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Abstract
Meningioma is the most common central nervous system (CNS) tumor. In recent decades, several efforts have been made 
to eradicate this disease. Surgery and radiotherapy remain the standard treatment options for these tumors. Drug therapy 
comes to play its role when both surgery and radiotherapy fail to treat the tumor. This mostly happens when the tumors 
are close to vital brain structures and are nonbenign. Although a wide variety of chemotherapeutic drugs and molecular 
targeted drugs such as tyrosine kinase inhibitors, alkylating agents, endocrine drugs, interferon, and targeted molecular 
pathway inhibitors have been studied, the roles of numerous drugs remain unexplored. Recent interest is growing toward 
studying and engineering exosomes for the treatment of different types of cancer including meningioma. The latest studies 
have shown the involvement of exosomes in the theragnostic of various cancers such as the lung and pancreas in the form of 
biomarkers, drug delivery vehicles, and vaccines. Proper attention to this new emerging technology can be a boon in finding 
the consistent treatment of meningioma.

Keywords Meningioma · Targeted therapy · Therapeutic drugs · Exosome-based targeted therapy · Exosome drug delivery 
system · Exosome-based vaccines

Introduction

Meningiomas are tumors arising from the outer membrane 
of the brain and spinal cord. Primarily, these tumors are 
formed from meningothelial arachnoid cells, but their pres-
ence has also been reported in the ventricles of the CNS and 
extracranial organs like lungs. Currently, the approximate 
incidence of meningioma is 7.86 cases per 100,000 people 
per year confirming it as a dangerous disease. As per the 
current WHO categorization, around 80% of meningiomas 

are benign (grade I), while 20% are atypical (grade II) or 
anaplastic (grade III). Almost 90% of tumors are intracra-
nial while 10% are detected in the spinal area [1]. These 
tumors are primarily observed in people of the elderly age 
group (having an age more than 65 years), but the incidence 
is also increasing in adults [2]. The incidence of meningi-
oma in adults (aged 15–39 years) is approximately 16% of 
all intracranial tumors. Meningioma is rare in children that 
account for 0.4–4.1% of all pediatric tumors [3]. Pediatric 
meningioma occurs equally in males and females; however, 
in adulthood, meningioma is more prevalent in females than 
males, with a ratio of 3.5:1 [4]. Radiation [5], diabetes melli-
tus, arterial hypertension, and smoking are other risk factors 
for meningioma, the last risk factor being contradictory [6, 
7]. The tumor can be identified using magnetic resonance 
imaging (MRI). When the tumor is small, highly calcified, 
and asymptomatic, patients may not need any treatment in 
contrast to patients having large symptomatic tumors caus-
ing epilepsy or neurologic deficit. Although surgical exci-
sion can cure 70–80% of meningiomas, grade II and grade 
III meningiomas are not completely removed and can recur 
[8–10]. As a result, following resection, radiation therapy or 
stereotactic radiation surgery is done to treat meningioma, 
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either acting as a monotherapy or as an adjuvant therapy 
[11]. When surgery and radiation therapy fail to give the 
desired results and the tumor continues to grow, this leads 
to recurrent meningiomas, which are candidates for systemic 
therapy. Radiosurgery is also disadvantageous as it causes 
neurotoxicity and injury to the adjacent vascular and cra-
nial nerves, again increasing the dependency on systemic 
therapy. Over the last decade, many drugs have been tested 
for meningioma. Systemic therapy includes chemotherapy 
(conventional or cytotoxic therapy), hormonal therapy, 
targeted therapy, and immune therapy in which numerous 
small-molecule drugs are intended to target cancerous cells 
without harming normal cells.

Tumor mass is mostly occupied by the TME (tumor micro-
environment), which constitutes the stroma of the tumor [12]. 
Exosomes are small extracellular vesicles having 30 to 150 nm 
diameter. They are involved in cell-to-cell signaling [13]. They 
can transfer a cargo of proteins, nucleic acids, carbohydrates, 
and lipids from donor cells to recipient cells. Exosomes can 
be produced by all kinds of cells, i.e., diseased and normal 
cell types, but their increased production has been reported 
in diseased conditions. They are also found as good diagnos-
tic markers for diseases, especially cancers like meningioma. 
Exosomes influence the TME component cells, which leads to 
the progression of cancers (meningioma). Since meningioma 
is highly vascularized cancer, angiogenesis plays an impor-
tant role in their growth. Exosomes also affect angiogenesis 
in oral squamous cell carcinoma [14], nasopharyngeal carci-
noma [15], lung cancer [16], and hepatocellular carcinoma 
[17]. Exosomes and tumor growth are also correlated. Tumor 
growth involves three main elements: cell-cycle progression, 
inhibition of apoptosis, and glycolysis [18–22]. Exosomes 
control growth rate, as has been seen in lung cancer [23], pan-
creatic cancer [24], colorectal cancer [25], and nonsmall-cell 
lung cancer [26]. Studies have also shown the involvement of 
exosomes in metastasis. Metastasis denotes cancer migration 
and invasion. Both these processes are affected by EMT (epi-
thelial-to-mesenchymal transition) [27]. During EMT-induced 
metastasis, E-cadherin decreases while N-cadherin increases 
inside the cancerous cells [28, 29]. Reports on prostate [30], 
ovarian [31], and breast cancer [32] have shown the role of 
exosomes in cancer metastasis. In addition to EMT, MMPs 
(matrix metalloproteinases) are also related to cancer metas-
tasis, but this field is still in its infancy [33–37]. In addition, 
these nanovesicles are also involved in drug resistance and 
immune escape. Exosomes genotypically and phenotypically 
resemble their parent cells, can protect themselves from their 
surroundings, and are present in all body liquids; accordingly, 
they are used in liquid biopsies. Although in the past few years, 
different research groups have published papers emphasizing 
on the role of engineered exosomes in treating various type of 
cancers yet their use in detection and treatment of meningi-
oma is new. Undoubtedly, now also continuous work is going 

on in this area. When it particularly comes to brain tumors, 
exosomes have also been observed as good therapeutic deliv-
ery agents. They can cross the blood–brain barrier, allow-
ing them to deliver biological molecules or pharmaceutical 
medications to brain tumors. Exosomes are nonviable and, 
hence, better than transplanted cells. They are good because 
of biosafety reasons. Exosomes are carriers which deliver 
therapeutic molecules, while their administration also elicits 
intrinsic therapeutic effects. Exosomes, derived from dendritic 
cells, carry machinery including antigenic material and major 
histocompatibility complex peptide complexes for the anti-
gen presentation process of the immune response; hence, they 
can be used as noncellular antigens for developing vaccines 
against infectious diseases or tumors. After antigen presenta-
tion, they induce T-cell activation, thereby killing the tumor 
cells. The present review sheds light on developing new, prom-
ising systemic therapies, targeted drug delivery by exosomes, 
and cell-free vaccine development using exosomes against 
meningioma.

Targeting therapies

Current knowledge of meningioma-associated growth fac-
tors, as well as their receptors and signaling pathways, is 
not sufficient [38–42]. Deregulation of the signaling path-
ways is considered one of the major causes of the neoplas-
tic transformation of meningioma. There are reports on 
meningioma cells showing abnormal expression of critical 
signaling molecules, resulting in uncontrolled cell division, 
differentiation, migration, survival, and angiogenesis [43, 
44]. Recently, efforts have been made to develop potential 
inhibitors of several targeted agents. Today, the identification 
of therapeutic targets and the selection of such agents are 
major challenges. Most anti-growth factor receptor strate-
gies involve small-molecule tyrosine kinase inhibitors and 
monoclonal antibodies against EGFR and VEGFR. Other 
potential inhibitors are PDGFR inhibitors, mTOR inhibitors, 
integrin path inhibitors, etc. Drugs used in target therapy are 
listed in the tables below.

Some common cytotoxic agents

Common cytotoxic agents include temozolomide, irinotecan, 
hydroxyl urea, trabectedin, cyclophosphamide doxorubicin, 
curcumin, AKBA, and vincristine (Table 1).

