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Aims and Scope of the Series
The field of oncology has undergone extraordinary change and progress over the 
past several decades. Today, information is evolving at a rapid rate, with standards 
of management far different than standards of care applied during the training of 
most practicing oncologists. Oncology practitioners in all disciplines must remain 
current to optimize patient care. Basic and translational science remain critical 
in developing process improvements for patient care. The closer we understand 
the mechanism, the more we can improve targeted therapies and apply them to 
patient care. The pace of information is moving faster than at any previous time 
in history, and all oncology disciplines must remain current to provide excellent 
service to patients. The modern oncologist must be fluent in using big data and the 
volume of information generated in clinical trials. As we move closer to personal-
ized patient care based on genomics and molecular biomarkers, the modern oncol-
ogist has to be nimble in assessing all available information and how this would be 
applied to each patient, balanced by the clinical status and medical co-morbidities 
of each patient. Targeted therapies can bring new and different sequelae, and 
oncology teams need to remain fluent in managing the consequences of therapy 
and primary management. In this book series, we will present how modern care 
has progressed in multiple disease areas and how modern oncology teams need 
to adapt in order to manage the cancer patients of today successfully. Surgery, 
radiation therapy, and medical oncology are practiced today with the support of 
exceptional modern technology, and in this series, we will review how these im-
provements are applied to each disease site to maintain excellence in patient care.
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Preface

Glioblastoma multiforme (GBM) is the most common malignant brain tumour, with 
a minimum incidence of 4 cases per 100,000 people. Generally diagnosed from 
the age of 60, the average life expectancy of patients is typically one year [1–3]. In 
the pathogenesis of GBM, the scientific literature acknowledges the development 
of tumours through various genetic pathways [4, 5]. Other studies have demon-
strated the important role played by the abnormal “deregulation” of growth factors, 
especially IGF-I, VEGF, EGF, and PDGF [1, 2, 6, 7]. The GBM is accompanied by 
corresponding neurological symptoms [5] at the site of the tumour [1, 8]. Despite 
ongoing diagnostic and therapeutic efforts, GBM remains the most challenging brain 
pathology to treat [6, 9]. In GBM recurrence, maximal tumour resection remains the 
first-line treatment [10]. To increase life expectancy, a combined therapy of surgery 
and radiation therapy must include immunotherapy [11, 12]. The current therapeutic 
strategy of GBM is associated with the use of glucocorticoids (GCs) [3]. Patients 
receiving exclusively excess doses of GCs had elevated expression of CD8-T cells [13] 
and activated B cells, the two lymphocyte populations together playing a role in the 
antitumor response [13, 14]. Regarding postoperative radiation therapy, an improved 
survival rate is observed [1, 6]. Concomitant with radiotherapy, chemotherapy with 
temozolomide (TMZ) is used with caution [15]: approximately 55% of patients with 
GBM are resistant to temozolomide due to their DNA repair system, specifically 
methylguanine methyltransferase (MGMT) [9]. On the other hand, vaccines target-
ing tumour growth factors, such as VEGF, eGFR, and PDGFR, have limitations, 
including low immunogenicity [1, 16]. Bevacizumab, which binds to the VEGF factor, 
is recommended in combination with irinotecan, carmustine, lomustin, carboplatin, 
or temozolomide chemotherapy [17]. The GBM therapies linked to IGF-I and TGF 
have resulted in vaccines with an immunogenic character [18, 19].

The development of new therapeutic approaches, especially gene therapy, by Anderson 
et al. in 1990 [20] and the “creation” of cancer gene therapy or cancer gene immuno-
therapy by Trojan et al. in 1992/3 [21], have been widely followed [22, 23]. Cancer gene 
therapy targeting IGF-I (the main factor of oncogenesis [7, 21]) using IGF-I antisense 
and IGF-I triple helix approaches has been successfully introduced in clinical trials 
in the USA, Europe, China, and Latin America [7]. At the same time, cancer immu-
notherapy “created” by Townsend et al. in 1993 [24] and Guo et al. in 1994 [14] was 
implemented on the concept of immunotherapy [25]. Since 2015, immunotherapy has 
been launched in the United States as part of the “Cancer Moonshot” program [26]. 
Therapeutic immunotherapy strategies involve different approaches. Viral immuno-
therapy includes viral vector vaccines that contain DNA-antigen-producing immune 
responses [1, 27]. In the ACT strategy of adoptive T cells (CAR-T therapies), allogeneic 
T cells are modified by recognizing a unique antigen associated with a tumour [28]. 
Recently, intraventricular injection of CAR-T cells in GBM patients has been shown 
to improve their efficiency [29]. Regarding therapies based on immune checkpoint 
inhibitors, such as PD-1, PD-L1, and CTLA-4, they have also promoted the immune 
activation of T cells [30]. The immunotherapy strategies, particularly anti-IGF-I 
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immuno-gene therapy, have given very encouraging results: the increase in survival 
has reached two years and, in some cases, three years [7, 15]. Although we are far from 
victory, the permanent clinical progress related to the development of new techniques 
in diagnostics and therapies described in this book is already promising.

The presented first chapter (Asem A. Muhsen et al. “Glioblastoma’s Infrequent 
Locations and Synchronous Tumors”) is a source of knowledge about glioblastomas 
located outside of the cerebral hemispheres, arising in less common regions of the 
central nervous system.

The second chapter (Weichi Wu et al. “Identifying Glioma Margins Rapidly during 
Microsurgery via Microendoscope Systems: History and Prospects”) constitutes 
a considerable advancement in glioblastoma surgical technology for identifying 
tumour boundaries. Moreover, microsurgery should maximize tumour removal 
while preserving neurological functions and ensuring patient safety. Additionally, 
microsurgery is often obligatory for any type of gene therapy or immunotherapy, 
which are post-surgery approaches. The third chapter (Hulya Torun, Ihsan Solaroglu. 
“Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy 
and Liquid Biopsy”) presents the essential up-to-date techniques of GBM diagnos-
tic - Raman spectroscopy and liquid biopsy, having the potential to significantly 
improve survival rates in GBM patients by enabling earlier detection, more precise 
monitoring, and personalized treatment strategies. That has an impact on survival, 
considering that early diagnosis facilitated by Raman spectroscopy’s ability to detect 
tumour biomarkers, such as IGF-I, in biofluids and its potential for tumour margin 
detection (distinguishing between healthy and malignant tissues with high accu-
racy). The combination of liquid biopsy and Raman spectroscopy offers a powerful 
diagnostic approach that captures both circulating and tissue-specific biomarkers. 
The fourth chapter (“Astrocytes in Glioblastoma Therapy: A Novel Approach to 
Targeting Tumor Microenvironment” by Ravindri Jayasinghe, Nadun Danushka) is a 
real source of knowledge as well as astrocytes physiology and pathology, as well as the 
GBM tumour microenvironment, the latter constituting the potential therapy target. 
The fifth chapter (Zuowen Zhang, Mingchang Li, Jie Huang, “Dendritic Cell-Based 
Glioblastoma Vaccines: Advances and Challenges”) provides information on various 
types of current immunotherapies and related immune mechanisms targeting GBM. 
In this context, the authors propose the new GBM vaccines, whose preparation is 
based on the use of dendritic cells. The sixth book chapter (Xiaohui Ren, Ling Qin, 
“Glioblastoma Management in the Post-COVID-19 Era: Challenges, Strategies, and 
Adaptations”) is an essential description of managing GBM during the global health 
crisis caused by the COVID-19 pandemic.

Jerzy Trojan
National Academy of Medicine, France, 

Paris, France
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Chapter 1

Glioblastoma’s Infrequent 
Locations and Synchronous 
Tumors
Asem A. Muhsen and Bahaeddin A. Muhsen

Abstract

Glioblastoma (GBM) is an exceedingly aggressive Grade IV astrocytoma and the 
most prevalent primary malignant brain tumor in adults, representing 45–50% of all 
gliomas. In our chapter, we have highlighted the rare locations of GBM, the occur-
rence of multiple GBM, and its coexistence, alongside other cerebral neoplasms such 
as meningioma. While mostly situated in the cerebral hemispheres, glioblastomas can 
also arise in atypical locations such as the brainstem, thalamus, basal ganglia, corpus 
callosum, cerebellum, and spinal cord. Multiple GBMs were identified in 11.7% of 
cases. Meningiomas are common benign brain tumors that can coexist with GBMs as 
collision tumors. This link may just be a coincidence or a sign of a related pathogen-
esis. Further molecular and biological studies are necessary to confirm the existence 
of shared molecular mechanisms and genetic determinants.

Keywords: collision tumors, synchronous tumors, multiple GBM, meningioma, 
glioblastoma

1.  Introduction

Glioblastoma (GBM) is an aggressive and highly malignant form of primary 
brain tumor classified as a Grade IV astrocytoma by the World Health Organization 
(WHO) [1]. It is the most common and lethal form of primary brain cancer in adults, 
accounting for approximately 45–50% of all gliomas.

While glioblastomas most often develop in the cerebral hemispheres, particularly 
the frontal, temporal, parietal, and occipital lobes, they can occasionally arise in less 
common regions of the central nervous system (CNS) [2]. These infrequent locations 
include the brainstem, thalamus, basal ganglia, corpus callosum, cerebellum, and 
spinal cord. Tumors in these regions pose unique diagnostic and therapeutic chal-
lenges due to the critical nature of surrounding brain structures [3]. For example, 
glioblastomas in the brainstem are often inoperable due to the dense concentration of 
essential motor and sensory pathways.

The etiology of glioblastomas in these rare sites is not entirely understood, but 
they may be associated with underlying genetic predispositions or cellular differences 
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in neural progenitor cell populations [4]. Their clinical presentation may also differ 
from glioblastomas in more common regions, as symptoms are often site-specific, 
such as ataxia for cerebellar tumors or motor impairments for brainstem tumors.

2.  Main body

2.1 Brainstem

Glioblastomas are part of the most malignant brain tumors and are most often 
localized in the cerebral hemispheres. However, GBMs found in the brainstem are 
rare compared with other glioblastoma cases and thus are diagnosed infrequently 
[1]. Their incidence is higher among children than adults. The reasons for the higher 
incidence of the phenomenon in children are still unclear; however, certain inherited 
tendencies or perhaps favorable molecular profile of the tumor in children might 
influence that. They found that pediatric brainstem GBMs may have different clinical 
and molecular features than adult brainstem GBMs, which could be a reason for the 
difference in incidence between the two populations [2]. However, as noted earlier, 
brainstem gliomas are more frequent during childhood, but they are still rare; this 
fact makes the diagnostic and therapeutic approach challenging.

In adults, there are far fewer cases of brainstem glioblastomas; these tumors are 
usually diagnosed at an advanced stage because they cause mild and nonspecific signs 
and symptoms that progress slowly [3]. Incidentally, the brainstem, which controls 
vital autonomic functions and is less common in primary brain tumors, is infiltrated 
more frequently by other forms of gliomas, such as pontine gliomas and diffuse 
intrinsic pontine gliomas (DIPG) that, while related, pathologically, to GBMs, are 
a distinct entity in the pediatric population [4]. This points to the need for further 
research on the epidemiological factors and pathogenesis of brainstem glioblastomas, 
as well as the molecular features of the tumor.

