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ABSTRACT

Bevacizumab is an important treatment for glioblastoma multiforme (GBM), especially after surgery, radiation, and chemotherapy, but 
it has not yet been successfully used to treat recurrent or progressive tumors. Bevacizumab is a humanized monoclonal antibody that 
targets vascular endothelial growth factor A and inhibits neovascularization. Bevacizumab works by cutting off the blood supply to the 
tumor, thus alleviating symptoms and enhancing quality of life in situations where standard therapies have failed. Nonetheless, the 
effect of bevacizumab on the overall survival of patients with GBM was modest. Resistance ultimately occurs through the activation 
of alternative angiogenesis pathways or tumor evolution, including remodeling of the microenvironment and extracellular matrix. In 
response to these drawbacks, new strategies are under investigation, focusing on drug delivery systems based on nanotechnology. These 
include bevacizumab-loaded nanoparticles that cross the blood-brain barrier with greater efficiency, allowing for direct drug delivery to 
the tumor. Synergistic therapies using bevacizumab and classical chemotherapeutic agents or immunomodulatory therapies in these 
nanoparticle systems have shown promise in improving therapeutic potency by simultaneously targeting multiple tumor pathways 
or mechanisms, as demonstrated preclinically. Further development of these novel delivery approaches could lead to a more robust 
therapeutic paradigm for GBM, improving survival and quality of life for patients affected by this complex disease.
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INTRODUCTION 

Glioblastoma multiforme (GBM) is a highly aggressive 
primary malignant brain tumor of the highest grade 
(1). Standard treatment protocols and conventional 
immunotherapy are ineffective as they fail to meaningfully 
improve the long-term survival of GBM patients (2). 
Bevacizumab, a monoclonal antibody that inhibits 
vascular endothelial growth factor (VEGF), has shown 
some improvement in progression-free survival (PFS) in 
GBM patients, but due to poor overall survival, there is 
no standard definition of its effectiveness (3). We discuss 
the responsiveness of bevacizumab in GBM, the causes 
of immune escape, and future therapeutic approaches for 

progressive GBM, including nanotechnology. Currently 
approved therapeutic strategies and subsequent lines of 
systemic treatments using emerging scientific advances in 
targeted therapies will also be discussed.

Characteristic Properties of GBM

GBM is the most aggressive type of malignant brain tumor, 
and it is characterized by local invasion, extreme treatment 
resistance, and high lethality (1). Due to its biological 
characteristics, it is highly invasive and can infiltrate normal 
adjacent brain tissue via numerous pathways, and almost 
all patients with this tumor are resistant to conventional 
therapies (2). The rapidly growing nature of GBM allows 
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for a more aggressive invasion, and it can rapidly infiltrate the 
normal brain tissue that surrounds it, often traveling to sites 
in the contralateral hemisphere. Changes in cell mobility allow 
the GBM to travel through brain tissue along the perivascular 
spaces and white matter tracts (3). In contrast to most cancers, 
GBM is not associated with classical metastatic spread. Its 
invasive behavior also seems to trigger major changes in the 
adjacent connective tissues, which contain a nonspecific 
fibrous tissue encapsulating the tumor nodule (4). Such 
extreme heterogeneity at the cellular and molecular levels is 
one of the main reasons for the rapid spread of GBM (Table 1).

“GBM heterogeneity” refers to the different traits of cancer 
cells, which can have various genetic profiles and show various 
responses to treatment in different tumor areas, making it 
difficult to target them all the same way (5). Transcriptional and 
mutational profiles characteristic for different tumors and even 
parts of the same tumor have led to the subdivision of GBM 
tumors into major subtypes, primarily proneural, classical, and 
mesenchymal (6-7). In addition, single-cell RNA sequencing 
(scRNA-seq) identified multiple GBM transcriptional states, 
such as oligodendrocyte progenitor-like, neural progenitor-
like, astrocyte-like, and mesenchymal-like, that can change 
during tumor evolution (6-7). 

The growth of GBM is further supported by the induction 
of angiogenesis, which provides an ever-present supply of 
oxygen and nutrients (8). Low oxygen levels in the tumor 
microenvironment (TME) drive the secretion of angiogenic 

factors like VEGF from surrounding stroma to sustain 
angiogenesis and aid the escape or re-entry of tumor cells 
through the blood stream (9). Mutations in the epidermal growth 
factor receptor (EGFR) gene, deletions in the phosphatase and 
tensin homolog (PTEN) tumor suppressor gene, and activation 
of the PI3K/AKT/mTOR signaling pathway are genetic and 
molecular changes that promote relentless growth of GBM and 
invasion to surrounding tissues (10). Furthermore, proteolytic 
enzymes such as matrix metalloproteinases (MMPs) secreted 
by GBM cells degrade the extracellular matrix (ECM), which 
breaks down tissue barriers and aids tumor spread (Figure 1).