Pathway inhibitors

EGFR inhibitors

EGFR is a transmembrane receptor tyrosine kinase also 
called HER1 and ERBB1 [54]. It belongs to the ERBB fam-
ily. Extracellular ligands such as epidermal growth factor, 
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heparin-binding EGF, and transforming growth factor-α 
bind to EGFR [55]. On binding, EGFR dimerizes either with 
itself or with ERBB family receptors. Dimerization causes 
transphosphorylation of the C-terminal domain, activating 
the downstream signaling cascades and various physiologi-
cal processes. The downstream signaling pathways include 
PI3K/AKT/mTOR, RAS/RAF/ERK, and Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) path-
ways. Expression of EGFR is seen in 60% of meningiomas 
[56]. According to a study, EGF and TGFα, by inducing 
meningioma cell growth [57, 58], activate the EGFR path-
way. Gefitinib, erlotinib, and lapatinib are important exam-
ples of these types of inhibitors (Fig. 1).

Platelet‑derived growth factor receptor inhibitors

There are four members in the PDGF family, namely, 
PDGFA, PDGFB, PDGFC, and PDGFD. This family has 
two types of receptors, i.e., alpha-receptor and beta-receptor. 
When PDGF binds to the receptor, it activates and cross-
phosphorylates tyrosine residues in the intracellular domain. 
This leads to the activation of the PI3K, Jak family kinase, 

MAPK, Src family kinase, and phospholipase C-gamma sig-
nal transduction pathways. These ligands, along with their 
receptors, have long been connected with tumorigenesis and 
may play a significant role in meningioma formation and 
progression. PDGF and its receptors are expressed in men-
ingioma [59]. Studies revealed that PDGF was more highly 
expressed in atypical and anaplastic meningiomas than in 
benign meningiomas [60]. It was seen that supplementation 
of PDGF-BB antibody increased the proliferation of menin-
gioma cells, while the addition of anti-PDGF-BB produced 
the opposite effect [61]. Examples include imatinib, suni-
tinib, sorafenib, dasatinib, and tandutinib.

Anti‑angiogenesis

Angiogenesis contributes to tumorigenesis, tumor progres-
sion, and metastasis. VEGF is involved in the angiogenetic 
process and responsible for cell migration, endothelial cell 
proliferation, extracellular matrix degradation, and expres-
sion of proangiogenic factors (matrix metalloproteinase-1, 
plasminogen activator inhibitor-1, urokinase plasminogen 
activator, and its receptor). Hypoxia, acidosis, and a variety 

Fig. 1  Schematic diagram of drugs used in target therapy of meningi-
oma including EGFR Inhibitors, Platelet-derived growth factor inhib-
itors, Anti-angiogenesis drugs, Pi3K/AKT/mTOR Pathway inhibitor, 

Rb signaling pathway inhibitor, Protein kinase C inhibitors, RAF/
MEK/ERK Inhibitors and Hedgehog pathway inhibitors, FAK inhibi-
tors, and Integrin PI3K/Akt pathway
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of growth factors such as EGF, PDGF, HGF, c-kit, and their 
downstream signaling pathways (PI3K/Akt and Ras/MAPK) 
enhance the expression of VEGF. VEGFR-1 and VEGFR-2 
are two types of VEGF-A receptors. Inhibition of cancer-
related blood arteries is an essential therapeutic approach. 
Cancer cells, including meningioma cells, have the property 
of high vascularization. These blood vessels supply nutrition 
to the tumor cells, thereby promoting their growth. If this 
supply is hampered, it could be therapeutically beneficial. 
Studies found that an antiangiogenic fumagillin analog sup-
pressed the growth of benign and malignant meningioma in 
xenograft models (TNP 470). Meningioma expresses VGFR, 
and its expression is higher in atypical and malignant men-
ingiomas than in benign meningioma [61]. Bevacizumab, 
vatalinib, and cediranib are examples.

Pi3K/AKT/mTOR pathway inhibitors

Phosphorylation of phosphatidylinositol and active down-
stream components is catalyzed by PI3Ks, which are lipid 
kinases found inside cells. The main functions of PI3Ks 
include cell survival, cell cycle, protein translation, and 
metabolism. There are three types of PI3K: PI3K I, PI3K II, 
and PI3K III, which function to produce phosphatidylinosi-
tol 3,4,5-trisphosphates from phosphatidylinositol 4,5-bis-
phosphates. According to the membrane receptors that acti-
vate it, RTK, and G protein-coupled receptor class, PI3K 
I is separated into two subfamilies, IA and IB [62]. Class 
IA PI3Ks consists of two subunits: subunit p85 and subunit 
p110, whereby p85 is the regulatory subunit, while subunit 
p110 is the catalytic subunit. There are three isoforms of 
p85, namely, p85α, p85β, and p55γ, encoded by PIK3R1, 
PIK3R2, and PIK3R3 genes, respectively. Similarly, p110 
has three isoforms p110α, p110β, and p110γ, encoded by 
genes PIK3CA, PIK3CB, and PIK3CD, respectively. When 
specific ligands bind to RTK, conformation changes in p85 
of class IA occur, which activates the catalytic subunit p110 
leading to the transformation of PIP2 to PIP3. This activates 
Akt and the mTORC1 signaling pathway, which ultimately 
induces protein translation. Everolimus, temsirolimus, vis-
tusertib, alpelisib, afuresertib, and AZD5363 are important 
examples.

Rb signaling pathway inhibitors

G1- to S-phase cell-cycle transition is controlled by the Rb 
signaling pathway which leads to the regulation of DNA 
replication and cell division [63, 64]. CDK4 and CDK6 are 
kinases with similar amino-acid sequences and roles. They 
both interact with cyclin D and influence Rb protein phos-
phorylation [65]. The mitogen-activated protein kinase sign-
aling pathways PI3K/AKT/mTOR, nuclear factor κb, Wnt, 
JAK/STAT, and JAK/STAT stimulate cyclin D, leading it to 

interact with CDK4/6. As a result, CDK4/6 phosphorylates 
Rb. On phosphorylation, the E2F transcription factor sepa-
rates from Rb, activating E2F and G1 target genes [66, 67]. 
In the case of higher-grade meningiomas, genetic alterations 
of genes encoding these proteins are found [68].

Protein kinase C, RAF/MEK/ERK inhibitors

When ligands such as EGF and PDGF bind to their recep-
tors, tyrosine kinases become autophosphorylated on the 
cytoplasmic side of receptors. Subsequently, grb2 and sos 
proteins come close to the plasma membrane. Ras proteins, 
which are small GTPases, become attenuated, which further 
activates downstream elements of signal transduction path-
ways such as Raf, MEK 1, and ERK. These factors phos-
phorylate various transcription factors. Studies have shown 
that MEK1 inhibitors suppress MAPK activity in menin-
gioma cell culture; hence, there is less inhibition, leading 
to changes in growth, differentiation, and apoptosis [69]. 
Tipifarnib, trametinib, and selumetinib are important such 
inhibitors.

Hedgehog pathway inhibitors

When the hedgehog ligand binds to the protein patched 
homolog-1, it causes PTCH1 to be internalized and 
degraded. It causes SMO protein to be suppressed by 
PTCH1. SMO then interacts with the fused homologous sup-
pressor (SUFU). This interaction elicits the translocation of 
the zinc finger protein GL1 to the nucleus, which activates 
target genes. Examples are vismodegib and sonidegib.

FAK inhibition

In vivo and in vitro studies showed sensitivity for FAK 
inhibition in cells in the case of NF2-mutant tumors such 
as serous ovarian carcinoma and malignant pleural meso-
thelioma. Its widespread inhibitor is GSK2256098 (Fig. 1) 
[70, 71].

Integrin PI3K/Akt pathway inhibitors

The PI3K/Akt pathway is activated when integrin proteins 
are activated. The downstream effectors of PI3K/Akt are 
associated with various cellular processes such as growth, 
differentiation, and proliferation of cells. Integrins are also 
associated with FAK and ILK at the downstream signaling 
cascade level.

Integrin inhibitor

Cilengitide is a pentapeptide and an integrin inhibitor. Cilen-
gitide mimics the Arg–Gly–Asp (RGD) binding site and 
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inhibits the proliferation and differentiation of endothelial 
progenitor cells, which are critical in tumor neoangiogen-
esis. Studies have shown higher expression of integrins in 
brain tumors, thus indicating that cilengitide inhibition of 
integrins prevents tumor growth (Table 2) [72].