Both traditional and sophisticated MR imaging offer non-invasive methods that 
reveal the required molecular regional adaptations of the various GBM lesions and 
mirror the morphologic changes that have been characterized. The various m-GBM 
lesions may show diverse sizes, growth rates, and composite intensities with distinct 
degrees and patterns of contrast enhancement on contrast-enhanced T1-weighted 
imaging (T1-WI) Figure 1A [5]. This reflects the underlying heterogeneity in the 
tumor bulk, texture, and angiogenesis. The non-enhancing tumor component with 
hazy borders and vasogenic edema is represented by the increased water content of 
the heterogeneous hyperintense signal abnormality on T2 Fluid-Attenuated Inversion 
Recovery (FLAIR) that is linked to each enhancing lesion (Figure 2).

There are no distinguishable imaging characteristics that allow the two com-
ponents to be separated. The T2 FLAIR sequence is thought to be an infiltrative 
non-enhancing GBM component that joins two or more different enhancing lesions 
in multifocal GBM. The presence of T2 FLAIR hyperintense foci in a specific brain 
region may indicate an early emergence of m-GBM, even if contrast enhancement is 
necessary for the diagnosis of both multifocal and multicentric GBM [6]. The appar-
ent diffusion coefficient, which is obtained from diffusion imaging, can be used 
to quantitatively evaluate the variation in cellular density among the various GBM 
lesions, or it can manifest as variations in diffusion restriction. Vascular growth, 
permeability, and blood flow within the GBM foci may be more precisely reflected by 
qualitative and quantitative assessments of several perfusion measures.
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 The clinical presentations of the brainstem glioblastomas are usually suggestive 
of the functions of the brainstem in regulating fundamental physiological processes. 
Being a part of the brainstem, many basic life-supporting and controlling functions 
like respiration, regulation of heartbeat, and swallowing are damaged [ 5 ]. A unique 
feature of brainstem GBMs is that the patients often present with cranial nerve palsies 
in terms of visual dysfunction due to the involvement of the optic nerve, weakness 
of the face due to impaired facial nerve, and dysphagia with impaired pathways of 

  Figure 1.
  A: Axial brain MRI with contrast demonstrating a left frontal lesion extending to the corpus callosum, exhibiting 
rim enhancement consistent with glioblastoma multiforme (GBM), confirmed by biopsy. B: Axial brain CT scan 
showing a calcified convexity meningioma and left frontal GBM (collision tumors).          

  Figure 2.
  T2-weighted FLAIR (Fluid-Attenuated Inversion Recovery) sequences exhibit hyperintense signals in 
glioblastoma multiforme (GBM). This manifestation usually aligns with areas of vasogenic edema, infiltrative 
neoplasm, and, at times, necrosis.          
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swallowing and speech [6]. A second vivid sign is an ataxia, which is uncoordinated 
movement and even loss of balance due to injury in the cerebellum or the coordina-
tion centers of the brainstem [7]. Ataxia could be disabling, and a patient might 
experience vertigo and dizziness, making their motor problem worse. Patients may 
develop other posterior fossa signs as the size of the tumor increases, such as head-
aches and vomiting due to raised intracranial pressure (ICP) associated with the mass 
effect [8].

Neurological changes are frequent and can be progressive, with symptoms wors-
ening rapidly as the tumor invades cerebral structures. Other complications include 
papilledema and swelling of the optic disc [9, 10].

The brainstem is a small but very important part of the superior location, which 
is a crucial complex for many automatic functions, including respiration and circula-
tion, swallowing, and speech. Because of this, any tumor that may develop in this area 
also poses many diagnostic and therapeutic problems [11]. Therefore, the removal 
of the tumor requires the delving approach, which is still associated with a stern 
neurological deficit or even lethal outcomes due to seizing the important cranial nerve 
nuclei and centers [12]. For a variety of reasons, radiation therapy used to be viewed 
as the primary approach to treating brainstem glioblastomas, given the complexity 
of the brainstem structure [13]. However, a dangerous side effect, which is toxicity, 
is associated with radiation and becomes alarming when such regions are targeted. 
Accidents and radiation may affect combinatorial healthy cells, increasing symptoms, 
and detrimental neurological consequences [14]. Further, due to the blood-brain 
barrier, the delivery of chemotherapeutic agents to the brain is relatively restricted. 
Although temozolomide (TMZ) is used routinely in the treatment of GBMs at other 
anatomic sites in the brain, the use of TMZ for brainstem-located tumors is relatively 
ineffective due to poor penetration of the drug into this region [15].

Moreover, the brainstem has vital functions, so the glioblastomas progress 
extremely fast [16]. Locally invasive GBMs within the brainstem are considered 
difficult to cure despite surgery, radiation, and chemotherapy, and patients’ overall 
life expectancy might be significantly reduced [17]. In addition to the diagnostic 
enigma, the volume and aggressiveness of cancer, along with the numerous and 
often highly technical treatment modalities, exert the clinical and patient burden 
on both stakeholders [18]. Further research for new treatments, including targeted 
therapies, immunotherapy, as well as gene therapy [19], brings hope for better results, 
but brainstem glioblastomas remain one of the most difficult in the field of neuro-
oncology [3, 17].

2.2 Cerebellum

GBMs can be considered the most malignant type of primary brain tumor; they 
are localized mainly in the cerebral hemispheres. Still, GBMs occurring in the cerebel-
lum constitute only about 1% of all glioblastomas [4]. GBMs are rare in children, and 
even in adults, the majority of the tumors are found in the cerebral hemispheres. This 
low incidence rate could explain the low level of research and documentation data and 
rare clinical cases of cerebellar GBMs, which complicates their diagnosis and treat-
ment [19]. Despite the fact that cerebellar GBMs are very rare when diagnosed, they 
will be somewhat different from the patients with GBMs located in other parts of the 
brain. Motor deficits and a rapid decline in the quality of life for patients are rational 
when a cerebellar tumor arises due to the importance of this region in movement and 
balance [20].
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Along with the neurological complaints consistent with the location of a cerebellar 
glioblastoma, patients may develop a variety of neurological symptoms depending on 
the size, location, and growth kinetics of the tumor [21]. Ataxia ensues out of dis-
turbances of the cerebellum in that this body is solitary and in charge of refining the 
motor movements [22]. This can be presented in terms of poor mobility, involuntary 
movements, and uncoordinated movements of the limbs. When the tumor advances, 
one might experience dysmetria, which is a kind of ataxia for which the patient fails 
to estimate the distances in reaching for an object.

Headaches are relatively rare with GBMs, but when they occur, they are primarily 
associated with a cerebellar location that is often observed in GBMs, like vertigo [23]. 
Vertigo is a pathological condition that entails a spinning or whirling feeling due to an 
impairing ability of the brain to interpret spatial data. To the degree that balance and 
equilibrium are governed in the cerebellum, lesions in this area may affect these two 
straightaway, the reason for vertigo or imbalance, which is worse in case the patient 
tries to stand or move around [24].

Some headache patients who have a brain tumor develop increased ICP when the 
tumor expands and exerts pressure on adjacent tissues. High intracranial pressure 
is acquired from the growing mass of the tumor within the limited compartment 
of the skull, headaches, fatigue, and vomiting [25]. In further progression, if the 
cancer grows, it may lead to hydrocephalus, which means increased accumulation 
of cerebrospinal fluid within the brain parenchyma, causing an increase in ICP and 
thus, worsening the signs with visual complaints possibly accompanied by changes in 
mental status [26].

Common approaches to the surgical treatment of glioblastomas are challeng-
ing to apply due to the localization of the lesion and the peculiarities of cerebellar 
functions. Differential growth from other cancers in the head and brain again is in 
contrast to different locations in which there is often extra space for surgery and 
resection since cerebellar tumors arise from one of the most structurally sensitive 
areas in the head [27]. This complicates both diagnostic propositions as well as treat-
ment strategies.

Cerebellar GBMs are challenging to remove through surgery because of their 
closeness to very sensitive structures when they are affected, for instance, the fourth 
ventricle and the brain stem, which controls some of the essential integrity of our 
bodies, like breathing and heartbeat [28]. In patients who undergo partial resection, 
complications may arise in the form of even a worsened motor function or cerebellar 
ataxia due to the highly sensitive nature of the cerebellar tissue and the possibility of 
damage during surgery and injury to other nearby tissues [29].

Another concern is radiation treatment for the cerebellar GBMs because of 
myelinization and subsequent damage to neurons. Although radiation allows for 
the limitation of tumor growth, the cerebellum has excellent sensitivity to radia-
tion, and patients have permanent complications [30]. These tumors often have an 
aggressive course, and even if diagnosed early and treated with surgery, radiation, 
and chemotherapy, the outcome is still poor, and most patients live for only a short 
time after the diagnosis is made [31]. Thus, glioblastomas (GBMs) located in the 
region of the cerebellum can be considered a rare and complex type of brain tumor 
that can create specific diagnostic and therapeutic problems [32]. Treatment is 
rendered challenging by the fact that the cerebellum is a highly specialized region 
of the brain, and the key goal is to eliminate the tumor without causing significant 
neurological deficits [33]. Even a highly aggressive tumor has a poorer prognosis, as 
is generally witnessed.
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2.3 Spinal cord

Superior mediastinal glioblastomas are considered rare, making up less than 1% 
of all glioblastomas. Although glioblastomas affect the brain predominantly in the 
cerebral hemispheres, spinal cord glioblastomas are rare, accounting for less than 1% 
of primary spinal tumors [34]. Spinal GBMs are rare, adding to the lack of accessible 
data concerning epidemiology, clinical manifestation, and optimal management 
plans.

Although spinal cord gliomas, a more extensive category of spinal malignancies, 
can happen at any age, spinal GBMs are highly uncommon in children and increas-
ingly experienced in the fifth to the sixth decade of life [35]. Spinal GBMs again have 
symptoms that correlate with the position of the tumor, its size, and the extent to 
which it has infiltrated the spinal columns [36]. Another of the defining character-
istics of spinal GBMs is myelopathy, which also translates as spinal cord dysfunction 
caused by direct infiltration of the cord and compression. This dysfunction may lead 
to neurological signs such as weakness, numbness, and ataxia, which is the inability to 
coordinate movements correctly [37]. Myelopathy occurs first in the lower extremities 
to result in difficulty in walking, and the case may progress to paraplegia or quad-
riplegia if the tumor infiltrates the spinal cord further.

A second reasonably frequent symptomatology of spinal GBMs is radicular pain 
due to the lesion of peripheral nerves in the neighborhood of the spinal hump that is 
created by the tumor [38]. These deficits can be weakness, paralysis, or loss of reflexes 
and are usually found in the limbs supplied by the part of the spinal cord in question. 
As the tumor advances and puts even more pressure on the spinal cord, the parts 
of the autonomic nervous system that control bowel and bladder function become 
affected [39]. Consequently, the early diagnosis of spinal GBMs is minimal, and most 
patients are diagnosed when their neurologic manifestations have progressed to an 
advanced stage [40].