Treating GBM is also made more difficult by the blood-
brain barrier (BBB) and blood-tumor barrier (BTB). The BBB 
normally prevents most therapeutic agents from entering 
the brain, resulting in an anatomically and physiologically 
immune-privileged site that often impedes therapy with 
immunotherapies (11). Although the BTB formed around the 
GBM may be more penetrable than the BBB, this irregular 
permeability restricts effective drug transport. As a result, 
this immune-privileged niche can reduce the surveillance of 
immune activity and promote the escape of GBM from defense 
via host immunity, further supporting tumor expansion (12-
13). In conjunction with the intrinsic cellular heterogeneity of 
GBM, these barriers render its effective treatment exceedingly 
difficult (Figure 2).

(Created in https://BioRender.com). 

GBM: Glioblastoma multiforme; EGFR: Epidermal growth factor receptor; PTEN: Phosphatase and tensin homolog; ECM: Extracellular matrix; MMP: Matrix 

metalloproteinases.

Table 1. The mechanisms and clinical implications of the spread of GBM
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GBM cells create apoptosis-resistance mechanisms that enable 
cells to survive despite the invasion of neighboring tissues 
(14). Additionally, GBM cells also affect adjacent cells and the 
immune system to form a protective niche for unrestricted 
tumor growth. This variability and evolutionary liability makes 
it improbable that a single treatment modality can be designed, 
emphasizing the need for therapies that take into account 
genetic, cellular, and environmental diversity in GBM (15). 

Current Treatment Modalities for GBM

Due to the aggressive properties of GBM and the hindrance 
caused by BBB in drug penetration, GBM treatment involves 
a multimodal approach (16). These methods are referred to as 
the first treatment for GBM, which consists mainly of surgery, 
radiotherapy, chemotherapy, and targeted therapy (17). 

Temozolomide (TMZ) is an oral chemotherapeutic agent 
that inhibits the replication of cancer cells by acting on their 
DNA (18). It is usually administered in conjunction with 
radiotherapy as one of the first lines of standard treatment for 
GBM. It plays a role in front-line therapy due to its capacity to 
partially penetrate the BBB, whereby it can affect tumor cells 
within the brain (19). Nonetheless, TMZ penetrates the barrier 
incompletely, and its efficacy is limited, whereas GBM is often 
accompanied by the development of resistance dynamics. 
Although TMZ is effective for treating newly diagnosed GBM, 
its long-term effects are often abrogated by cell resistance to 
drug-mediated cytotoxicity and limited brain penetration (20). 

The role of TMZ in PFS and overall survival (OS) in GBM has 
been disputed for years, especially when it comes to the long-
term effects of TMZ on survival (18-20). TMZ has shown efficacy 
in PFS. Many trials have demonstrated that the combination 
of concomitant radiation with TMZ is associated with a longer 
time to progression in patients with newly diagnosed GBM. 
Nevertheless, the median time to PFS for patients on TMZ is 
relatively short; typically within the 6–9 month range (18-20). 
This means that although the drug delays tumor growth for 
a period, it does not prevent the disease from progressing. 
Furthermore, the role of TMZ in improving OS is controversial. 
Although TMZ has been demonstrated to prolong OS 
compared with other therapeutic regimens, the impact is 
modest. When TMZ with radiation is used, for example, the 
median OS usually is on the order of 14–16 months (18-20). The 
question of whether TMZ is effective against OS remains open, 
even more so in cases of relapsing GBM after this treatment 
when the disease frequently develops resistance to the drug.

Bevacizumab, a targeted agent, is capable of inhibiting VEGF, a 
major force promoting tumor angiogenesis (21). Bevacizumab 
inhibits the process of angiogenesis by blocking VEGF, limiting 
tumor blood supply to naturally reduce tumor size and 
decrease the symptoms of edema. Bevacizumab is mainly used 
for recurrent GBM after the first-line treatment, such as surgery, 
radiotherapy, and TMZ, has failed, especially in advanced-
stage symptom control, contributing to brain edema or other 
neurological deficits (22). Bevacizumab leads to a relative 
prolongation of PFS; however, its effect on OS remains unclear 
and has been debated in GBM. Eventually, treatment fails 
because of the inevitable resistance to bevacizumab (21-
22). Further studies are needed to elucidate the underlying 
mechanisms and to develop new methods of drug delivery to 
enhance efficacy and reduce resistance.