Hormonal therapy

Females are more likely to have meningiomas. They are 
more common after puberty and during the reproductive 
years. A study found a direct link between the number of 
pregnancies and the occurrence of meningioma. Increased 
risk of meningioma in women over the age of 50 has been 
seen [5, 96]. Breast cancer patients showed a higher ten-
dency of meningioma [97]. Furthermore, 10% of meningi-
omas express estrogen receptors with a higher percentage of 
progesterone receptors [98, 99]. The greater degree of pro-
gesterone expression in meningioma has sparked extensive 
interest for research purposes. Somatostatin is a hormone 
majorly produced by the hypothalamus. This neuropeptide is 
released into the systemic circulation and reaches its primary 
sites of action, which are the pituitary, pancreas, and gastro-
intestinal tract. It is responsible for inhibiting the endocrine 
and exocrine secretions, as well as the motility of the gastro-
intestinal tract. Somatostatin prevents cancer by acting as an 
anti-angiogenesis agent. It also inhibits invasion and apopto-
sis. Because somatostatin has a limited half-life, various ana-
logs with extended half-lives have been created. Octreotide 
is a well-known somatostatin receptor agonist. One of the 
most successful treatments for pituitary adenomas and gas-
troenteropancreatic endocrine tumors is somatostatin analog 
therapy. Biochemical analysis or scintigraphy detected that 
the majority of meningiomas express somatostatin recep-
tors. There are five subtypes of somatostatin receptors 
(sstr1–sstr5), with nearly 90% of meningiomas expressing 
somatostatin receptors. In one study, somatostatin analog 
octreotide showed an antitumor effect on progressive men-
ingioma grade II to grade I. Mifepristone and octreotide 
are examples of hormone inhibitors. According to various 
studies, mifepristone can be used in cancer therapy alone or 
in combination with other drugs to treat different types of 
cancers; examples include nonsmall-cell lung cancer [100, 
101], renal cancer [102], and pancreatic cancer [103]. Docu-
mented studies have shown that mifepristone also has an 
impact on brain tumors. Mifepristone acts as an antagonist 
to progesterone receptors. Reports have shown that proges-
terone is capable of inducing infiltration and migration in 
the rat cortex [104]. Glucocorticoid and progesterone recep-
tors were found to be highly expressed in high-grade glioma 
patients, and they play role in cell proliferation; therefore, 
as an antagonist of progesterone and glucocorticoids, mife-
pristone blocks the capacity of progesterone to induce the 

growth, migration, and invasion of human astrocytoma cell 
lines [105, 106] (Fig. 2).

Retinoids

Retinoids are derivatives of vitamin A that are potent anti-
cancer agents. Their inhibitory effects include inhibition of 
growth, enhancement of differentiation, and anti-angiogene-
sis. Some cancers (e.g., acute promyelocytic leukemia) have 
been treated with synthetic retinoids. A study showed that 
retinoids induce noninvasive phenotypes in meningioma 
cells and, hence, can be used to treat meningioma [107] 
(Table 3).

Interferons, immune checkpoint inhibitors, 
and immunotherapy

Our body is protected from foreign substances or antigens 
such as transplanted grafts, bacteria, and viruses by natu-
ral mechanisms through the immune system. Our immune 
system selectively eliminates foreign substances and pre-
vents them from entering our bodies. It is also responsible 
for the removal of cancerous cells from our bodies. Some 
cancer cells, however, manage to evade the immune system 
detection. Immunotherapy has emerged as a viable cancer 
treatment option in recent years. The immune system has 
stimulatory or inhibitory regulators called immune check-
points. They control how the antigen is presented to T-cell 
receptors. Immune checkpoints that restrict over activation 
of the immune system, such as cytotoxic T lymphocyte-asso-
ciated antigen 4 and programmed cell death protein 1 protect 
normal cells from being mistakenly killed by the immune 
system. By deregulating the CTLA4/PD-1 immune check-
point pathway, certain cancer cells can evade the immune 
response. Immunotherapy reactivates the T-cell-mediated 
immune response to destroy tumor cells by targeting inhibi-
tory immunological checkpoints like CTLA4/PD-1. There 
is evidence showing that checkpoint inhibition via PD-1/
PD-L1 blockade has the potential to treat meningioma. 
There is a need to explore other new promising targets. Sev-
eral studies in the past years confirmed the identification 
of previously unrecognized immunomodulatory proteins 
such as PD-L2, B7-H3, and NY-ESO1 [115–117]. Exam-
ples are nivolumab, pembrolizumab, and avelumab (Fig. 3) 
(Table 4).

MicroRNAs

MiRNAs are short RNAs of 21–23 nucleotides that reg-
ulate the expression of several target genes after tran-
scription. They may promote cancer or may suppress 
cancer. Recently, downregulation of miRNA-29c-3p and 
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miR-219-5p has been linked to meningioma, with a similar 
expression of miRNA 145, miR200a, and miR355 affect-
ing meningioma (Table 5).

Tumor suppressor proteins

There are certain proteins whose loss is widely distributed 
among meningioma grades such as protein 4.1B. Drugs 
targeting periostin reduce meningioma. Variation in the 
genes coding for proteins NF2, MN1, ARID1, MUC 5, 
and SEMA4D leads to meningioma. The pan histone dea-
cetylase inhibitor AR42 increased the expression of p16, 
p21, and p27, but reduced the expression of cyclins D1, 
E, and A, as well as proliferating cell nuclear antigen, in 
the meningeal cell, which reduced the expression of cyc-
lin B required for progression through the G2 phase. The 
differential effects of AR42 on cell-cycle progression of 
normal meningeal cells and meningioma cells can be of 
therapeutic use [124] (Table 6).

Other important drugs used in targeted therapy 
of meningioma

Epigenetic modifier inhibitor

Changes in epigenetic modifiers such as KDM5C are found 
in 8% of meningiomas. KDM5 inhibitor KDOAM-25 is 
being tested for meningioma.

BAP1 inhibition

Breast cancer 1-associated protein 1 inhibition is associated 
with early tumor occurrence.

Tissue factor pathway inhibitor 2

When the malignant meningioma cell line IOMM-Lee was 
transfected with tissue factor pathway inhibitor 2 (TFPI-
2) and tumor growth was evaluated in vitro and in vivo, 
studies indicated that it could have therapeutic potential in 

Fig. 2  Schematic diagram of drugs used in hormonal therapy of meningioma
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malignant meningioma (Table 7). Table 7 Details of some 
common drugs used in target therapy for the treatment of 
meningioma.

Completed and ongoing clinical trial

Hydroxyurea has been found to have many hematologi-
cal and dermatological side effects [138–146]. In a phase 
III placebo-controlled clinical trial, mifepristone which 
is an antiprogesterone drug showed no changes in radio-
graphic response, six-month progression-free survival, 
time to tumor progression, and overall survival from the 
placebo [147, 148]. Two single-armed studies, showing 
no comparison of drug’s effectiveness with the proper 
comparator group, was done on tamoxifen limiting its 
use as an effective drug. Recently, some new pharmaco-
therapy targets and their targeted agents have been identi-
fied. Wide varieties of these agents are under investigation 
for treatment of meningioma. Ongoing studies are testing 
the Mitogen-activated protein kinase (MEK)/mitogen-
activated protein kinase (MAPK) pathway inhibitors 
(trametinib, selumetinib) as drugs for meningioma, phos-
phoinositide 3-kinase (PI3K)/protein kinase B (AKT)/the 
mammalian target of rapamycin (mTOR) pathway inhibi-
tors, and AKT inhibitor (alpelisib, Vistusertib, Capiva-
sertib) are currently under investigation for meningioma 
treatment [149, 150]. Despite putting efforts in treating 
meningioma using the drugs like epidermal growth factor 
receptor (EGFR) inhibitors (brigatinib, afatinib), vascu-
lar endothelial growth factor receptor (VEGFR) inhibitors 
(cabozantinib, apatinib), no success could be achieved and 
work using this category drugs are still ongoing. VEGF 
inhibitors (bevacizumab, sunitinib, vatalanib) may offer 
some benefit in antiangiogenic treatments in meningiomas 
[86, 90, 150–154]. Findings suggest some role of c-MET 
and AXL inhibitor (cabozantinib) against meningioma 
by suppressing these proteins which are generally found 
elevated in meningioma [155, 156], similarly, smoothened 
(SMO) are potent targets for meningioma therapy [149, 
157] and inhibitors of smoothened (SMO) are sonidegib 
and vismodegib. Focal adhesion kinase (FAK) inhibitor 
(GSK2256098) has shown some response toward men-
ingioma treatment [117, 158], ongoing research on ribo-
ciclib and abemaciclib, cyclin-dependent kinase (CDK) 
inhibitors (Ribociclib, abemaciclib) individually are on 
the way. Histone deacetylase inhibitor (OSU-HDAC42) 
is recently used in first clinical trial for the treatment of 
meningioma, Glycogen synthase kinase 3-beta (GSK-3β) 
inhibitor (9-ING-41). This inhibitor enhances NF-_B’s the 
transcriptional activity [159–161]. GSK-3β can be used 
to get control over multiple malignancy including men-
ingiomas [162]. Dopamine receptor D2 (DRD2) inhibitor 
(ONC206), this is an imipridone small molecule which Ta
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produces cytotoxicity to tumor cells by increasing TNF-
related apoptosis-inducing ligand’s activity [162]. PD-1 
inhibitors (nivolumab, pembrolizumab sintilimab), PD-L1 
inhibitors (avelumab) can also be potential drugs against 
meningioma. PD-1 and PD-L1 expression increases with 
tumor grades so anti-PD-1 and anti-PD-L1 therapy can be 
given to tumor patients [163, 164]. Currently, seven trials 
are going on to explore the effect of anti-PD-1 or anti-PD-
L1 therapy on patients with meningioma. A current phase 
I trial study is being carried out on a newly modified drug, 
177 Lu-DOTA-JR11, to investigate its safety and efficacy. 
While treating advanced and recurrent meningiomas, it is 
postulated to have better clinical efficacy and therapeutic 
index [165]. Two current phase II trials are evaluating the 
efficacy of LUTATHERA for the treatment of high-grade 
meningioma.