MRI remains the imaging method of choice for spinal tumors, but even with the 
use of advanced MRI techniques, differentiating spinal GBMs from other types of 
spinal gliomas or tumors is a challenge [41]. This often makes them seem different 
and heterogeneous, as well as allows them to penetrate deep and thus obscure their 
numbers. Also, the dreadful intramedullary spinal tumors do not appear as clearly on 
the X-ray as the extramedullary spinal tumors. Thus, early diagnosis of the cancer can 
be challenging [42].

Conditions in treating spinal GBMs are even more complicated. The spinal cord 
is also very sensitive, and during the operation, it is hazardous to touch, remove, or 
injure any part of it because it leads to paralysis or other kinds of neurological dis-
ability [43]. Surgical removal of the tumor is also complicated by the fact that spinal 
nerve roots are in the vicinity; it becomes hard to excise the whole mass without 
causing damage to the motor and sensory function of the patient.

In addition, radiation therapy can be applied in conjunction with surgery where, 
for various reasons, total excision is difficult. Nevertheless, spinal GBMs treated with 
radiation therapy are associated with risks such as radiation-induced myelopathy and 
chronic neurological decline [44]. The blood-spinal cord barrier also restricts univer-
sal medications such as chemotherapy, hence making the treatment of spinal GBMs 
very challenging. Spinal GBMs are particularly aggressive, and because of the inher-
ent impossibility of obtaining complete resection of these lesions [45], the prognosis 
for such patients is comparatively dismal, with the majority of patients experiencing 
rapid neurological decline.
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2.4 Corpus callosum

Glioblastomas in the corpus callosum are rare tumors but are essential to the clini-
cian due to their characteristics. The corpus callosum is the most prominent struc-
ture in the white matter, and it links the cerebral half spheres and guides the wires 
between them [46]. As much as GBMs involve the cerebral hemispheres, CC is a small 
percentage of all glioblastomas. It is almost impossible to determine the actual inci-
dence of corpus callosum GBMs separately due to confusion in differential diagnosis 
or attribution into other gliomas or brain tumors involving the midline structures of 
the brain. Nonetheless, it is appreciated that such tumors are relatively rare, and it is 
estimated that less than 5% of all glioblastomas arise within the corpus callosum [47].

Tumors in this specific brain area are so rare that they present a unique diagnostic 
and treatment problem. CC glioblastomas appear distinct from glioblastomas in other 
brain areas in how they grow and clinically manifest themselves. Because the corpus 
callosum is involved in IHC connection, its’ tumors must affect cognitive and motor 
processes differently from tumors in other areas, which is why they are essential for 
investigating the integrity of brain networks and neurofunction [48].

Disconnection syndromes usually accompany the manifestation of GBMs in the 
corpus callosum due to the disruption of communication pathways between the two 
halves of the brain. According to the disconnection hypothesis, the central role of 
the corpus callosum is to facilitate the interaction between the two hemispheres. 
Consequently, the lesions in the area can lead to meaningful and latent cognitive and 
neurological deficits [49].

Studies show that the significant symptoms of this type of GBM include, but are 
not limited to, memory impairment [50]. This characteristically presents as short-
term memory disturbances, in which patients cannot absorb new information or 
recall events that have occurred. Ideally, long-term memory can also be compromised 
based on the position and size of this tumor. Neuropsychological deficits include defi-
cits in higher-order executive functions such as planning, problem-solving abilities, 
decision-making, and attention span. These functions are mainly seated in the frontal 
lobes [51]. However, due to the integral role of the corpus callosum in integrating the 
function of the two frontal lobes, any damage to this area leads to a lack of synergy of 
the cognitive jobs.

Other such signs may include visual-organizational impairments that stem from 
the breakdown of the lateral connections between the vertical halves of the brain. 
These may consist of spatial judgment, how one interacts with an environment, 
navigation, and interpreting details of sight. Disorientation, poor judging of dis-
tances, and difficulties in copying objects or recognizing spatial arrangements may 
be expected. In severe manifestations, there may be hemispatial neglect, which is 
the inability of the patient to detect or acknowledge objects or events occurring in 
one half of their universe, typically the opposite side to the affected side of the brain 
[52]. These cognitive and visual-spatial impairments result from the damaged neural 
connections through which cortical areas of the brain relay information necessary for 
interhemispheric integration.

Besides cognitive and perceptual impairments, corpus callosum GBMs may 
bring about motor impairments not only if the tumor lesion areas are assigned 
with motoring coordination between the brain’s two hemispheres [53]. Some of 
these signs could be weakness of arms or legs and other muscle formations, such 
as weakness because signals from the motor tracts in the brain may not be passing 
correctly. Seizures are also there because the tumor in the corpus callosum can 
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create electrical dysfunction in the brain and can result in focal or general colonic 
convulsions.

The glioblastomas in the corpus callosum are especially difficult to operate on 
because of the disease’s butterfly shape and the ability to affect both sides of the brain 
[54]. Once GBM forms in the corpus callosum, it occupies a vast brain area, crossing 
over to the other side and forming the butterfly shape seen during scans. This pattern 
arises due to tumor growth across the midline from one hemisphere to another and 
is characteristic of corpus callosum glioblastomas. This bilateral spread makes the 
tumor peculiarly hard to manage as it transverses the hemispheres of the brain and is 
not singular to a given area [55].

Surgical resection is generally accepted as the mainstay of management of GBMs; 
however, complete excision of these tumors is especially difficult given the convo-
luted vasculature and delicate fiber connections in the region of the corpus callosum. 
The situation is such that even if there is a surgical attempt to remove the tumor, 
both hemispheres will be affected as well, and there will be potential for profound 
neurological deficits [56]. Surgical excision is typically incomplete because the cancer 
is infiltrative and situated in a densely populated region. Sometimes, only a part of 
the tumor can be removed; this puts a constraint on the efficiency of this operation in 
terms of patient prognosis.

Radiation is usually given after surgery to curtail cell division and tumor growth, 
but since the brain is so essential, potential damage to the latter in the process is an 
issue. It is known that neurocognitive decline in areas of radiation-related regions, 
such as the corpus callosum, is also a risk [57]. However, treatments such as chemo-
therapy with substances including temozolomide are likely to show only moderate 
effectiveness because many chemotherapeutic agents cannot cross the blood-brain 
barrier and penetrate the tumor mass [40]. Nevertheless, the chemotherapeutic 
agents can cross the blood-brain barrier more easily if nanotechnology is combined 
with chemotherapy [41]. These difficulties mean that optimal treatment outcomes for 
symptom and tumor control in corpus callosum GBM patients with the disease cannot 
be attained.

These are accompanied by other treatment difficulties of corpus callosum gliomas, 
including the functional decline patients experience during their treatment [57]. The 
lesioning effect of the tumor on cognitive functioning and interhemispheric exchange 
results in a severe decline in the quality of life. Despite early aggressive therapeutic 
regimens like surgery, radiation, and chemotherapy, the overall survival of patients 
with corpus callosum GBMs is generally considered poor [58]. It tends to be less favor-
able than GBMs at different anatomical sites. This is partly because this particular 
tumor is invasive and can impact critical cognitive and motor skills.

2.5  Optic pathways and hypothalamus

Optic pathway and hypothalamic glioblastomas are rare in adults and constitute 
less than 5% of all glioblastomas. Enlarging tumors usually occur in the midline brain 
structures—regions essential for physiological operations such as vision and hor-
monal control [59]. These tumors are not exclusive to patients with genetic syndromes 
but are more often encountered within the setting of Neurofibromatosis type 1 (NF 
1). NF1 is a disease characterized by growing numerous body tumors, gliomas, and 
other changes, including café-au-lait spots, freckles, and optic gliomas. The optic 
pathways and hypothalamus are overgrown in patients with NF1, so glioblastomas in 
those individuals are constant [60].
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In patients who do not have NF1, GBMs involving optic pathways and hypotha-
lamic locations are extremely rare and are considered to have an adverse biomolecular 
profile and outcomes. These tumors are most often diagnosed in the late stage because 
they usually manifest very mild signs at the early stages and have the tendency to 
infiltrate the surrounding brain nervous tissue in critical areas, which makes detec-
tion and treatment more difficult [61].

The most frequent feature observed in patients with neoplastic processes of the 
optic pathways is visual pattern deterioration. Optic pathways encompass optic 
nerves, optic chiasm, and tracts, which act to relay optical information from the 
neural retina to the brain [62]. Another feature seen in these patients is endocrine 
dysfunction, of which the most frequently reported disturbance is diabetes insipidus 
[63]. This condition is due to injury to the hypothalamus or pituitary gland, which 
controls body water level and secretion of hormones. Diabetes insipidus means 
diabetes in Nigerians, which is the production of large volumes of dilute urine by the 
kidneys due to a deficiency of antidiuretic hormone (ADH) [64]. The hypothalamus 
plays a crucial role in regulating hormones within the organism; thus, the injuries 
sustained by this area may affect a number of hormones.

Another manifestation associated with hypothalamic disease is diencephalic 
syndrome. This syndrome is characterized by growth failure in stature, increased 
motor activity, and poor weight gain [65]. Surgical removal of GBMs in the optic 
pathways and hypothalamus is very challenging since the tumors are located in areas 
that contain critical neural elements [66]. The optic pathways and hypothalamus are 
placed sharply in the depth of the brain; certain other formations are nearby—ones 
that make it possible to see and regulate endocrine glands and feelings. Operations 
involving the removal of tumors in this area are hazardous because of the structures 
that may be damaged during surgery.

Another treatment method is radiation treatment; however, it is not very effec-
tive around the optic tracts and hypothalamus. They also pointed out that radiation 
also induces new neurological damage and worsens the condition further [67]. In 
addition, because of the invasive character of glioblastomas, these tumors are prone 
to recur after treatment. As they are almost impossible to eradicate and tend to 
invade the adjacent tissues, there is a tendency of recurrence, and patients’ progno-
sis remains bleak when the tumor is located in such a region of the brain [68]. The 
impairing functional effects, such as hypothalamic and optic pathway glioblastomas, 
dramatically reduce the life quality of such patients, complicating treatment planning.

2.6  Ventricles

Supratentorial intraventricular glioblastomas are rare compared to the common 
infratentorial glioblastomas in the cerebral hemispheres or the brainstem [69]. These 
tumors are a rare occurrence in patients with GBMs and, according to some statistics, 
contribute to less than 1% of glioblastomas. However, intraventricular gliomas are 
detected more frequently in other types of tumors, e.g., ependymomas or choroid 
plexus tumors; invasive GBMs located in the ventricular system pose specific clinical 
and therapeutic considerations.

The lateral ventricles, the third ventricle, and the fourth ventricle are the parts of 
the ventricular system in the brain that are involved in producing the cerebrospinal 
fluid needed for the protection and cleaning of the brain [70]. For example, intra-
ventricular GBMs tend to present considerable clinical signs and symptoms owing 
to their location and interference with CSF circulation. This results in constitutive 
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changes within the ventricle, with the formation of hydrocephalus, characterized by 
an influx of CSF-enhanced intracranial pressure (ICP) [71]. It may arise in any of 
the ventricular areas but is most dangerous when the tumor location is at the third 
ventricle and the fourth and when it blocks the passage between the lateral ventricles 
and the third ventricle.