Figure 1. The structure of the BBB in normal brain tissue 
and the GBM.
The upper panel represents a healthy BBB, which is 
characterized by normal tight junction assembly between 
endothelial cells. Tight junction proteins (ZO-1, Claudin 
and Occludin) maintain the integrity of the barrier and thus 
prevent unwanted crossing of material from blood to the 
brain. The synthesis of pro-inflammatory factors such as 
TNF-α and Ang-2, is inhibited, and tight junction formation 
is maintained. The lower panel depicts the effect of brain 
tumors on BBB permeability, depicting the aberrant tight 
junction assembly. This permeability allows substances such 
as substance P to infiltrate the brain, as tumor cells disrupt 
tight junction proteins. The pro-inflammatory factors TNF-α 
and Ang-2 stimulate barrier disruption, which ultimately 
promotes tumor cell infiltration and metastasis. This 
leakiness of a dysfunctional BBB facilitates the transference 
of cancer cells and toxic elements across the BBB, thereby 
promoting glioma growth and invasive progression in the 
brain (Created in https://BioRender.com). 

BBB: Blood–brain barrier; GBM: Glioblastoma multiforme; 
TNF-α: Tumor necrosis factor alpha; Ang-2: Angiotensin-2.
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Bevacizumab as a Targeted Therapeutic Agent 

Bevacizumab blocks VEGF-mediated invasion and spread 
(Figure 2). The importance of these results lies in the possible 
integration of bevacizumab with other therapies targeting 
invasion and metastasis. Furthermore, emerging preclinical 
evidence suggests that bevacizumab may affect tumor 
metabolism. These results are noteworthy because GBM cells 
mostly use glucose for energy and often exhibit a glycolytic 
phenotype, even in oxygen-rich environments (23). Moreover, 
GBM cells can effectively metabolize lactate (24). Researchers 
have reported that the antiangiogenic drug bevacizumab 

worsens hypoxic stress by stopping the growth of new 
blood vessels and changing how tumor cells use energy. 
When bevacizumab is mixed with metabolic drugs that stop 
glycolysis, biological treatment may be more effective (23-24).

Although bevacizumab mainly antagonizes VEGF-A, emerging 
evidence implicates other pathways in its effects (25). 
Bevacizumab enhances the tumor microenvironment and 
inhibits the infiltration of regulatory T cells and myeloid-derived 
suppressor cells into tumors. While current immunotherapies, 
like anti-PD-1 and anti-CTLA-4, use counter-immunity (PD-L1 
or CTLA-4) to make the “counter-immune” agents less efficient, 

Figure 2. Neuropathological illustration comparing vascular structures in healthy brain versus GBM-invaded brain tissue. 
The schematic representation illustrates the differences between normal brain vasculature and the pathological vascular 
microenvironment in GBM. In a normal brain, the BBB provides a protective layer that prevents unwanted components 
from entering the brain. This barrier involves the cooperation of several key cells, including neurons, astrocytes, pericytes, 
and endothelial cells. The left column depicts a normal brain with preserved BBB structures where pericytes, astrocytes, and 
endothelial cells maintain healthy arteries, arterioles, and capillaries supported by neurons. A GBM-invaded brain is depicted 
on the right panel, with vessel co-option (black arrow), vessel invasion (white arrows), and BBB breakdown as hallmarks of 
cancer progression. Some of these alterations in pathology enable infiltration into surrounding brain tissue and destruction of 
the BBB; both allow for expansion and dissemination of GBM. By contrast, in GBM, cancer cells derange this organization via 
vessel co-option (tumor cells use pre-existing blood vessels), followed by infiltration of tumor cells into the vascular wall, and 
ultimately BBB disruption. These adaptations allow cancer cells to metastasize, modify blood circulation, and provide nutrients 
and oxygen to the tumor. BBB dysfunction hampers effective treatment delivery by hindering therapeutic agents from reaching 
the tumor site, which causes GBM to exhibit an aggressive phenotype and exhibit resistance to conventional therapies (Created 
in  https://BioRender.com). 