Limitations of conventional chemotherapy

• Chemotherapy destroys normal cells, such as cells in 
the bone marrow, digestive tract, macrophages, and hair 
follicles, along with the cancerous cells [161].

• Chemotherapeutic drugs cannot kill solid tumors as 
they fail to reach their core [162].

• Traditional drugs are engulfed by macrophages and 
come out of circulation, remaining in circulation for a 
very short duration.

• Some conventional chemotherapy drugs are unable to 
cross the plasma membrane and, hence, prove to be 
inefficient treatment options [163].

• P-glycoprotein is a multidrug resistance protein that 
is overexpressed on the surface of cancerous cells due 
to which drugs do not accumulate inside the tumor, 

ultimately leading to resistance to anticancer drugs 
[164–167].

Exosomes and their role in cancer

Exosomes are a type of extracellular vesicles originating 
from the endosome system, which play role in cell-to-cell 
communication inside the tumor microenvironment (TME) 
[168]. The tumor microenvironment (TME) consists of 
tumor blood vessels, the extracellular matrix, and nonma-
lignant cells such as stromal cells, fibroblasts, and inflamma-
tory cells [169–172]. Therefore, there are interactions among 
cancer cells, mesenchymal cells, and endothelial cells for 
the proper development of cancer [171]. Exosomes transfer 
proteins, lipids, and nucleic acids from parent cells to recipi-
ent cells. The various steps involved in exosome formation 
are as follows:

(1) Extracellular components are captured via endocytosis 
leading to the formation of early endosomes.

(2) Some specific endocytic bodies carrying proteins and 
nucleic acids sprout to form intraluminal vesicles 
(ILVs).

(3) Late endosomes are formed from multivesicular bodies 
which carry multiple ILVs [172].

(4) Many MVBs are digested by lysosomes while some 
vesicles with CD63, LAMP1, and LAMP2 on their sur-
face fuse with the membrane, which are then secreted 
extracellularly [173].

ILVs and MVBs are formed with the help of endosomal 
sorting complexes required for transport (ESCRT). There 
are four types, including vacuolar protein sorting-associated 
protein 4 (VPS4), apoptosis linked gene 2-interacting protein 

Fig. 3  Diagram of antibod-
ies used in the treatment of 
meningioma
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X (ALIX), and vacuolar protein sorting-associated protein 
1 (VTA1). ESCRT is mainly involved in sorting specific 
substances in ILVs. Exosomes act as a double-edged sword 
as they promote cancer formation on one hand, while they 
can kill the targeted cancer cells by encapsulating anticancer 
drugs, on the other hand.

Exosomes and tumor microenvironment

The TME was defined in the previous section. The TME has 
important features such as low oxygen levels, extracellular 
acidosis, poor nutrient content, and high lactate levels [174, 
175]. As described earlier, the TME is composed of vari-
ous cells including fibroblasts, endothelial cells, mesenchy-
mal stem cells, and immune cells which secrete cytokines 
and growth factors [176]. Tumor progression is predicted 
by interactions between the TME and activation/inhibition 
pathways, which help in developing therapies targeting 
the TME [177–179]. Macrophages are found in excess in 
the TME and exhibit two phenotypes (M1 and M2) [180]. 
When there is shift toward the M2 phenotype, the chances 
of tumor progression are increased, mediating therapy 
resistance [181, 182]. One related signaling pathway with 
an oncogenic role is the signal transducer and activator of 
transcription factor 3 (STAT3) pathway [183–187]. Recently, 
a relationship was revealed among STAT3, exosomes, mac-
rophage polarization, and glioma. In glioma, which is a very 
disastrous type of brain tumor, there is an increase in the 
secretion of exosomes along with an increase in hypoxic 
conditions. Exosomes release interleukin 6 and miRNA-
155-3p, which activate STAT3, thus leading to autophagy. 
Autophagy then elevates the shift toward M2 polarization, 
which further increases glioma progression [188]. This study 
provided a big clue of how similar mechanisms can be found 
in meningioma, facilitating the development of a new tar-
geted therapy.

Role of exosomes in tumor progression, tumor metastasis, 
and angiogenesis

Exosomes are an important component of the TME that can 
affect the proliferation and differentiation of cells. There-
fore, an option for the treatment of cancer is to target the 
TME. Exosomes carrying CD171 from their parent cells can 
cause glioma cell invasiveness, proliferation, and motility 
[189]. Four important steps for cancer metastasis are (1) 
local infiltration of cancer cells, (2) entry of cells into cir-
culation through the lymphatic system or blood vessels, and 
(3) entry or exit of cancer cells from remote organs. All steps 
are carried out by exosomes. Another important characteris-
tic of cancer cells is metabolic reprogramming [190] which 
involves various cellular events such as the Warburg effect, 
changes in metabolites of the Krebs cycle, and the rate of Ta
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oxidative phosphorylation, all of which fulfill the energy 
and structural requirements for growth and invasiveness of 
cancer cells [191].

The role of exosomes in the transition of grades 
and subtypes of meningiomas

As mentioned earlier, meningiomas are classified on the 
basis of their histological features. However, this system 
of grading remains unsatisfactory due to poor reproduc-
ibility and considerable variability within grades. Accord-
ing to the WHO 2021 classification, there are total of 15 
subtypes. Grade I meningiomas have nine histological sub-
types: meningothelial, fibrous, transitional, psammoma-
tous, angiomatous, microcystic, secretory, lymphoplasma-
cyte-rich, and metaplastic. Grade II menangiomas have 
three subtypes: chordoid, clear cell, and atypical. Grade III 
menangiomas have three subtypes: papillary, rhabdoid, and 
anaplastic (malignant) [192]. The most common subtype 
is meningothelial (57.7% of all meningiomas) originating 
more commonly from the parasagittal area, followed by 
transitional (19%) and fibrous (13%) meningiomas, while 
metaplastic and lymphoplasmacyte-rich meningiomas are 
exceptionally rare [193]. Several new markers are now 
being discovered, thanks to the availability of genomic and 
epigenomic profiling. These markers indicate the location, 
histological subtype, and clinical behavior of meningiomas. 
These discoveries enable us to develop new targeted thera-
pies, as well as new adjuvant methods. Some of the latest 
techniques used for this purpose include copy number altera-
tions, specific genetic abnormalities (germline or sporadic), 
and genome-wide methylation profiles. Since exosomes are 
also the source of different types of molecular markers, they 
can help in categorizing the various grades and subtypes 
of meningiomas. This may also provide information related 
to the detection of the grade or the subtype, resulting in 
the creation of new, advanced targeted therapies. Accord-
ing to recent studies, circulating miRNAs such as miRNA 
497 and 219 inside the exosomes have the potential to be 
used as cancer biomarkers in various tumors including men-
ingiomas [194]. In another study, M2 macrophage-derived 
exosomes were found to stimulate meningioma progression 
through the TGF-β signaling pathway [195]. Fibulin-2 was 
observed as another marker for differentiating grade II and 
grade I meningiomas [196]. Similar studies showed that the 
serum levels of miR-106a-5p, miR-219-5p, miR-375, and 
miR-409-3p were significantly increased, whereas the serum 
levels of miR-197 and miR224 were markedly decreased 
in the case of meningiomas; hence these six miRNAs act 
as noninvasive markers for meningioma [197]. Therefore, 
the abovementioned examples show how exosomes can be 
exploited as potent biomarkers for the detection and treat-
ment of meningiomas.