Some of the distinguishing features of IVGGBM include the following: These 
headaches are generally due to hydrocephalus, which causes increased pressure in the 
cranial cavity. These headaches can be severe and are usually worse in the morning 
because CSF normally collects at night because of the patient’s head’s position, raising 
intracranial pressure [71]. Patients may also have nausea and vomiting, which are 
primarily related to elevated intracranial pressure and which can be aggravated by 
head positioning or vigorous movements [72]. Weakness or gait problems may arise 
if the tumor affects the motor tracts directly through infiltration or compression. In 
worse conditions, they may experience hydrocephalus or even an increased ICP that 
leads to a coma or death without treatment.

A further sign that may be attributed to intraventricular GBMs is seizures, which 
are caused by the disruption of the normal functioning of the brain by tumor tissue. 
Still, the presence of a tumor in an elementary or strategic part of the brain causes 
electrical dysfunction, which results in turmoil or seizures. It is worthwhile to note 
that intraventricular GBMs pose specific diagnostic and therapeutic problems because 
of their location and anatomy of the brain’s ventricular system. These tumors are 
often not easily seen in the early stages by conventional imaging methods [73]. Other 
structures usually obscure them, are infiltrative, and may mimic others, such as 
ependymomas or choroid plexus papillomas.

MRI is the most used imaging technique for diagnosing intraventricular tumors 
because MR imaging offers good resolution of soft tissue and helps identify tumors 
located in the brain’s ventricles. However, even with the help of high-resolution imag-
ing, intraventricular GBMs can be challenging to diagnose in the early stages because 
they present heterogeneity diffusely in the tumor, which comprises solid malignant 
components and zones of necrosis/cystic change [74]. Moreover, these tumors may 
resemble the surrounding ependymal tissue, so differentiation from other pathologi-
cal processes may be challenging, especially when the contrast enhancement is not 
very prominent.

The primary treatment of intraventricular GBMs is surgical resection, 
although it presents specific challenges due to the intricacy of the ventricular 
system. The ventricles are situated deep in the brain; hence, the tumors in this 
region exert pressure on and invade the neighboring neural tissue, making it 
difficult to surgically remove without risking destruction of the cerebral aqueduct 
or the cranial nerves, or any other important part of the brainstem [75]. Radiation 
therapy is often applied alongside surgery because complete removal of the tumor 
is impossible in many cases. However, since the ventricles are near the brainstem 
and the optic pathways, the radiation toxicity results in long-term effects such 
as decreased neurocognitive function, vision impairment, and endocrine dis-
turbances [76]; radiation therapy may not even be curative since GBMs are often 
infiltrative and aggressive tumors.

Temozolomide and other chemotherapy drugs have been combined with surgery 
or given after surgery in an attempt to increase their effectiveness. However, they 
face the same limitation as radiation in treating intraventricular GBMs in that they 
cannot penetrate the blood-brain barrier to deliver high concentrations of the drug 
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to the tumor site. Issues related to providing sufficient amounts of chemotherapy to 
the tumor site, as well as the general aggressiveness of glioblastomas, make sustaining 
treatment of these tumors particularly problematic.

2.7  Pineal region

Pineal region glioblastomas are rare, comprising only a tiny fraction of all glioblas-
tomas; thus, they are an uncommon and challenging type of brain tumor [77]. It is a 
small endocrine gland in the middle of the brain between the two halves or between 
the cerebral hemispheres and very close to the midbrain, thalamus, and cerebel-
lum. Due to such a location, it may manifest unique symptoms from those seen in 
glioblastomas developing in more typical places such as the frontal or temporal lobes. 
Pineal GBMs are seldom diagnosed because these kinds of tumors rarely occur within 
this area of the brain and because they are frequently confused with other forms of 
tumors like those of the pineal gland or germ cell tumors [78].

Because the pineal gland is located adjacent to the third ventricle and other crucial 
structures in the brain, tumors in this area can severely impair typical brain function-
ality and cause individual neurological manifestations [79]. However, these types of 
tumors are pretty rare, and consequently, the diagnostic and therapeutic approaches 
are quite problematic due to the location of the growth and its increased anaplastic-
ity. This results in the accumulation of CSF, thus hydrocephalus, and may lead to 
ICP [80]. Headache, vomiting, nausea, significantly increased intracranial pressure, 
and papilledema, established by ophthalmoscopy, may point toward the diagnosis. 
The involvement of the midbrain can alter autonomic functions, and the patient can 
experience irregular heart rate, breathing difficulties, and fluctuating blood pressure. 
Further, since the pineal gland is part of circadian rhythm regulation, people with 
tumors in this region may have sleep problems or disruptions in their biological clock, 
causing sleeplessness or oversleeping during the day. Because many of the tumors 
are located near spinal pathways, a patient may experience motor deficits, including 
ataxia or paraplegia [81].

The management of pineal GBMs is incredibly daunting given the site of tumor 
involvement in the midline of the posterior third ventricle and close to structures 
such as the midbrain, thalamus, and upper brainstem. Surgical removal remains the 
mainstay of therapy for glioblastomas. However, the surgery of pineal region tumors 
is very hazardous. The pineal gland is vulnerable; it is located within the brain core 
and surrounded by essential neural elements for respiratory, cardiac, and motor func-
tions [82]. Lesions in this region are often infiltrative, and although we can attempt 
to remove as much of the tumor as possible, a safe margin may be impossible without 
compromising these structures. However, the overwhelming feature of this tumor 
reflects grave difficulties in early diagnosis since the lesion is deep within the breast 
parenchymal tissue, and the enhancement pattern might be heterogeneous [83].

2.8  Possible mechanisms and etiologies

One potential explanation is independent tumorigenesis, where both tumors 
(meningioma and GBM) develop as separate and unrelated events due to distinct 
pathophysiological processes. Factors such as age-related genetic instability or 
environmental influences, like prior radiation exposure, may independently trigger 
the development of both tumor types [75, 76].
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Another possibility is the presence of common etiological factors that contrib-
ute to the formation of both tumors. Patients with a history of cranial irradiation 
are known to have a higher risk of developing multiple primary brain tumors. 
Additionally, certain genetic syndromes, such as Li-Fraumeni syndrome or 
Neurofibromatosis Type 2 (NF2), predispose individuals to multiple brain tumors, 
including GBM and meningiomas [78].

A third proposed mechanism involves paracrine or local interactions, where the 
presence of one tumor alters the local microenvironment in a way that promotes the 
development of another tumor nearby. This hypothesis suggests that cellular signaling 
pathways or changes in the extracellular matrix might play a role in the coexistence of 
the two tumors [80].

Finally, the possibility of chance coexistence cannot be ruled out. Meningiomas 
are relatively common brain tumors, and their co-occurrence with GBMs, Collision 
Tumor, may be coincidental rather than indicative of a shared causal mechanism. 
Given the high prevalence of meningiomas, it is possible that the simultaneous 
appearance of a meningioma and GBM in a patient is a matter of statistical probabil-
ity [81].

By considering these potential mechanisms—independent tumorigenesis, com-
mon etiological factors, paracrine or local interactions, and chance coexistence—cli-
nicians and researchers can better understand the underlying factors that contribute 
to the development of multiple primary brain tumors. This understanding is essential 
for accurate diagnosis, prognosis, and the development of effective therapeutic 
approaches [82].

3.  Summary

The likelihood of developing multifocal GBM should therefore be even lower. 
Ultrasonography and MRI scans are widely in use today, and more surgeons are employ-
ing surgical excision even on multiple tumors, which has led to the increase in reporting 
of these lesions in the modern world. Multiple GBMs were seen in 11.7% of patients with 
GBMs in our study. Recurrent gliomas are those that are disseminated or growing by a 
defined pathway such as commissural fibers, cerebral spinal fluid, or local metastasis. On 
the contrary, multicentric gliomas are situated far from each other in different lobes or 
hemispheres, and the presence of two tumors in the same cannot be caused by the men-
tioned above mechanisms. The practical application of this distinction between multiple 
GBMs as either multifocal or multicentric is gradually becoming irrelevant. Different 
research indicates that the distinction between the two groups offers no clear pattern of 
clinical usefulness. Multifocality and multicentricity of the tumors did not influence the 
pathology of the GBMs in our context. For this reason, we have not divided GBMs into 
these groups and rather have put them together into multiple GBMs.

Unfortunately, the detailed pathogenetic processes of multifocal/centric gliomas 
have not been fully understood. Nevertheless, previous and current research has 
significantly expanded what is already known about the etiology of these types of 
lesions. According to the hypothesis proposed by Willis, there was an attempt to 
advocate a two-stage model of tumorigenesis resulting in multiple gliomas. In the 
first stage, a large area, or perhaps the whole brain, underwent some transformation, 
which was labeled as initiation. This step was considered something that made the 
barrier of the brain very susceptible to frank malignant changes. In the second step, 
because of different types of stimulation (mechanical, viral, or biochemical), there 
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was excessive cell division in various regions of the program, giving rise to gliomas 
in different places. This is also described as “promotion” delineated by metachronous 
development of these tumors.
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Chapter 2

Identifying Glioma Margins 
Rapidly during Microsurgery via 
Microendoscope Systems: History 
and Prospects
Weichi Wu, Po Zhang, Baoshu Xie and Kejun He

Abstract

The standard protocol of treatment for glioma currently involves maximal 
surgical resection while maintaining neurological function. Thus, accurately and 
promptly delineating the glioma’s margins during microsurgery is crucial. This is to 
ensure minimal residual tumor tissue and avoid excessive removal, which can result 
in neurological impairments. The conventional and widely practiced method in 
neurosurgery is the use of frozen pathology. However, due to the significant time and 
effort this process demands, quick identification is not feasible, especially when there 
is a large remaining cavity requiring multiple site samplings. In the past few decades, 
there has been considerable advancement in surgical technology for identifying 
tumor boundaries. Systems like DiveScope, such as endoscopic Raman spectroscopy, 
multiphoton endomicroscopy, and confocal endomicroscopy, have shown significant 
progress. In this chapter, we aim to review the historical development and future 
potential of handheld pathology microscopes in neurosurgical microsurgery.

Keywords: glioma, surgical margins, Raman spectroscopy, confocal endomicroscopy, 
DiveScope, histopathology

1.  Introduction

Gliomas are the predominant malignant tumors of the central nervous system 
(CNS) [1], with high-grade gliomas being especially lethal, carrying the highest 
mortality rates [2]. Epidemiological studies indicate that the incidence rate of glio-
blastoma multiforme (GBM) is approximately 5.26 per 100,000 individuals, with 
close to 17,000 new diagnoses annually [3–5]. GBM is associated with both gender 
and age [6], exhibiting a male-to-female ratio of around 1.632:1 [7]. The age distri-
bution shows a single peak, predominantly affecting those aged 60–80 years, who 
make up about 63% of cases [7]. The most important prognostic factor for glioma 
patients is the residual tumor burden [8]. Research by Petrecca K and colleagues has 
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demonstrated that 90% of glioblastoma cases will recur at the original site within 2 
years, even if gross total resection (GTR) is performed [9]. Currently, the standard 
treatment for gliomas is maximal surgical resection while preserving neurological 
function [10–12]. The extent of tumor resection is increasing the survival. In numer-
ous cases of recurrence of GBM, maximalist tumor resection remains the first-line 
treatment followed often by a three-year survival in patients who had such resection 
[13]. Therefore, it is essential to accurately and swiftly delineate the boundaries of the 
glioma during microsurgery. This precision is necessary to minimize residual tumor 
tissue and prevent excessive removal, which can lead to neurological damage [14].

