validation and well-designed clinical
studies remain necessary before EV-based approaches can be
adopted in routine brain tumor management. Clinical trials
involving EVs are summarized in Table 1.

5.1 Overview of CSF Analysis for Brain Tumor Detection

Brain tumors are difficult to diagnose and manage given the
brain's complexity and inaccessibility, and tissue biopsy,
although effective, carries significant risks and is often
unsuitable. CSF has therefore emerged as a promising, less
invasive, and potentially more accurate diagnostic alternative,
particularly where conventional methods prove inadequate
[12,13]. CSF, a clear fluid that cushions the brain and spinal
cord, is in direct contact with the CNS and is ideally positioned
to capture tumor-related biomarkers released from brain tumor
cells, including ctDNA, miRNAs, proteins, and EVs [88].

5.2 Importance in Challenging Diagnostic Cases

Diagnosis is particularly difficult when tumors are small,
deeply situated, or associated with non-specific symptoms [89].
Imaging alone may not be definitive, and biopsy risks include
hemorrhage, neurological damage, and infection. CSF analysis
offers a safer, more accessible way to obtain diagnostic
information, including when other methods fail to yield clear
results [12]. Lumbar puncture is relatively simple and
minimally invasive and permits repeated sampling, facilitating

Online First

Indian J Pharm Drug Studies | 5



Revanth & Nivetha

Emerging Biomarkers for Brain Tumors

dynamic monitoring of tumor progression, treatment response,
and early recurrence [90].

5.3 Abundance of Biomarkers in CSF Compared with
Peripheral Fluids

CSF is superior to peripheral fluids such as blood for detecting
brain tumor biomarkers. The BBB, although essential for
protecting the brain, limits the presence of tumor biomarkers in
the bloodstream, making peripheral blood less reliable for
detecting brain-specific abnormalities [91]. CSF is not similarly
restricted, and tumor-associated biomarkers are consequently
more abundant in CSF than in blood. For instance, ctDNA is
found at higher concentrations in CSF than in plasma [92],
which is particularly important for identifying mutations linked
to brain tumors, such as those in IDH1, TP53, and EGFR, that
are crucial for diagnosis and personalized treatment [93].

5.4 Clinical Studies and Comparative Data

In a study detecting tumor-specific mutations in brain tumor
patients, CSF ctDNA had a detection sensitivity of 100%,
compared with only 37.5% for plasma ctDNA, underscoring
the limitations of peripheral blood and positioning CSF as a
more reliable source [12]. CSF is also superior for detecting
circulating nucleic acids, such as miRNAs and other small non-
coding RNAs, which are more concentrated and stable in CSF
than in blood, where they may be degraded by enzymes or

diluted by larger plasma volumes [94]. Proteins and EVs are
likewise more concentrated in CSF and help characterize tumor
behavior and identify therapeutic targets; for instance, glial
fibrillary acidic protein (GFAP) and extracellular matrix
components such as tenascin and osteopontin are often elevated
in the CSF of patients with gliomas, providing valuable
diagnostic and prognostic information [95].

5.5 Implications for Brain Tumor Management

The greater abundance of biomarkers in CSF improves
diagnostic accuracy and disease management. By giving a
clearer view of the tumor's genetic and molecular landscape,
CSF biomarkers enable personalized treatment, including
selection of targeted therapies based on mutations detected in
CSF, monitoring of treatment efficacy, and detection of early
recurrence [96]. They may also reduce the need for repeated
invasive procedures such as brain biopsy by allowing ongoing
monitoring, which is particularly important for patients with
high-risk tumors or those who are not surgical candidates
because of their overall health [12]. CSF is thus a powerful
biomarker source for brain tumor detection and management,
particularly in challenging diagnostic cases; its ability to reveal
the tumor's genetic and molecular characteristics, together with
its accessibility and minimal invasiveness, makes CSF analysis
an invaluable tool in brain cancer care [97].

Table 1: Clinical trials involving ""Extracellular Vesicles' (EVs) as biomarkers or therapeutic tools

Trial Disease / Biomarker or —
registration clinical Sy therapeutic =V counee ) ey relhg Status
S phase o Type Outcomes
number indication application
Evaluate safety and Mesenchymal Safe and tolerable with
l[\|8€]T 03384433 Glioblastoma | Phase | efficacy of EVs loaded | Stem Cell- potential therapeutic Completed
with siRNA Derived EVs effects
Non-Small Showed potential as a
NCT02657460 | Cell Lung Biomarker for early Tumor-Derived ved potenti .| Completed
Phase Il . non-invasive diagnostic
[82] Cancer detection EVs marker
(NSCLC)
Evaluate the efficacy of Reduced inflammation .
NCT04394572 COVID-19 Phase I/l | EVs in reducing Plas_ma- and improved clinical Ongoing
[83] - . Derived EVs
inflammation outcomes
NCT02862315 | Alzheimer's Phase | Assess EVs as a Neuronal- :jr;?i'\f::?: pt?]t:rr;tlzlu;?c Completed
[84] Disease therapeutic tool Derived EVs agents g P
NCTO03468426 | Pancreatic Phase |1 r?wlgr??t?)rrii(relr ftcr)gatment Tumor-Derived | Correlated EVs with Completed
[85] Cancer 9 EVs treatment response
response
NCTO03608631 | Traumatic Explore EVsas a Neural Sf[em EVs reflected injury Ongoing
S Phase | : o Cell-Derived . .
[86] Brain Injury diagnostic biomarker EVs severity and prognosis
NCT04327470 | Multiple Biomarker for disease B-cell-Derived Cgrrelfa\ted EV levels Ongoing
Phase Il ) with disease
[87] Myeloma progression EVs .
progression
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CONCLUSION

Molecular biomarkers are increasingly important in the
classification, prognostic assessment, and therapeutic
management of brain tumors. Among established biomarkers,
IDH mutation status contributes to the integrated diagnosis and
prognostic assessment of diffuse gliomas, whereas MGMT
promoter methylation helps predict the likelihood of benefit
from temozolomide-based treatment in glioblastoma. H3 K27
alterations, EGFR amplification, and other molecular changes
provide additional diagnostic or prognostic information when
interpreted within the appropriate clinical and pathological
context. Emerging biomarkers, including circulating tumor
DNA, microRNAs, extracellular vesicles, and cerebrospinal
fluid-derived molecular markers, offer opportunities for
minimally invasive tumor characterization and longitudinal
monitoring. CSF-based assays may be particularly informative
in selected patients, while blood-based assays offer easier
repeat sampling but may be limited by the low abundance of
tumor-derived material. EV-associated molecules and specific
miRNA profiles are promising research areas, although their
clinical utility requires further validation. Major barriers to
clinical implementation include the lack of standardized
collection and analytical procedures, variable assay sensitivity
and specificity, tumor heterogeneity, limited validation in large
prospective cohorts, and uncertainties regarding cost-
effectiveness and clinical decision thresholds. Invasive
sampling requirements, particularly for CSF analysis, also
restrict routine use in some patients. Future studies should
prioritize harmonized methods, independent clinical validation,
and evaluation of whether biomarker-guided decisions improve
patient outcomes. Integrating established molecular markers
with validated liquid biopsy approaches may support more
personalized diagnosis, treatment selection, and monitoring of
brain tumors.
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