The role of exosomes in immune escape

To develop properly, tumors adopt various strategies and 
manipulate the surrounding microenvironment. Evading 
the immune system is a powerful strategy opted by tumor 
cells to proliferate and metastasize. Studies have shown 
that several mechanisms render cancerous cells tolerant 
to the immune system. Cancer cells can cause the death of 
immune cells by following the FasL/Fas and PD-L1/PD-1 
pathways, which lead to a decrease in the number of T cells 
and NK cells. Furthermore, cancer cells also recruit mye-
loid-derived suppressor cells (MDSCs) and immunosup-
pressive regulatory T cells (Tregs) that halt CD8 + T-cell 
functioning, resulting in tumor immune escape. Recently, 
extensive efforts have been made to understand the role of 
cancer cell-derived extracellular vesicles in activating the 
immune escape mechanism [198, 199]. EVs are involved in 
tumor microenvironment remodeling through angiogenesis 
[200–202], invasion [203, 204], metastasis [205–207], and 
resistance to therapies [208, 209].

Exploring the mechanisms of tumor‑derived 
exosomes‑mediated immune escape

Previous studies showed that extracellular vesicles inhibit 
the immune response against cancer at the innate and 
adapted levels [210]. Tumor-derived exosomes act on dif-
ferent components of the immune system through three 
mechanisms: functional activation, functional inhibition, 
and functional polarization.

Functional activation: As the tumor develops, it pro-
motes the production of myeloid-derived suppressor cells 
(MDSCs), which enhance the immunosuppressive activity 
within the tumor microenvironment [211]. Regulatory T 
cells (Tregs) are upregulated in cancer patients and perform 
an immunosuppressive function within the tumor microen-
vironment, leading to tumor progression [212–214]. In a 
study by Szajnik and colleagues, tumor-derived extracellular 
vesicles induced the expansion of human Tregs, whereas 
normal cell-derived EVs did not. This study was the first 
to show that TEVs (Tumor-derived extracellular vesicles/
tumor-derived exosomes) can cause the expansion of human 
Tregs [215].

Functional inhibition: The tumor microenvironment 
refers to the environment around the tumor and consists of 
surrounding blood vessels, immune cells, fibroblasts, sign-
aling molecules, and the extracellular matrix, as described 
earlier. Dendritic cells are antigen-presenting cells that are 
involved in the innate and adaptive immune response. DCs 
are part of the tumor microenvironment, which act by cap-
turing antigens and presenting them to T cells, subsequently 
activating the antitumor immune response. A mechanism 
that facilitates tumor cells escaping immune surveillance is 
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the inhibition of DC maturation [216, 217]. Tumor-derived 
extracellular vesicles inhibit the dendritic cell maturation 
process. For example, in the case of lung carcinoma and 
breast cancer, the TEV-mediated inhibition of DCs has 
been studied [218]. NK cells are an important component 
of the immune system as they cause the lysis of target cells. 
Some studies have shown that TEVs cause the inhibition of 
NK cells, thus facilitating escape from the immune system. 
TEVs have also been reported to inhibit T lymphocyte cells, 
particularly CD8 + T cells [219]. This inhibition helps the 
tumor to grow and metastasize, leading to a tumor-friendly 
environment.

Functional polarization: The tumor microenvironment 
also contains tumor-associated macrophages (TAMs), which 
have the potential to infiltrate tumors and suppress the func-
tion of cytotoxic T lymphocytes, thereby enhancing cancer 
progression. A recent study showed that TEVs contribute to 
TAM polarization, whereby TV-treated macrophages were 
seen to promote in vivo tumor growth [220].

Immune checkpoints and cancer

Cancer cells escape the immune system [221] through vari-
ous mechanisms:

1. Tumor cells can express corrupted versions of self-mol-
ecules;

2. Tumor cells can release immunosuppressive substances;
3. Aberrant changes in lymphocyte expression can lead to 

the antitumor immune response of tumor cells. Tumor 
cells can modulate macrophage function through this 
antitumor immune response [222].

The immune checkpoint inhibitor PD‑1

Cancer cells survive inside the human body by generating 
an immunosuppressive tumor microenvironment. These cells 
express higher amounts of inhibitory ligands such as PD-L1 
and PD-L2. These ligands inhibit the responses of T lym-
phocytes by binding to PD-L1 inhibitor receptors, which are 
expressed by T lymphocytes. They resist the apoptosis of 
cancer cells by T lymphocytes. PD-L1 expression was found 
to be higher in various types of cancer, including pancreatic 
cancer [223], renal cell carcinoma [224], lung cancer [225, 
226], breast cancer [227, 228], gastric cancer [229, 230], and 
colorectal cancer [231].

Tumor‑derived exosomes are carriers of PD‑L1

It is known that PD-L1 plays a role as a tumor biomarker. 
Currently, interest is being garnered in the role of PD-
L1-carrying tumor-derived EVs in regulating tumor pro-
gression. Several in vivo and in vitro tumor models such as 

melanoma, breast, glioblastoma, and prostate cancer have 
revealed the biological effects of ExoPD-L1 in causing can-
cer [232]. There is evidence showing that TEVs carrying 
PD-L1 are crucial players in inhibiting the proliferation 
and activation of CD4 + and CD8 + T cells, which infiltrate 
the tumor microenvironment. Hence, PD-L1 is responsible 
for inhibiting immune surveillance and promoting tumor 
progression. Recently, substantial focus has been given 
toward blocking the PD-1/PD-L1 pathways to resist cancer 
progression. Immune checkpoint protein inhibitors such as 
antibodies against PD-L1 and PD-1 can be used for curing 
numerous cancers [227–244]. In the future, characterization 
of the biological activities of ExoPD-L1 can contribute to 
understanding the mechanisms of immune escape.

Tumor‑derived exosomes as modulators of PD‑L1 
expression in target cells

Recent studies have shown that tumor-derived extracellular 
vesicles carry PD-L1 and induce its expression in myeloid 
cells.

Role of exosomes in chemoresistance

Exosomes mediate tumorigenesis, metastasis, angiogenesis, 
and drug resistance, and they play role in physiological pro-
cesses and pathological conditions [245, 246]. Chemoresist-
ance can be classified as primary drug resistance and multi-
drug resistance. In primary drug resistance, cancer cells are 
resistant to induced drugs, whereas, in multidrug resistance, 
cancer cells become resistant to induced drugs, as well as 
other drugs to which cancer cells were not exposed [247]. 
Chemoresistant cancer cells show several properties and fol-
low some mechanisms for their production. These include 
induced DNA repair, downregulation of apoptosis, increased 
drug efflux, alterations of drug targets, and overexpression 
of MDR proteins [248, 249]. Several proteins and nucleic 
acids have been identified as responsible for making cells 
resistant to drugs.