In the field of neurosurgery, frozen pathology has long been recognized as a 
traditional and well-established method [15]. Despite its effectiveness, this technique 
is both labor-intensive and time-consuming, making it challenging to achieve rapid 
identification, particularly when dealing with a large residual cavity and multiple 
sampling sites [16]. Over the past few decades, there have been significant advance-
ments in microsurgical techniques for the delineation of brain lesions [14]. Currently, 
various intraoperative marginal exploration methods have been documented. These 
methods can be categorized into radiography techniques, fluorescein-guided surgery 
(FGS) techniques, and optical techniques. Microendoscope systems such as the 
DiveScope, endoscopic Raman spectroscopy, multiphoton endomicroscopy, and 
confocal endomicroscopy have been developed [14]. The radiography technique, 
however, only provides macroscopic visibility, which does not align with the principle 
of maximal resection [16]. By the way, as long as laboratory diagnosis techniques are 
considered, MRI and CT exams being used in emergency situations, other techniques 
such as positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT) facilitate early detection and treatment monitoring [17]. In 
this context, we aim to review the historical development and prospects of handheld 
pathology microscopes in neurosurgical microsurgery.

2.  Fluorescence-guided surgery

Fluorescence-guided surgery (FGS) is a medical imaging technique that assists 
neurosurgeons in enhancing the visualization of specific tissues during microsurger-
ies [14]. It utilizes special dyes or near-infrared emitting lights that bind to target 
tissues like tumors. When hit with a specific light, these dyes glow, and the fluores-
cence can be detected by special cameras. This makes it easier for surgeons to spot 
and remove diseased areas while keeping the healthy tissues intact. FGS helps make 
surgeries more accurate and cuts down on complications.

FGS has revolutionized intraoperative visualization for neurosurgeons tackling 
glioblastomas. Fluorophores like indocyanine green (ICG), 5-aminolevulinic acid 
(5-ALA), and fluorescein have been extensively examined in the context of glioblas-
tomas (Table 1). The light emitted by these fluorophores aids in distinguishing the 
tumor’s core from its invasive margins, usually within the visible and near-infrared 
spectrums. Here, we mainly introduce three imaging agents: indocyanine green, 
5-aminolevulinic acid, and fluorescein.

2.1 Indocyanine green

Indocyanine green (ICG) is a fluorescent dye that works in the first near infrared 
window (NIR-I, 700–900 nm) with an excitation wavelength of 740–800 nm and 
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emission wavelength in the 800–860 nm [29]. Similar to fluorescein, after intravenous 
injection, ICG can penetrate areas where blood-brain barrier (BBB) is incomplete. 
In addition to its traditional application as a fluorescent dye, second-window-ICG 
(SWIG) has recently shown promise in identifying tumor tissue. For this application, 
ICG is intravenously injected in high doses to patients 1 day before surgery, allowing it 
to accumulate in the extracellular matrix of the tumor microenvironment and sur-
rounding edema [30, 31].

The pilot study involving SWIG in 15 glioma patients in 2016 showed a sensitivity 
of 98% and a specificity of 45% for marking tumor tissue, compared to 84% sensitiv-
ity and 80% specificity in bright field [26]. Subsequent research by the same research 
group demonstrated that SWIG achieved a 97% sensitivity and 56% specificity for 
border specimens in contrast-enhancing tumors, compared to 78% sensitivity and 
100% specificity in bright field [27].

Nowadays artificial intelligence is getting involved in a large amount of research 
fields [28]. More recently, researchers have developed a technique combining fluo-
rescent imaging with artificial intelligence, specifically deep learning, to identify 
between tumor and normal tissues during microsurgery. This method achieved a sen-
sitivity of 93.8% and a specificity of 82.2%. NIR fluorescence generally offers higher 
sensitivity but lower specificity in comparison with other fluorescent dyes. However, 
when combined with deep learning techniques, both sensitivity and specificity 
improved [28].

Additionally, NIR-II fluorophores (operating between 1000 and 1700 nm) offer 
more precise detection, more outstanding contrast, and smaller absorption in com-
parison to NIR-I and the visible spectrum. Although the exciting results above have 
primarily been observed in animal experiments for now [32], recent clinical trials 
involving seven patients tested the efficacy of NIR-II fluorophores. Utilizing a mul-
tispectral fluorescence imaging equipment and an image fusion strategy, researchers 
were able to precisely block the vessels surrounding the tumor, significantly reducing 
blood loss during microsurgery [33]. Future clinical studies are needed to further 
validate the increased sensitivity and specificity of these fluorophores for distinguish-
ing between normal and tumor tissue in human gliomas.

2.2 Fluorescein

Fluorescein sodium salt, known for its yellow-green fluorescence in bright 
fields (with a maximum absorbance at 494 nm and an emission peak at 521 nm), 

Fluorescent dye Number of 
patients

Pathology result Golden standard Sensitivity 
(%)

Specificity 
(%)

5-ALA [18–20] 82 Glioblastoma/HGG 
and metastasis

Traditional 
fluorescence 

imaging/pathology

88.67 87

Fluorescein 
[21–25]

111 Glioblastoma/HGG Pathology 83.16 89.9

Indocyanine 
green [26–28]

74 Gliomas/HGG Pathology/
Traditional neural 

network

95 60.95

Table 1. 
A summary of studies exploring diagnostic accuracy of FGS in brain tumors.
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was applied to identify brain tumors like glioblastomas during open biopsies since 
1948 [34]. As an intravascular dye, fluorescein is administered intravenously and can 
pass brain regions with a disrupted BBB [21]. However, the fluorescence emitted by 
fluorescein is not specific to glioblastoma cells. Numerous research has assessed the 
possibility of application of fluorescein on guided brain tumor resection [21–24], 
reporting median values of sensitivity and specificity of 82.2 and 90.9%, respectively.

In a phase II trial involving 57 high-grade glioma (HGG) patients, the utiliza-
tion of a specialized fluorescence filter in the microsurgical scope was tested for 
its efficacy in HGG [35]. In this study, 82.6% of patients completed GTR, with the 
fluorescent tissue at the tumor border being distinguished with a sensitivity of 80.8% 
and specificity of 79.1%. Another research group also examined the use of fluorescein 
for distinguishing biopsies from the tumor border through quantitative fluorescence 
measurements, finding decreased sensitivity (69.4%) and specificity (66.7%) [22].

The association between fluorescence intensity at the tumor border and the pres-
ence of residual tumors on postoperative MRI was also explored [36]. Researchers 
reported a sensitivity of 66.7% and a specificity of 75%, which aligned with the find-
ings of Acerbi et al. and Neira et al., despite differences in fluorescent agent injection 
timing and kinetics in both studies [22, 35].

In conclusion, further assessment of the application of FGS is necessary, incor-
porating postoperative CT/MRI and quantitative calculation of fluorescence levels 
in resected tumors during microsurgeries. For now, this method is primarily used in 
vascular neurosurgery, as fluorescein, being an intravascular fluorescent agent, can 
blur the surgical area during microsurgeries when blood obscures the operative site.

2.3 5-Aminolevulinic acid

In the heme biosynthesis pathway, 5-ALA acts as a precursor to the fluorescent 
compound protoporphyrin IX (PpIX). PpIX is able to accumulate within malignant 
cells of both epithelial and mesenchymal origin, emitting bright red fluorescence 
under violet-blue light, whereas normal cells stay non-fluorescent [37]. The endog-
enous PpIX captures light at 405 nm and emits it with a peak at 634 nm [37, 38]. A 
research group investigated the application of 5-ALA in initially diagnosed glio-
blastomas [39] and discovered a notable increase in the complete GTR rate of glio-
blastomas (65% for the group with 5-ALA compared to 36% for the regular group). 
Furthermore, patients treated with 5-ALA exhibited longer progression-free intervals 
and median survival times. Subsequent research has consistently demonstrated the 
high sensitivity and positive predictive value of 5-ALA in both initially diagnosed and 
recurrent HGGs [18, 37, 40].

Two comprehensive analyses compiling sensitivity and specificity data for 5-ALA 
in application on HGGs resection microsurgeries reported sensitivity in 81–83%, 
and specificity ranging in 89–90% [41, 42]. Nonetheless, on a microscopic level, this 
result is still inadequate for microsurgery resection guidance at tumor edges, primar-
ily because PpIX levels generally fall below the detection threshold of traditional 
microsurgical microscopes. Within the invasive edges of diffuse HGG, the intensity of 
PpIX fluorescence reduces, complicating differentiation from nearby non-fluorescent 
normal tissue. Recent research indicated that “dark” tissue retains a median residual 
cell density of 13% [43]. In contrast, for low-grade gliomas, there is limited util-
ity of 5-ALA, with detectable fluorescence in only 10–20% of patients applying 
fluorescence microscopy [44, 45]. Additionally, assessing fluorescence intensity 
largely relies on the neurosurgeon’s experience, making quantification challenging. 
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Therefore, cutting-edge technologies like confocal microscopy and spectroscopy are 
being applied to more precisely measure absolute PpIX fluorescence concentrations 
[19, 46]. Despite this, 5-ALA remains the gold standard for malignant glioma resec-
tions due to its well-established efficacy and safety.

2.3.1 False-negative fluorescence

The invisibility of glioblastoma under 5-ALA-induced fluorescence can be attrib-
uted to certain conditions. First, glioblastoma have a diffusely infiltrative growth 
feature, meaning tumor cells can be present at lower densities, even several centi-
meters away from the main contrast-enhancing tumor mass. 5-ALA FGS has become 
essential in many neurosurgies. However, its negative predictive value varies between 
22 and 91% [18, 47, 48], in areas with low-density cancer cell invasion. Furthermore, 
false-negative 5-ALA fluorescence can result from structural barriers that hinder the 
fluorescence of tumor cells. The fluorescent glioblastoma cells may be obscured by 
photobleaching, blood, or overhanging brain tissue, which blocks the visualization of 
the resection chamber. Additionally, the timing of 5-ALA injection is crucial and may 
explain the absence of tumor fluorescence in some instances.

2.3.2 False-positive fluorescence

Instances of 5-ALA-emitted fluorescence in tissues not related to glioblastoma have 
occasionally been observed. Multiple research teams have reported fluorescence in 
areas around the tumor resection cavity near viable cancerous cells, but not in healthy 
brain tissues far from the main tumor mass [48–50]. Additionally, this phenomenon 
has been observed in patients with recurrent glioblastomas who have undergone pre-
vious adjuvant therapies [51]. Reactive astrocytes might contribute to false-positive 
fluorescence in these patients [20, 51]. Another uncommon cause for false-positive 
fluorescence could be the autofluorescence of healthy tissue at the microscopic level 
[20]. In a study involving 313 patients who underwent surgery for suspected recurrent 
glioblastomas according to medical imaging, approximately 3% were found to have 
pathology consistent with radiation necrosis in tissues exhibiting fluorescence [52].