BBB: Blood–brain barrier; GBM: Glioblastoma multiforme; RBC: Red blood cell.
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if bevacizumab can clear these immune-suppressing cells, 
they may enhance their effectiveness by allowing more of 
them to survive (26). In addition, the mobilization of ECM is 
an important physiological action of bevacizumab. VEGF is an 
established mediator of ECM degradation and allows tumors to 
infiltrate normal tissue (27).

Clinical Significance of Bevacizumab in GBM 

Bevacizumab is widely used because it effectively reduces 
peritumoral edema, headache, and seizures caused by high 
intracranial pressure (27). The FDA has approved bevacizumab 
for treating recurrent GBM. This approach not only reduced 
the need for corticosteroids but also likely aided for treating 
neurological symptoms in a group in which these issues 
substantially affected their quality of life (28). However, its 
limited impact on OS constrains the advantages of bevacizumab 
in enhancing PFS (27-28). In response to this issue, researchers 
have conducted clinical trials that combine bevacizumab with 
other medications to enhance its efficacy. Researchers may 
use immune checkpoint inhibitors such as nivolumab and 
ipilimumab, combined with bevacizumab, can enhance the 
presence of CD8+ effector T cells and lymphoid structures inside 
tumors. This treatment may provide therapeutic effects (29). 

Bevacizumab alters the tumor microenvironment and may 
increase immunotherapy efficiency by promoting immune 
surveillance and cytotoxicity against tumor cells. This 
mechanism could further enhance the synergy of combination 
therapy with anti-PD-L1 agents (27-29). This has also led to 
clinical trials of the wide range of antiangiogenic combinations 
that are currently under investigation aiming at targeting 
certain angiogenic pathways to possibly bypass resistance to 
anti-VEGF therapies (30). Other pro-angiogenic factors, such 
as fibroblast growth factor (FGF) and platelet-derived growth 
factor (PDGF), have received attention as possibly having 
greater importance in stimulating angiogenesis than VEGF 
alone (27–30). Investigators have also been investigating 
the use of bevacizumab combined with agents that inhibit 
the hepatocyte growth factor (HGF) or insulin-like growth 
factor 1 (IGF1) pathways to optimize treatment. However, the 
emergence of resistance of some tumor cells to bevacizumab 
and other targeted therapies is still unknown (27-30). Several 
recent studies have focused on targeting bevacizumab via 
nanotechnology to further its site-specific therapeutic use 
and prolong its therapeutic effect (31). Nanocarriers such as 
liposomes, polymeric nanoparticles (NPs), and exosome-based 
systems help increase drug proximity to tumors (32). This might 
increase the life span of patients without increasing poor PFS 
or OS rates. To enhance immune activity and limit resistance, 
the use of checkpoint inhibitors with bevacizumab has been 
explored (32).

Integrating Bevacizumab with Nanotechnology 
for GBM Treatment

One of the most utilized nanotechnological approaches is the 
design of NPs that are denoted as a suitable solution to the 

hard-line penetration of conventional drugs due to the dual 
enhancement of passive and active delivery of them to GBM 
tumor cells (33). The most inspiring point is that intravenously 
injected NPs can be easily homed specifically to the brain by 
navigating through the BBB. From the tumor angiogenesis 
environment, NPs serve as main actors in the multi-targeted 
intervention of GBM tumor cells, as well as tumor angiogenesis 
and vessel barriers (34). To form a mononuclear phagocyte 
system and secrete cytokines, it is a routine process that 
various inorganic and organic substances are encapsulated 
onto the surface of NPs, mainly smoothing the phagocytosis 
of macrophages, elongating the period of the biological 
circulation of NPs, and enhancing delivery to the brain, 
improving BBB penetration and permeability (33-34). 

Many types of NPs have shown wonderful application in the 
imaging department, particularly gadolinium, gold NPs, and 
carbon-based materials, offering MRI, CT, and fluorescence-
mediated imaging of GBM (33-34). Furthermore, it is worth 
noting that the application of cell membrane-camouflaged 
NPs can surmount the barriers of the BBB and BTB in tumor 
cells (35). 