Role of exosomes in theranostics 
for the management of meningioma

Exosomes as diagnostic tools

Exosomes are present in body fluids such as breast milk, 
plasma, saliva, serum, malignant ascites fluids, and urine, 
which can be easily isolated [250–252]. Exosomes have 
clinical applications as diagnostic biomarkers, as well as 
therapeutic tools. The bodily fluids of both healthy indi-
viduals and diseased patients contain different proteins, 
mRNAs, and microRNAs inside exosomes, which can be 
potential biomarkers. Exosomes can be biomarkers in both 
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cancerous and noncancerous diseases. Abundant nucleic 
acids, proteins, etc., in tumor-derived exosomes can serve 
as tumor markers; for example, EGFRVIII mRNAs are found 
in increased amounts in the circulating exosomes of patients 
with glioblastoma multiforme and lung cancer [253, 254]. 
Similarly, higher levels of proteoglycan glypican-1-positive 
exosomes have been detected in pancreatic cancer patients 
[255–258]. Specific mRNA/miRNA profiles in exosomes 
isolated from serum are seen in patients with ovarian cancer 
and lung cancer. miR-21, miR-16, miR-93, miR-100, miR-
126, miR-200, and miR-223 were found upregulated in ovary 
cancer patients as compared to normal [259]. Breast cancer 
cells showed increased level of EpCAM-positive exosome, 
Del-1 exosome level, and HER2 expression [260–262]. 
Exosomal proteins present in urine are potential biomark-
ers for bladder and prostate cancer [263, 264]. Enrichment 
of lncRNA that sponges miRNA in the exosomes of pros-
tate cancer patients showed their involvement. In this case, 
26 lncRNAs observed downregulated and 19 lncRNAs got 
upregulated [265]. A recent comparative analysis of exoso-
mal proteins from patients with different types of cancers 
showed that the level of CD63 was higher in exosomes iso-
lated from cancer cells than the exosomes of normal cell 
lines [260].

Exosome‑based cancer therapy by engineering 
of exosomes, extracellular vesicles using different types 
of nucleic acids, proteins and drugs

Several methods have been developed for exosome-based 
cancer therapy [261, 265–268], including the use of immune 
cell-derived natural exosomes to suppress cancer [269], 
preventing the production of cancer cell-derived exosomes, 
using exosomes as gene carriers [266], and using exosomes 
as anticancer drug carriers [267]. Extracellular vesicles are 
good drug carriers for tumor therapy due to their excellent 
properties such as biosafety, stability, and target specificity. 
In recent years, substantial efforts have been directed toward 
specifically engineering EVs to improve their tumor-target-
ing ability and drug delivery efficiency. These modifications 
can be applied directly or indirectly.

Engineering EVs in tumor therapy

(a) Modification methods
 Direct modifications: Direct modifications involve 

altering the surface proteins and the contents of purified 
EVs. Such modifications can be introduced physically 
or chemically. Specific peptide sequences and target 
proteins are inserted into the membrane of EVs. There 

are several physical modification methods, including 
simple incubation, electroporation, sonication, extru-
sion, freeze–thaw cycles, and saponin. Chemical modi-
fications can be covalent or noncovalent, electrostatic 
interactions, ligand–receptor interaction, etc.

 Indirect modifications: In the case of indirect modifica-
tions, parent cells are incubated so that specific types 
of EVs can be produced. Parent cells of EVs can be 
genetically and metabolically engineered to enhance 
their tumor-targeting capabilities and drug delivery 
efficiency. Indirect modifications can be applied via 
genetic engineering, metabolic engineering, membrane 
engineering, and loading components in parent cells.

(b) Sources
 Various cell types including mesenchymal stem cells, 

immune cells, and cancer cells are suitable choices for 
EV-based drug delivery [270]. EVs from other types of 
immune cells such as M1 EVs, DC-EVs, and NK-EVs 
are capable of affecting the tumor microenvironment, 
and hence, are used for inhibiting tumor progression.

(c) Route of administration
 The routes of administration of various drugs via 

exosomes include intravenous injection [271, 272], 
intraperitoneal injection [273, 274], subcutaneous 
injection [275], intratumoral injection [276], oral 
administration [277], and nasal administration [278, 
279]. EVs have several advantages for being used in 
engineering and drug loading like biological stability, 
long-term storage, low immunogenicity, good biocom-
patibility, and a lack of differentiation activity [280–
284].

 EVs are suitable for storing water-soluble drugs and 
hydrophobic drugs and protecting them from degrad-
ing. EVs have an enhanced permeability and retention 
effect which lead to targeted aggregation. They can eas-
ily fuse with the cell membrane and unload the drug to 
target cells without problems of drug release and cyto-
toxicity linked to the phagocytosis/lysosome pathway.

(d) Mechanism of loading drugs
 Pre-loading: In the preloading technique, cells are 

incorporated with cargo that is encapsulated in 
exosomes during their production. Cells can feature 
biologically synthesized material such as proteins, 
nucleic acid, and synthetic compounds.

 Post-loading: After the production of EVs, they are 
mixed with therapeutic drugs leading to drug-contain-
ing EVs. The post-loading of exosomes has a limita-
tion that only hydrophobic drugs can be introduced not 
the hydrophilic drugs as they do not pass through the 
hydrophobic exosomal membrane.
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Exosomes as nucleic acid carriers

DNA as therapeutic agent

Recent reported studies show that cancer can be treated with 
the help of exosome-based delivery of various types of func-
tionalized DNA into cells via exosome-endocytosis process 
[285–289]. Disadvantage here is that exosomes cannot pack-
age large DNA. Using relatively small ASO, plasmid DNA 
or engineered modified exosomes can be the solution to this 
problem. The very first preclinical studies showing delivery 
of ASO by engineered exosomes for tumor suppression was 
done by Codiac Biosciences [290]. These data revealed how 
exoASO causes immunosuppression of transcription factors 
STAT6 and C/EBP by targeting their expression. Applica-
tion of exoASO-STAT6 as a noval drug has recently been 
approved by FDA. Since CRISPER/Cas9-mediated genome 
editing being the emerging technology, exosomes having 
Cas9 encoding plasmids has also been tried for the treat-
ment. A study on ovarian cancer demonstrated the efficient 
electroporation of CRISPER/Cas9 plasmids inside the 
ovarian cancer-derived exosomes to inhibit the expression 
of PARP-1[Poly (ADP-ribose) polymerase-1], a pro-cancer 
protein, which finally inhibited the increase in tumor vol-
ume [291] this technique can correct or degrade cancer caus-
ing genes by regulating mRNA translation or therapeutic 
genome editing including gene insert, gene deletion, gene 
correction, or gene degradation, respectively [292, 293].

mRNA as therapeutic agent

Again, another exciting work proved for the first time, the 
exosome-mediated exogenous mRNA delivery as a thera-
peutic approach. An mRNA was generated by transfecting 
cells with XPort/HChrR6 encoding plasmid which are sub-
sequently loaded in the exosomes. In this study by Wang 
et al., these exosomes were delivered to HER2 + ve human 
breast cancer cells and showed the desired results [294]. An 
oncogenic miRNA namely miR-125b-2 found in leukemia 
was also targeted by using the similar approach. Human 
blood cells (RBCs) were loaded with Cas9 mRNA and 
gRNA for targeting the human miR-125b-2 locus. Leuke-
mia cells when treated with these human blood cells-derived 
exosomes, downregulation of miR-125a and miR-125b was 
seen [295]. A new technology for producing large number 
of therapeutic mRNAs called the cellular nano perforation 
technology was introduced by Yang et al. [296]. In this 
technique, cells from various sources were transfected with 
plasmid DNA followed by stimulation with focal and tran-
sient electrical stimulation to enhance the release of tran-
scribed mRNA carrying exosomes. This method was used 
to treat glioma cells by keeping in mind that as PTEN is an 
anti-tumor protein and its expression is less in tumor cells, 

its expression should be restored which can inhibit tumor 
growth and prolong survival. To fulfill this, large numbers of 
targeted functional exosomes were deliberately produced by 
transferring PTEN and CDX plasmids into glioma cell [296].