Lastly, it has been observed that necrotic regions of glioblastoma show either no 
tumor fluorescence or significantly reduced fluorescence [53]. Likewise, anaplastic 
oligodendrogliomas have been noted to exhibit diminished fluorescence following the 
injection of 5-ALA.

3.  Optical technique

Confocal laser microscopes and Raman spectrometers are two principal categories in 
the field of optics [54]. The ZEISS CONVIVO® System is an example of confocal laser 
microscopes, using histomorphology to distinguish tumor cells. Although the handheld 
use of the probe is more convenient, it must be mounted on the retractor arm to produce 
higher-quality images, as handheld operation results in lower image quality [55].

3.1 Confocal laser microscopes

First commercialized in the 1980s, confocal microscopy is widely employed for 
imaging of thick tissues on molecular level within the biomedical research. The drive 
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to reduce the size of confocal microscopy into an endoscope (LSCE) arose from the 
necessity to diagnose premalignant lesions in epithelial tumors in vivo [56]. LSCE has 
undergone wide evaluation for the identification of Barrett’s esophagus, urothelial 
cancers, and cervical cancers, etc. [57].

LSCE allows for imaging in vivo in a noninvasive way through a technique known 
as optical sectioning [58, 59]. This method enables the microscope to specifically 
focus on a selective depth by filtering out most out-of-focus photons above and below 
the focal plane using a pinhole [60]. This results in higher contrast imaging of thick 
tissues versus traditional wide-field microscopy, which often produces background 
light and scatter [61]. Additionally, endomicroscopy facilitates 3D image recon-
struction and enhanced imaging parameters [61]. Lastly, this technology allows for 
histomorphological analysis in real time with improved diagnostic yield, eliminating 
the need for conventional processes of excision, fixation, and staining.

Although neurosurgeons use macroscopic FGS, distinguishing between normal 
and tumor cells remains challenging during microsurgeries. Hence, LSCE could offer 
new cellular insights into glioblastoma architecture. Research has shown that confo-
cal endomicroscopy with fluorescent agents is effective for precise visualization and 
resection of glioblastoma in vivo in both animal experiments and, to some degree, 
clinical trials [46, 62, 63]. These findings highlight the in vivo imaging of glioblastoma 
with fluorophores. Selectively, 5-ALA and LSCE systems can aid in intraoperative 
diagnosis and real-time, fluorescence-guided glioblastoma resections. Further clinical 
experiments are necessary for nonspecific fluorescent dyes like ICG and fluorescein, 
which stay in the extracellular space.

3.2 Raman spectroscopy

Raman spectroscopy is a visual technique that can deliver comprehensive quan-
titative chemical data regarding a specimen [64]. It is especially suitable for in vivo 
assessments since the energy levels and excitation wavelengths employed do not harm 
the tissue and can penetrate relatively deeply.

Raman spectroscopy has been instrumental in the precise in vivo detection of 
various tumors, such as breast, skin, colon, gastric, and esophageal tumors [65–69]. 
This technique utilizes the interaction of light with molecular binding to determine 
the chemical components present in a tissue.

Despite the promising results of Raman spectroscopy in accurately identifying 
tumor tissues, its use for delineating tumor edges is still restricted. The rarity of 
Raman scattering events requires quite long acquisition times (around 1 second per 
acquisition) to obtain a sufficient signal [70]. This makes pixel-by-pixel measurement 
of a microsurgical field of view (FOV) impractical, as it can take several hours to 
image even a tissue smaller than 1 mm2. Although efforts have been made to shorten 
imaging times for tumor edges identification, such as integrating autofluorescence 
guidance with specific Raman spectroscopic sampling, these methods still need a 
minimum of 12 minutes for the processing.

In practical application, in vivo use of Raman spectroscopy has typically depended 
on gathering point spectra using handheld fiber-optic probes. This method provides 
diagnostic data at specific points instead of offering a wide-area diagnostic image, as 
fluorescence imaging does. While this approach can yield extremely precise diagnoses at 
individual points, identifying tumor edges is impractical unless multiple points can be 
simultaneously visualized and documented. Despite these limitations, it delivers extensive 
biomedical data that complements the macroscopic morphological data obtained from 
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widefield imaging. Consequently, building a system that integrates in-space co-registered 
spectroscopic diagnostic data with widefield imaging is able to significantly enhance the 
application of Raman spectroscopic probes for tumor edge identification.

Figure 1. 
The structure of DiveScope, the intraoperative histopathological microscope. (A) The system schematics of DiveScope, 
which is composed of the mainframe of imaging system, LED light source, a camera readout, a monitor, a distal hood, 
and a power cord (the power cord is not drawn in the figure). (B) The optical components of the camera readout 
include a CMOS camera, a C-Mount, a fluorescence cube, relay lens, and the miniature objective. This figure is original.
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3.3 DiveScope

Systems akin to the DiveScope microendoscope include endoscopic Raman 
spectroscopy, multiphoton endomicroscopy, and confocal endomicroscopy. With a 
penetration depth of 50 μm, the DiveScope endomicroscope is well-suited for visual-
izing cell histomorphology.

One of DiveScope’s primary benefits is its OIS anti-shaking feature, which 
prevents image distortions due to pulsatile arteries and involuntary movements 
(Figure 1). This design supports real-time tissue morphology feedback with a video 
output of 60 frames per second [54]. The DiveScope can provide the capture of 
tissue and cellular sub-structures including nucleoli, at an extreme-high resolution 
of up to 50 μm [54]. Glioblastomas are distinguished by upregulated cell density, 
irregular borders, larger mass, and deeply stained nuclei. On the other hand, reactive 
gliosis presents an increased density of glial cells but lacks atypical cells. Conversely, 
normal neurons in brain are sparse and uniformly distributed [71]. In conclusion, it 
is essential for neurosurgeons to employ techniques like the DiveScope for intraopera-
tive identification of glioblastoma edges.

In human in vitro experiments, researchers confirmed that the diagnostic accuracy 
of DiveScope surpassed that of pathologists’ intraoperative frozen sections, despite 
the lack of statistical significance. This discrepancy can be attributed to the fact that 
intraoperative frozen sections are easily destroyed by ice crystals and tissue compres-
sion during resection [72], extensively impacting frozen section diagnostic value. 
Compared to conventional frozen sections, DiveScope can circumvent these limita-
tions with a non-invasive probe in real-time. Concerning time effectiveness, the time 
of DiveScope consumption is much less than pathologists’ reports which may avoid 
the adverse effects of extending operation time.

4.  Future prospect

Although FGS and Optical techniques are still immature and imperfect in many 
aspects, people have not given up the pursuit of rapid intraoperative identification of 
glioma margins. Next, we will provide a preliminary discussion from several aspects 
to illustrate the current research directions of researchers, in order to inspire read-
ers to think about the future development direction of intraoperative tumor margin 
identification technology.

4.1 Molecular targeted near-infrared fluorescence imaging

As previously mentioned in the context of FGS, many fluorescent agents in appli-
cation at present still face challenges such as non-specific fluorescence and adverse 
effects. However, recent years have seen the advances of new approaches in this field, 
including the exploration of new fluorescent dyes and probes. One innovative method 
targets ligand specifically on tumor cells, such as epidermal growth factor receptor 
(EGFR). These fluorophores can aggregate in areas of the tumor with high expression, 
allowing for intra-operative visualization of the tumor [73, 74]. The protein is abun-
dantly expressed in glioblastomas, making it a great target in the future. Currently not 
only EGFR, but also a principal neoplastic differentiation biomarker, IGF-I, present 
in glial neoplastic cells, but not in neuronal neoplastic cells, constitutes the target 
in cancer gene therapies approaches, especially in glioblastoma treatment [75, 76]. 
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The first clinical trial with a combination of cetuximab, an EGFR inhibitor, and IRDye 
800 CW, a near-infrared dye that emits at 805 nm, was conducted. The researchers 
also studied two patients (one given a low dose and the other a high dose) and were 
able to differentiate tumor from healthy tissue with a sensitivity of 73% and specificity 
of 66.3% in the low-dose patient, and a sensitivity of 98.2% and specificity of 69.8% in 
the high-dose patient [77]. In the future, studies should focus on various fluorophores, 
targets, and potential combinations with other fluorescent dyes to decide the optimal 
injection schedule and dosage [78]. For now, many fluorescent probes are currently in 
the early stages of clinical and preclinical trials.

4.2 Confocal reflectance microscopy

By employing light scattering technique, confocal reflectance microscopy (CRM) 
serves as a high-resolution imaging method that creates thin tissue sections images 
without invasion [79, 80]. CRM produces contrast by leveraging the inherent refrac-
tive differences of the focused tissue. Consequently, images feature lower refractive 
structures that emit fewer signals to the final output [80]. Because CRM does not 
depend on a Stoke’s shift, it introduces significantly less energy into samples versus 
fluorescence imaging techniques [80]. This method enables the analysis of tissue cel-
lularity and cytoarchitecture in real time with minimal generation of reactive oxygen 
species (ROS) [79, 80]. However, CRM technology is restricted by its shallow imaging 
depth (200–300 μm) and reduced clarity in visualizing subcellular images. Although 
upregulating wavelengths can enhance imaging depth, this comes at the expense of 
resolution and contrast [79].

CRM was explored for visualizing the structure of cellular and subcellular 
tissues. It has been used for noninvasive detection of skin conditions, intraopera-
tive identification of tumor tissues and their edges, and evaluation of cellular 
and subcellular characteristics in both tumor and healthy liver tissues [79–83]. 
Recently, CRM has been employed to assess the cellular characteristics of glioma 
specimens in vitro [84]. The effective utility of this imaging technology in glioma 
microsurgery could increase the speed of sampling from the surgical area and 
improve diagnostic outcomes.

4.3 Two-photon and second harmonic production

The imaging depth of confocal and other linear fluorescence microscopy tech-
niques may be restricted, but two-photon microscopy offers a unique strength in 
imaging deeper cell architectures [85]. Utilizing concentrated photons from a fem-
tosecond laser, two photons, each carrying about half the energy needed to excite a 
fluorophore, simultaneously engage with the same molecule [86]. The intensity of 
those pulsed photons diminishes circumferentially around the targeted area, caus-
ing fluorescence being emitted from a small volume directly at the targeted point. 
This in-space limitation of fluorescence to the targeted point decreases scattering. 
Furthermore, two-photon microscopy employs infrared and far-red excitation 
wavelengths, which penetrate tissues more effectively than the visible wavelength 
light used in superficial imaging [86].

A different nonlinear imaging technique is second harmonic generation (SHG). 
This method produces contrast by measuring the extent of photon scattering when 
incident photons engage with heterogeneous tissues. In SHG, though two photons 
with half of the anticipated energy also converge at the targeted point, they interact 
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after being scattered by the identical molecule instead of being absorbed. This results 
in an “emitting” photon that effectively has double the energy, which is then received 
to form a picture with potential applications for in-vivo surgery. Nonetheless, fur-
ther advancement of these techniques is necessary, particularly in enhancing image 
processing speed and addressing spatial recognition challenges [87].