Recent studies have shown big steps forward in using 
nanotechnology to make bevacizumab more effective in 
treating GBM, especially in getting past the BBB, which is a 
major problem for drugs that are meant to target the brain 
(Figure 2). Using gold NPs (AuNPs) with bevacizumab makes 
the BBB more permeable, which helps target tumors and 
boosts anticancer effects at the same time (36). Bevacizumab-
coated NPs concentrate around the tumor, reducing contact 
with healthy tissue and improving the drug’s therapeutic 
effectiveness (37). Researchers have found that adding 
bevacizumab to a nanoparticle delivery system makes other 
drugs work better at stopping the growth of new blood 
vessels and the immune system’s response to them. Graphene 
quantum dots (GQDs) have the potential to improve drug 
delivery via photothermal effects (38). This results from their 
capacity to augment membrane permeability and promote 
the infiltration of medications into cells. This comprehensive 
approach may substantially impede tumor progression while 
minimizing the negative effects often associated with systemic 
therapies. Ultrasonic technology and nanoparticle therapeutics 
are being studied together in new clinical studies to determine 
how they can work better together to pass the BBB. 

Initial research suggests that this approach improves drug 
delivery and alters the tumor microenvironment to promote 
immune system recognition. This is a notable progression in the 
immunotherapeutic treatment of GBM (39). Technologies such 
as biodegradable hydrogel systems and implanted devices 
that provide bevacizumab locally and continuously may be 
used. These technologies provide increased concentrations of 
medication at the tumor location, possibly improving patient 
outcomes over time and extending PFS (40). These strategies 
are important for treating GBM because they allow the 
creation of platforms for multifunctional NPs that can target, 
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transport, and change the immune system. These are crucial 
for addressing the complexity and resistance mechanisms of 
GBM (39-40).

Clinical Trials 

Ongoing studies are exploring the existence of biomarkers 
predictive of clinical response to bevacizumab, which may lead 
to a more personalized treatment strategy for GBM (41). High 
VEGF levels, tumor hypoxia, and certain genotypes of FGF have 
been proposed as biomarkers for predicting the response to 
treatment with bevacizumab, which allows researchers and 
clinicians to personalize therapeutic regimens according to 
individual tumor characteristics to improve efficacy (42). Various 
combinations of bevacizumab with immune checkpoint 
inhibitors, as well as molecularly targeted drugs, are currently 
being investigated in clinical trials to enhance treatment 
outcomes for GBM (42). Co-therapy with inhibitors of the 
PI3K/AKT/mTOR pathway, which is frequently altered in GBM, 
has shown promise in preclinical models, thereby appearing 
to represent a potential approach for further inhibition of 
pathophysiological processes enabled by bevacizumab 
therapy (43). Alternative studies suggest improved responses 
from combining radiation or agents that inhibit DNA damage 
repair pathways with bevacizumab to take advantage of the 
intrinsic sensitivity of GBM cells and minimize other patterns 
of resistance, a common obstacle in long-term therapy with 
bevacizumab (44). Additionally, several new drug delivery 
systems based on nanotechnology have been developed to 
enhance the efficacy and safety profile of bevacizumab (45). 
Improvements in nanoparticle design have been reported 
to enable targetable, locus targeted delivery of therapeutic 
agents like bevacizumab with reduced systemic exposure and 
increased tumor vulnerability (46). Nanoparticle platforms 
capable of crossing the BBB to enable simultaneous delivery 
of multiple therapies on one platform are also in development. 
Targeting multiple pathways and conveying better bioactivity 
of bevacizumab using these platforms can lessen treatment 
resistance by providing an innovative strategy to overcome the 
multifactorial nature of GBM.

CONCLUSION

Bevacizumab continues to be a crucial antiangiogenic 
treatment for GBM, showing improvements in symptomatic and 
PFS. Given that bevacizumab failed to extend survival, phase II 
investigations into combination therapies and innovative drug 
delivery methods are needed. These investigations must focus 
on non-VEGF-driven pathways that are unaffected by VEGF 
suppression. For many years, nanotechnology-based delivery 
methods have provided an effective solution to these issues, 
allowing targeted and controlled bevacizumab release with 
minimal systemic adverse effects (47). Adding bevacizumab 
to immunotherapy and molecularly targeted treatments or 
improving the nanoparticle delivery system might improve 
GBM treatment work better (48). 

We anticipate that discovery will stimulate significant future 
molecular research in GBM, perhaps leading us to overcome 
this fatal disease. We anticipate that the creation of tumor-
specific therapy vectors using bevacizumab will enhance 
the prognosis and survival rates of individuals afflicted with 
these lethal illnesses in the coming decade (49). This suggests 
that further research is required to determine the optimal 
combination of treatment modalities and to identify potential 
biomarkers that could predict patient outcomes. This may 
enhance the beneficial effects of bevacizumab in patients (50).
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