MiRNA as therapeutic agent

Studies have shown that miRNAs are very useful to treat 
cancer as they are endogenous, small, noncoding and they 
can regulate gene expression by binding to target mRNA. 
In miRNA-based therapy, either the exogenous tumor sup-
pressing miRNAs are introduced to promote the inhibition 
of tumor growth called miRNA replacement or the specific 
miRNA inhibitor is introduced to inhibit the action of onco-
genic miRNAs called miRNA inhibitor. Tumor-derived 
exosomes were used to deliver miR-375 mimic and inhibit 
migration and invasion of colon cancer cells [297]. Cispl-
atin-resistance OSCC was treated by introducing miR-155 
inhibitor (an inhibitor of oncogenic miRNA-155), a thera-
peutic agent using exosome as a carrier. The results showed 
increase in FOXO3α expression and induction of EMT tran-
sition which could reverse the chemoresistance in oral can-
cer [298]. Genetically modified exosomes (exosomes with 
functional ligands modified on exosomal surface) bind to 
overexpressed receptors on the tumor surface hence target-
ing them and transferring more and more miRNA to tumor 
cells finally enhancing the therapeutic effect. Inhibition of 
cell migration was achieved by using Apo-A1-modified 
exosomes-loaded miR-26a (Apo-Exo/miR-26a) that target 
HepG2 cells via the SR-B1 receptor-mediated endocy-
tosis [299]. GE-11 peptide-modified exosomes carrying 
let-7a miRNA targeted xenograft breast cancer tissue in 
RAG2–/– mice that stopped tumor development. Another 
example of this type targeting tumor cells with target peptide 
transcriptional transactivator (TAT) protein and T7 modified 
exosomes to deliver different miRNAs that inhibited various 
tumor’s development including glioma [300]. Recent find-
ings revealed co-encapsulation of miRNAs and chemothera-
peutics within engineered exosomes is a better idea to inhibit 
tumor growth. In a study by Liang et al., Firstly, Fusion 
protein Her2-LAMP2 was incorporated in the surface of 
exosomes and then engineered by encapsulating miR-21i and 
chemotherapeutics 5-Fluorouracil (5-FU). These were tar-
geted through EGFR mediated endocytosis to 5-FU-resistant 
HCT-116 colorectal cancer cell. The results showed signifi-
cant increase in apoptosis and proliferation inhibition [301]. 
Gioblastoma multiforme (GBM) cells have been seen to have 
chemoresistance and radioresistance [302]. GBM exhibited 
chemotherapeutic drug resistance for the drug temozolomide 
by elevating the expression of miR-9 and hence P-glycopro-
tein, a drug efflux transporter in cells. A study showed that 
introduction of mesenchymal stem cell-derived exosomes 
carrying anti-miR-9 can reverse the expression pattern of 
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multidrug transporter protein in GBM cells and made them 
sensitive to temozolomide [303]. A study on model zebrafish 
for the treatment of brain tumor involved the use of brain 
endothelium-derived exosomes carrying anticancer drug 
doxorubicin [304]. Similarly, exosome-mediated delivery 
of miR-138 decreased the angiogenesis in glioma [305]. 
However, they have certain disadvantages; they are easily 
degraded, and their delivery to the target cells is difficult. 
Exosomes are suitable as a carrier of miRNAs as they are 
stable and highly specific [301–305]. Recently, researchers 
have taken great interest in the exosome-based delivery of 
miRNA and miRNA inhibitors [306–311]. There are several 
examples revealing the potential of this strategy for treat-
ing cancer. Anti-glioma miRNA-containing exosomes were 
shown to have tumor-fighting properties [308]. In another 
case, exosomes enriched with anti-osteosarcoma microRNA 
were proven as a remedy for cancer [310–316].

SiRNA as therapeutic agent

Under cancerous conditions, anti-apoptotic proteins, cell 
mitosis causing proteins, and cell growth factors such as 
BCL-2, PLK1, KRAS survivin get upregulated. These onco-
genes are downregulated by siRNA-based exosomal therapy 
to get control over growing tumor. Natural killer (NK) cell-
derived exosomes loaded with BCL-2 were seen to have 
anti-tumor effect on ER + breast cancer cells [317]. Apop-
tosis of bladder cancer cells got increased when treated with 
PLK1 SiRNA carrying exosomes [318]. Delivery of Grp78 
SiRNA using bone marrow mesenchymal stem cells-derived 
exosomes was seen to provide drug sensitivity to sorafenib 
in hepatocellular carcinoma [319]. Si–c-Met delivered by 
exosomes silenced c-Met which increased the drug sensitiv-
ity [320]. In another similar study, iRGD-modified exosomes 
were used to deliver Carnitine palmitoyltransferase (CPT1A) 
in drug-resistant colon cancer cells and the sensitivity to 
oxaliplatin was found to be increased [321]. Fibrinogen-like 
protein 1 (FGL1), an important immune checkpoint, siRNA 
and TGF-β, an immunosuppressive chemokine in TME, 
siRNAs were delivered simultaneously in cRGD-modified 
exosomes and silenced these two proteins leading to tumor 
inhibition. Genes can be silenced by using siRNA-carrying 
exosomes. Nucleic acids can be loaded either endogenously 
or externally, resulting in a variety of functions. To regulate 
gene expression and maintain physiological equilibrium in 
the cell, exosomes can carry siRNAs with specialized func-
tionality to designated cells.

CirRNA as therapeutic agent

CirRNAs are naturally present in exosomes and are cur-
rently being tried for its use in cancer treatment. Exoso-
mal circRNA_100284 sponged the effect of miR-217 which 

inhibited the G2/M phase transition and hence the cell prolif-
eration in various cancers [322]. POU3F3 cirRNA treatment 
was given to decrease the angiogenesis for the treatment of 
glioma [323].

lncRNA as therapeutic agent

Malignant behavior of bladder cancer was treated by get-
ting the secreted exosomes of lncRNA PTENP1 lentiviral 
vector-transfected HEK293A cells. This exosomal PTENP1 
sponged miR-17 and protected PTEN and thereby inhibited 
tumor development [324].

Exosomes as protein carriers

Exosome-based cancer vaccines represent a recent tech-
nique used to remove cancer [320–325]. Exosomes enriched 
with TRAIL, a cytokine, showed anticancer effects [323, 
324]. Another example is represented by IL-18-enriched 
exosomes, which induced Th1 cytokine release and were 
responsible for the proliferation of peripheral blood mononu-
clear cells [325]. Exosomes can deliver various tumor anti-
gens [326], nanobodies [327], apoptosis-inducing proteins 
[328], tumor or tissue-specific peptides [329], deficient or 
mutant antiapoptosis proteins [330], transferrins and lacto-
ferrins [331], or proteasomes [332–336] into tumor cells for 
targeted therapy. Major histocompatibility complexes, heat-
shock proteins, cytoskeletal proteins, signal transduction 
proteins, membrane transport proteins, and other essential 
proteins can also be delivered via exosomes. Catalase, Cre, 
recombinase, BDNF, and other enzymes are some examples 
that fall into this category [337–342]. Exosomes obtained 
from peptide-pulsed DCs are used to present antigens to T 
cells and induce their immune response. Exosomes derived 
from DCs contain MHC peptide complexes and costimu-
latory molecules on their membranes, which help them to 
present antigens efficiently and boost immunization. These 
engineered exosomes are better than antigen-presenting 
DC cells [260]. As an anti-apoptotic protein, survivin, sup-
presses apoptosis activation. An inactive mutation of sur-
vivin, T34A, hampers its pro-survival activity and induces 
caspase activation [338], subsequently inducing apoptosis 
in cancer cells. The utilization of dendritic cell-derived 
exosomes (DEXs), tumor cell-derived exosomes (TEXs), 
and ascetic cell-derived exosomes (AEXs) in the production 
of cancer vaccines is currently a hotspot for cancer research, 
particularly against brain tumors such as meningiomas. Den-
dritic cell-derived exosomes (DEXs) are promising candi-
dates for the development of anticancer vaccines, as they 
are antigen-presenting cells. DEXs feature major histocom-
patibility complex (MHC)-I, MHC-II, and costimulatory 
proteins including CD86 on their surface, contributing to 
their selection as vaccine candidates [339, 340]. The basic 
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concept behind this is, when DEXs are incubated with can-
cer antigens and administered in the body, they can induce 
a cancer-specific T-cell response. Mature DEXs induce a 
strong T-cell response in comparison to immature DEXs 
[341]. Natural killer cells are immune cells activated by 
the surface proteins of DEXs such as NKG2D ligand and 
IL-15Rα [342]. Cancer cell-derived exosomes can also be 
used as potential anticancer vaccines because they contain 
antigens. There are two ways to produce an anticancer vac-
cine. In the first method, DEXs are directly treated with anti-
gens and transferred to the human body, while, in the other 
method, the tumor cells are modified, and their exosomes 
are pulsed with dendritic cells, thus finally producing DEXs 
for transfer to the human body. The use of exosomes for 
vaccine development against numerous infectious diseases 
such as tuberculosis is not new. Ongoing research indicates 
that vaccines of DEXs, TEXs, and AEXs using the above-
described methods are being developed to treat various kinds 
of cancers such as lung and pancreatic cancer [343]. Since 
exosomes play an important role in cell-to-cell signaling in 
the brain, these vaccines deserve vigorous exploration in the 
case of brain tumors for its eradication.