5.  Conclusion

The primary aim of glioblastoma microsurgery is to maximize tumor removal 
while keeping neurological functions and ensuring patient safety. Over time, various 
methods have been explored and assessed for detecting and distinguishing tumor 
tissue, each demonstrating varying degrees of diagnostic efficacy for various types 
and grades of gliomas. Consequently, it is crucial to recognize that resection in critical 
brain regions cannot rely solely on fluorescence imaging. Brain tumor microsurgery 
should always be dominated by the surgeon’s experience and the ability to correlate 
surgical anatomy with supplementary techniques. This article summarizes the 
strengths and weaknesses of both traditional and experimental methods for glioblas-
toma microsurgery, with particular focus on the invasive edges of tumors and the 
intra-operative, real-time identification between tumor and healthy tissue.

In conclusion, all the approaches developed had their own strategical and practical 
constraints, leading us to advocate for a combined utility of intraoperative imaging 
approaches. This integrated approach often resulted in better efficacy concerning the 
degree of tumor removal and patients’ progression-free survival. With the applica-
tion of more and more techniques into the operating room, surgeons can choose the 
most suitable technology according to the tumor’s features and their familiarity with 
various approaches. We sincerely hope that, in the future, after large-scale RCTs 
with improved and mature technology, intraoperative tumor identification will be a 
routine but crucial component of glioblastoma microsurgery.
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Chapter 3

Innovative Diagnostic Approaches 
in Glioblastoma: The Role of 
Raman Spectroscopy and Liquid 
Biopsy
Hulya Torun and Ihsan Solaroglu

Abstract

Glioblastoma (GBM), the most aggressive and fatal type of adult brain cancer, 
poses significant diagnosis, treatment, and patient survival. Accurate diagnosis 
typically relies on invasive procedures such as tissue biopsy or surgical resection, 
sophisticated and time-intensive molecular testing, and histopathological evalua-
tion. Despite significant advancements in understanding the molecular and genetic 
features of GBM, the overall prognosis remains dismal, with current treatment 
approaches offering only limited improvements in survival. Moreover, the majority 
of GBM patients experience tumor recurrence within 2 years of initial treatment, 
highlighting the inadequacies of existing diagnostic and monitoring approaches. 
While standard imaging techniques are substantial, they often lack the sensitivity 
and specificity to detect residual disease, evaluate recurrence, or effectively monitor 
therapeutic efficacy. With 14 months of average survival, there is a pressing need for 
innovative diagnostic approaches that are rapid, accurate, cost-effective, and mini-
mally invasive. Liquid biopsy has emerged as a promising tool for GBM, enabling the 
analysis of circulating tumor materials and providing real-time insights into tumor 
dynamics. Surface-enhanced Raman spectroscopy (SERS) combined with artificial 
intelligence (AI) is a promising diagnostic paradigm for brain tumor detection, 
leveraging the sensitivity of SERS for molecular fingerprinting and the predictive 
power of AI. Together, these approaches offer significant potential to advance early 
diagnosis, improve postsurgical follow-up, and improve treatment assessment in 
GBM. By addressing current diagnostic limitations, these methods may pave the way 
for improved clinical outcomes and personalized treatment strategies.

Keywords: glioblastoma, liquid biopsy, Raman spectroscopy, blood biomarkers, 
artificial intelligence
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1. Introduction

Glioblastoma (GBM) is the most common malignant central nervous system tumor, 
presenting significant challenges in prognosis, diagnosis, and therapy monitoring 
due to its aggressive nature, marked genetic heterogeneity, and unpredictable clinical 
behavior [1, 2]. In clinical practice, standard diagnostic techniques involve magnetic 
resonance imaging (MRI) to detect tumors and histopathology and molecular evalu-
ation of tumor tissue for accurate diagnosis. Although these methods provide critical 
information, they have limitations [3, 4]. In clinical diagnostics, imaging techniques 
such as MRI and CT are primarily utilized in acute or emergency settings, while 
advanced imaging modalities like positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) serve as critical laboratory tools for 
comprehensive evaluation. Additionally, molecular biomarkers including P53, S100, 
stem cell markers such as CD44, and particularly IGF-I, play vital roles in supporting 
the accurate diagnosis and characterization of tumors [5–7]. MRI, though noninvasive, 
often lacks the sensitivity to detect early molecular changes and can miss microscopic 
signs of tumor progression. Moreover, imaging may sometimes lack the specific-
ity and sensitivity necessary to assess recurrence after treatment [4, 7] accurately. 
Histopathology, although specific, requires invasive surgical biopsies, which carry 
risks, particularly in brain tissues, and is not ideal for monitoring GBM’s rapid and 
dynamic progression or diagnosing treatment-related radiological changes [8].

The 2021 WHO Classification of Tumors of the Central Nervous System introduced 
key molecular parameters, fundamentally transforming the diagnosis and clas-
sification of GBM [1]. Under this updated framework, GBM is classified as an 
IDH-wildtype, CNS WHO grade-4 tumor, integrating both histopathological and 
molecular features into a layered reporting format to enhance diagnostic accuracy and 
prognostic stratification [9–11]. As established by Stupp et al., standard treatment 
includes radiation therapy combined with concomitant and adjuvant temozolomide, 
which offers modest survival benefits [12]. Despite these advances, the prognosis 
remains poor, with a median survival of only 14 months [12, 13].

Recent genomic studies have revealed the somatic landscape of GBM, highlighting 
alterations in key genes such as EGF and its receptor (EGFR), TERT, and PTEN [1, 
9–11], as well as DNA methylation status [10, 14, 15]. From a pathogenic perspec-
tive, the development of the disease arises from disruptions in genetic pathways and 
growth factor signaling pathways, particularly those involving epidermal growth 
factor (EGF), vascular endothelial growth factor (VEGF), PDGF, TGF-β, and most 
notably, IGF-I [1, 11, 16–20]. These findings have informed the development of 
molecularly defined subtypes (e.g., proneural and mesenchymal), each with distinct 
clinical behaviors and implications for therapy [10, 14, 15]. Comprehensive reviews 
of GBM biology emphasize the significant heterogeneity of the tumor, complicating 
therapeutic strategies [15, 21]. Although advances in treatment modalities such as 
surgery, chemotherapy, and radiotherapy continue to improve outcomes, significant 
challenges remain in tackling this aggressive disease [13, 22]. Fortunately, recent 
advancements in immunotherapy have yielded promising outcomes. Following the 
pioneering work on cancer gene therapy (immunogene therapy) by Trojan et al. in 
1993 and the foundational developments in cancer immunotherapy by Townsend 
et al. in the same year, numerous other studies have emerged. Since 2015, immu-
notherapy has gained further recognition through initiatives such as the “Cancer 
Moonshot” program, and various immunotherapeutic strategies have increasingly 
been implemented in the treatment of solid tumors, including GBM [23–27].
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Managing GBM remains a significant challenge due to the lack of reliable methods 
for early diagnosis and monitoring recurrence during treatment and/or differential 
diagnosis of posttreatment [13, 21]. Detection often occurs at advanced stages, when 
the tumor has already infiltrated surrounding brain tissue, making intervention less 
effective [22, 28–30]. Furthermore, GBMs are highly heterogeneous, comprising 
diverse cellular populations with distinct genetic, proteomic, and metabolic profiles 
[22, 31, 32]. This complexity hinders accurate diagnosis and tailored treatment, as 
conventional diagnostic tools struggle to capture the full molecular landscape of 
these tumors [22, 33, 34]. Addressing these limitations requires innovative diagnos-
tic approaches that can provide early detection, evaluate treatment response, and 
provide better insights into the tumor’s molecular diversity.

Distinguishing recurring GBM from therapy-related tissue changes, such as 
pseudoprogression or radiation necrosis, is a significant challenge in clinical practice. 
Current management of gliomas primarily relies on diagnostic imaging, which often 
lacks the sensitivity and specificity required to reliably assess recurrence after pri-
mary treatment [3, 35, 36]. Differentiating pseudoprogression from true progression 
is critical for clinicians to avoid unnecessary surgeries and ineffective treatments [35]. 
Traditionally, GBM response is evaluated using contrast-enhanced (gadolinium) 
T1-weighted MRI (Figure 1) [37]. However, this imaging method primarily reflects 
blood-brain barrier disruption and does not specifically measure tumor activity, lead-
ing to potential misinterpretations.

True progression reflects actual tumor regrowth and invasion despite treat-
ment, whereas pseudoprogression, a temporary condition following radiotherapy 
or chemotherapy, mimics tumor growth on MRI but lacks active tumor proliferation 
[35, 38–40]. Pseudoprogression occurs in approximately 20–30% of GBM patients 
[3, 35] and can induce clinical symptoms, further complicating its diagnosis [36, 38]. 
Additionally, pseudoresponse [3], characterized by reduced contrast enhancement in 
patients treated with antiangiogenic agents like bevacizumab, can appear similar to 
therapeutic success but does not represent true tumor control [35, 38].

Given the limitations of contrast-enhanced MRI in differentiating these condi-
tions, advanced imaging modalities, such as perfusion-weighted imaging, diffusion-
weighted imaging, amide proton transfer, magnetic resonance spectroscopy, and 

Figure 1. 
Axial T1-weighted postcontrast MR images of a left temporal GBM. (A) Preoperative MRI showing left temporal 
GBM. (B) Image obtained 24 hours after surgical excision demonstrating total resection of the tumor. (C) Image 
obtained 3 months after completion of radiation therapy showing a rim-enhancing necrotic mass with a suspected 
recurrent tumor.
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positron emission tomography (PET), are increasingly used to improve diagnostic 
accuracy [3, 37, 39, 41, 42]. These methods provide additional physiological and meta-
bolic information, aiding in distinguishing true tumor progression from treatment-
related changes [41–43].

Advanced imaging techniques, such as Dynamic Susceptibility Contrast MRI 
(DSC-MRI) and amino acid PET imaging, have demonstrated utility in distinguishing 
true tumor progression from treatment-related changes [41, 43]. DSC-MRI evalu-
ates cerebral blood flow and volume, offering a more accurate assessment of tumor 
activity compared to conventional anatomical MRI [38, 43]. While advanced MRI 
techniques provide greater diagnostic accuracy for GBM patients, recommendations 
for posttreatment imaging vary in terms of frequency and timing [38, 42]. Currently, 
no reliable biomarkers or clinical features exist to differentiate true glioma progres-
sion from pseudoprogression detection [38]. Liquid biopsy techniques hold promise 
in addressing these challenges by providing noninvasive diagnostic tools [44–50]. 
Moreover, growing insights into the glioma tumor microenvironment and advances in 
immunotherapy emphasize the need to evaluate bodily fluid biomarkers for improved 
therapeutic planning and clinical management [44–48, 50].

Surgical resection or biopsy of a brain tumor poses significant postoperative 
complication risks to patients, including brain swelling, infection, hemorrhage, 
hematoma, and potential neurological impairment [51–53]. Furthermore, the location 
of some tumors may render them inaccessible for safe biopsy [54–56]. Diffuse intrin-
sic pontine tumors (DIPG), which account for 10–15% of all childhood brain tumors, 
are among the most challenging cases in pediatric neuro-oncology [56–58]. Diagnostic 
biopsies in DIPGs remain controversial due to the high sensitivity of the brainstem 
and the limited direct therapeutic benefits for the patient [59]. However, liquid biopsy 
techniques could facilitate the molecular profiling of DIPGs, help identify novel 
therapeutic targets, and enable the monitoring of treatment responses [59, 60].