Exosomes as drug delivery tools

Drugs have several disadvantages such as poor biocom-
patibility, low water solubility, difficulty to be observed in 
diseased cells, inability to penetrate cells, easy accumula-
tion in normal tissue, fast metabolic rate inside the body, 
and many other side effects. Therefore, there is a need to 
develop an efficient drug delivery system. To date, several 
drug delivery systems have been developed, which are based 
on lipids, inorganic nanoparticles, viruses, and polymers. 
These nanotechnology-based drug delivery systems (DDSs) 
such as liposomes, dendrimers, magnetic nanoparticles, and 
polymeric nanoparticles are used to deliver chemothera-
peutics, miRNAs, and anti-inflammatory drugs [344–346]. 
Among the various DDSs, exosomes are the best because of 
their very low immunogenicity, high level of blood stability, 
high protection of loaded drugs, easy infiltration through the 
biofilm barrier because of their unique membrane structure, 
similar structure to recipient cells, allowing them to be taken 
up by a large variety of cells, efficiency in targeting drugs to 
recipient cells, ability to load numerous therapeutic drugs, 
and direct migration to diseased organs or tissues after enter-
ing the body.

Chemotherapy is the first line of cancer treatment, but it 
has several disadvantages. EVs can nullify such side effects, 
establishing good targeting and delivery efficiency. EVs can 
be loaded with different types of drugs such as chemother-
apeutic drugs, RNAs, proteins, and viruses. Studies have 
shown that small-molecule drugs such as doxorubicin, pacli-
taxel, curcumin, celastrol, and anthocyanidins can be loaded 

in modified exosomes and used to treat different types of 
cancers. Doxorubicin is an amphiphilic drug used for thera-
peutic purposes, as it can control cancer growth and inhibit 
angiogenesis [346]. Exosomes loaded with this drug can 
cross the blood–brain barrier. Other drugs with antitumor 
effects include tirapazamine, docetaxel, and porphyrin. Cur-
cumin is a lipophilic polyphenolic compound that can act 
as an antitumor drug [347]. Exosomes loaded with berry 
anthocyanins have shown the ability to inhibit ovarian can-
cer [348].

PTX is used for treating different kinds of tumors as it 
induces mitotic arrest [349]. Tumor-derived EVs loaded with 
PTX have been used to target prostate cancer [350]. Doxoru-
bicin-loaded EVs were encapsulated with A33 antibody and 
used for the treatment of colon cancer [351]. Another exam-
ple is glioma treatment in which apolipoprotein-containing 
fibroblast-derived EVs loaded with methotrexate were used 
for tumor-targeting and killing effects [352]. Similarly, gen-
tamicin and cisplatin-loaded EVs have been used for tumor-
targeting therapy [353]. EVs can be loaded with a specific 
type of RNA to perform similar functions. In one study, EVs 
were used to deliver fluorouracil and miR-21 inhibitor oligo-
nucleotides, which resulted in the treatment of colon cancer 
expressing human epidermal growth factor 2 (HER2) [296]. 
Engineered EVs can be loaded with oncolytic viruses which 
specifically kill cancer cells and do not affect normal cells 
[354]. In a related study, lung cancer cell-derived EVs were 
loaded with oncolytic virus and PTX, and the desired effect 
was obtained. This type of treatment using oncolytic viruses 
was more potent and efficient than treatment with PTX 
alone [355]. Another drug named Withaferin A was used 
in exosome-mediated delivery therapy as a potent inhibi-
tor of angiogenesis and cancer growth. It was revealed that, 
upon administration, the drug showed an antitumor effect in 
a human lung cancer xenograft mouse model [356].

Targeting tumors using EVs

Traditional chemotherapeutic drugs are poor in terms of 
tumor-targeting ability; therefore, the focus is now on engi-
neering EVs for the same purpose. MSCs have the property 
of crossing the vascular endothelium, allowing them to reach 
and colonize target cells [357]. MSC-EVs target 5-fluoro-
cytosine and the mRNA of tumor cells; hence, they can be 
useful in developing new targeting therapy [358]. The reten-
tion time of the drug inside the tumor can be increased by 
fusing tumor-derived chemotherapeutic drug, doxorubicin-
loaded EVs, with maternal cancer cells [359]. The homing 
properties of tumor-derived EVs represent a new method 
for tumor-targeted therapy. The folate receptor is a glyco-
protein found in the cell membrane and is highly expressed 
in tumor cells. Thus, FR can be a target in tumor cells [360]. 
Similarly, hyaluronic acid is a glycosaminoglycan found in 
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the extracellular matrix that is highly expressed in tumor 
cells. Hyaluronidases are β-N-acetylglucosaminidases that 
degrade HA via hydrolysis of the β (1, 4) glycosidic bond 
between D-glucuronic acid and N-acetyl-D-glucosamine 
[361]. Several other substances such matrix metalloprotein-
ases (MMPs) can be used for tumor-targeted therapy [362].

Donor cells can be engineered to produce modified 
exosomes with specific receptors on their surface, enabling 
them to recognize particular cells. For this purpose, donor 
cells can be engineered in such a way to produce candidate 
proteins fused with exosomal surface proteins such as CD63 
and CD9.

Similarly, drug-loaded exosomes can be protected from 
liver clearance and used for cancer treatment by blocking 
the scavenger receptor class A family, which is a monocyte 
macrophage uptake receptor for exosomes, thereby decreas-
ing the exosome liver clearance and increasing accumulation 
in tumors [363]. Exosome–liposome hybridization is a new 
method to increase specificity and stability. Cationic lipids 
were used as the glue to help display pH-sensitive fusogenic 
peptides on the exosome surface. This type of exosome mod-
ification increases cell membrane-binding ability and cell 
uptake efficiency [364] (Fig. 4). To date, various drugs have 
been encapsulated in exosomes for the treatment of central 
nervous system tumors, as listed in Table 8.

Concluding remarks and future perspectives

Today, the available treatment options for meningioma 
include surgery, radiotherapy, chemotherapy, and immu-
notherapy. Surgery occupies the top position as a treatment 
option for meningioma. Immunotherapy is a relatively new 
field that requires attention. Although chemotherapeutic 
drugs have been researched immensely, there remain many 
drugs to be explored for meningioma treatment. Here, we 
tried to bring together all information on chemotherapeutic 
drugs to date that can be used against meningioma. Cur-
rently, if we talk specifically of meningioma, several drugs 
such as monoclonal antibodies, growth factor antagonists, 
hormonal antagonists, and inhibitors of several associated 
pathways have been discovered. Some drugs are under trial 
and many need to be explored.

Identification of novel diagnostic, prognostic, and pre-
dictive markers is of utmost importance. Liquid biopsy 
is a method to diagnose and screen various types of can-
cers, thus helping in the improvement of treatment effi-
cacy. Exosomes are small vesicles secreted by all types 
of cells and are responsible for cell-to-cell communica-
tion. They can be obtained easily from different types of 
body fluids such as breast milk, semen, saliva, and urine; 

Fig. 4  Schematic diagram representing the use of exosomes for theragonistics in meningioma
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therefore, they can be used in the diagnosis of menin-
giomas. Exosomes are also excellent drug delivery sys-
tems. There exist several challenges in the development 
of exosome-based therapeutics due to the low productiv-
ity of exosomes, requiring large-scale production, chal-
lenges related to the collection of high-quality and uni-
form exosomes, the optimization of storage conditions, the 
improvement of their therapeutic potential and delivery. 
However, recent studies have shown that exosomes can be 
used as vaccines, thus helping in eradication of diseases 
like meningioma. DEXs, TEXs, and AEXs are of extreme 
importance for vaccine production. In conclusion, this 
review is based on drug target therapy and exosome-based 
target therapy for cancer. Nevertheless, there is a need to 
do more in-depth studies for the identification of effective 
chemotherapeutic drugs, which include the proper under-
standing of their mechanism of action and to determine 
how engineered exosomes can be used for targeted therapy 
of meningioma.
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