Accurate delineation of tumor margins is critical during surgical interventions to 
achieve maximal tumor removal, minimize residual disease, and reduce the likelihood 
of recurrence. However, precise identification of tumor boundaries can be challeng-
ing due to the infiltrative growth patterns of gliomas and their indistinct borders, 
which often blend into adjacent healthy brain tissues [54, 61]. Conventional surgical 
navigation techniques based on preoperative imaging may not accurately represent 
real-time tumor margins, leading to incomplete resections or unintended damage to 
normal brain structures (Figure 2) [62]. To address this limitation, fluorescent agents 

Figure 2. 
(A) Three-dimensional proton MR spectroscopy of the lesion shows a decrease in NAA/choline ratio, (B) 
decreased cerebral blood volume (CBV), and (C) decreased cerebral blood flow (CBF), which are suggestive of 
pseudoprogression rather than recurrent tumor.
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such as 5-aminolevulinic acid (5-ALA) have been employed to improve intraoperative 
visualization of tumor tissues. The use of 5-ALA has shown significant promise, with 
radiologically confirmed complete resection rates reaching up to 83% [54, 61, 63]. 
Nonetheless, this technique has its own limitations, including variable fluorescence 
intensity and limited specificity for low-grade or diffusely infiltrative tumors [64]. 
Thus, there remains a critical need for additional techniques that can reliably distin-
guish tumor margins at a microscopic or molecular level to further enhance surgical 
precision, reduce morbidity, and improve patient outcomes. Emerging techniques, 
such as intraoperative Raman spectroscopy and advanced molecular imaging modali-
ties, hold the potential to address these shortcomings and further refine the accuracy 
of tumor margin delineation [65–79].

Moreover, traditional tissue biopsies often fail to capture the tumor’s heterogene-
ity or represent real-time tumor activity [80, 81]. Liquid biopsies offer a promising 

Figure 3. 
Axial T1-weighted postcontrast MR images of a right parieto-occipital GBM. (A) Preoperative MRI showing 
right parieto-occipital GBM. (B) Image obtained 24 hours after surgical excision demonstrating total resection of 
the tumor. (C) Image obtained 2 months after completion of radiation therapy showing rim-enhancing necrotic 
borders of the resection cavity. (D) Image obtained 6 months after completion of radiation therapy showing 
resection cavity without recurrence.
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alternative for gliomas, enabling early diagnosis, detection of minimal residual 
disease after surgery, posttreatment disease monitoring, identification of treatment 
resistance mechanisms, and outcome prediction (Figure 3) [82, 83].

To address the limitations of current diagnostic approaches, there is growing 
interest in noninvasive or minimally invasive techniques capable of detecting GBM 
at earlier stages and enabling continuous monitoring over time [29, 84]. Among 
these innovative methods, liquid biopsy and Raman spectroscopy have demonstrated 
significant potential [47, 85]. Liquid biopsy offers a minimally invasive approach to 
analyzing circulating tumor cells (CTCs), cell-free DNA (cfDNA), and extracellular 
vesicles (EVs) derived from blood samples, providing real-time insights into tumor 
biology and progression without the need for invasive procedures [44–50, 83, 85].

Similarly, Raman spectroscopy, a label-free and noninvasive optical technique, 
allows for the detailed molecular fingerprinting of biological samples. By detecting 
vibrational shifts in molecular bonds, this technique identifies specific biochemical 
signatures, enabling rapid and precise analysis. Applied to GBM, Raman spectros-
copy has the potential to detect and characterize tumor-specific biomarkers without 
requiring extensive sample preparation or destructive processes [65–79].

This chapter investigates the potential of combining liquid biopsy and Raman 
spectroscopy to advance GBM diagnostics [47, 85, 86]. By emphasizing the role of 
cancer growth factors, particularly insulin-like growth factor I (IGF-I), it examines 
how these techniques could facilitate earlier detection, real-time monitoring, and 
personalized treatment strategies for GBM [87, 88]. This integrated approach seeks 
to enhance diagnostic accuracy while addressing the tumor heterogeneity that poses 
significant challenges in GBM care [47, 80, 85, 86].

2. Overview of emerging diagnostic approaches

Traditional diagnostic methods, such as MRI and histopathological analysis, are 
indispensable for GBM diagnosis but remain insufficient for capturing the intri-
cate and evolving molecular landscape of the disease [84, 89]. These conventional 
approaches often fail to reflect the tumor’s real-time heterogeneity, progression, and 
response to treatment, limiting their utility in guiding therapeutic decisions [29, 89]. 
To address these challenges, emerging noninvasive and minimally invasive technolo-
gies, including liquid biopsy and Raman spectroscopy, have demonstrated significant 
promise as complementary diagnostic tools for advancing GBM care [47, 85, 86]. 
These innovative techniques offer deeper insights into tumor biology, enabling earlier 
detection and continuous monitoring-key factors for optimizing therapeutic strate-
gies [71, 90].

Liquid biopsy offers a transformative approach to GBM diagnostics by enabling 
the analysis of tumor-associated materials, including circulating tumor cells (CTCs), 
cell-free DNA (cfDNA), EVs, and tumor-educated platelets (TEPs). By examin-
ing these biomarkers in bodily fluids such as blood and cerebrospinal fluid (CSF), 
liquid biopsy provides dynamic, real-time insights into the genetic and molecular 
landscape of GBM. This approach is particularly valuable for tracking tumor progres-
sion, detecting therapy resistance, and monitoring clonal evolution-factors that are 
challenging to capture using traditional methods. For instance, cfDNA reflects the 
tumor’s genetic profile, revealing mutations, copy number variations, and epigenetic 
changes. Similarly, EVs and TEPs offer critical information on tumor-derived proteins 
and RNA, broadening the diagnostic scope. The minimally invasive nature of liquid 
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biopsy allows for serial sampling, enabling longitudinal studies of tumor dynamics 
without subjecting patients to repeated invasive procedures [44–50, 90, 91].

Raman spectroscopy, a label-free, noninvasive optical technique, provides precise 
molecular fingerprinting of biological samples. By detecting vibrational shifts in 
molecular bonds, it identifies tumor-specific biochemical signatures with minimal 
sample preparation. When applied to GBM, Raman spectroscopy has proven to be 
a powerful tool for characterizing tumor heterogeneity and monitoring molecular 
changes in real time. Its ability to detect subtle biochemical alterations in tissues and 
fluids complements the genomic and proteomic insights provided, making it a ver-
satile addition to the diagnostic arsenal. Furthermore, Raman spectroscopy enables 
spatially resolved analysis, which is particularly useful for localizing and character-
izing specific tumor regions [65–79].

The integration of liquid biopsy and Raman spectroscopy represents a synergistic 
approach to overcoming the diagnostic challenges associated with GBM. While liquid 
biopsy excels in capturing dynamic, systemic tumor changes, Raman spectroscopy 
adds a layer of spatial and molecular precision, especially for localized tumor charac-
terization [47, 85, 86]. Together, these technologies address the complexities of tumor 
heterogeneity, focusing on critical cancer biomarkers such as insulin-like growth 
factor I (IGF-I). Their combined application can potentially improve early detection, 
enable real-time monitoring of disease progression, and facilitate personalized treat-
ment strategies [87, 88, 92].

This chapter explores the synergistic potential of these emerging technologies in 
advancing GBM diagnostics and care. By addressing the limitations of traditional 
diagnostic methods and leveraging the strengths of liquid biopsy and Raman spec-
troscopy, this integrated approach aims to enhance diagnostic precision, provide 
insights into tumor heterogeneity, and improve clinical outcomes [91]. As the field 
continues to evolve, combining these techniques could revolutionize the standard 
of care for GBM, paving the way for more effective and personalized interventions 
[93–96].

3. Biomarkers in glioblastoma detection

Emerging biomarker technologies focus on a diverse set of circulating tumor 
components in GBM, each offering unique insights into the disease’s progression, 
therapeutic resistance, and response. The following subsections outline these bio-
markers and their relevance in clinical practice.

3.1 Circulating tumor cells (CTCs)

Circulating tumor cells (CTCs) are tumor-derived nucleated cells shed into the 
bloodstream or CSF from primary or metastatic tumors, reflecting the molecular and 
genetic characteristics of the original tumor [45, 97, 98]. In GBM, the detection of 
CTCs is of immense diagnostic and prognostic value but presents unique challenges 
due to their scarcity in circulation, estimated at approximately one CTC per billion 
blood cells [45, 98, 99]. Furthermore, unlike epithelial cancers, GBM lacks EpCAM 
and other epithelial markers, limiting the effectiveness of traditional CTC detection 
platforms such as CellSearch, the only FDA-approved CTC isolation platform [98]. 
Instead, GBM-derived CTCs often express mesenchymal markers, such as SERPINE1 
and TGFB1, reflecting the tumor’s mesenchymal phenotype [98, 100, 101].
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3.1.1 Detection technologies

The rarity and heterogeneity of GBM-derived CTCs have driven the develop-
ment of advanced detection platforms, including label-free techniques, microfluidic 
devices, and immunoaffinity-based separation methods. Microfluidic technologies, 
such as the CTC-iChip, have demonstrated high sensitivity by isolating CTCs based 
on size, deformability, and surface markers [45, 102]. Another approach involves 
telomerase-based probes, which exploit the elevated telomerase activity in GBM cells 
to selectively capture and detect CTCs [98, 101]. Additionally, recent advances in fluo-
rescence in situ hybridization (FISH), reverse transcription polymerase chain reaction 
(RT-PCR), and single-cell RNA sequencing have enabled molecular profiling of CTCs, 
revealing mutations in EGFR, PTEN, and other GBM-specific genes [98, 101].

3.1.2 Applications in glioblastoma

CTC enumeration and molecular profiling provide critical insights into GBM 
biology. Studies have shown that elevated CTC levels correlate with tumor burden, 
progression, and resistance to therapy [98, 101]. For instance, GBM-derived CTCs 
expressing mesenchymal markers are associated with aggressive phenotypes and 
poor prognosis [45, 99]. Furthermore, CTCs offer a noninvasive means of monitoring 
clonal evolution and therapy-induced mutations, enabling personalized treatment 
strategies [45, 102]. By distinguishing true tumor progression from pseudoprogres-
sion, CTC analysis aids in treatment decision-making and disease monitoring.

3.1.3 Emerging techniques

Single-cell sequencing of CTCs has revolutionized GBM research by providing 
unprecedented insights into intratumoral heterogeneity. Emerging technologies, such 
as RNA-seq and proteomics, have identified novel biomarkers, including extracel-
lular matrix proteins and transcription factors, in GBM-derived CTCs [98, 101]. 
Additionally, integration with artificial intelligence (AI) has enabled automated 
analysis of CTC images and gene expression data, significantly improving detection 
accuracy and predictive capabilities [103, 104].

3.1.4 Challenges and future directions

Despite significant advancements, several challenges remain in the detection and 
analysis of GBM-derived CTCs. Their extreme rarity, coupled with the lack of univer-
sal markers, necessitates the development of marker-independent detection platforms. 
Moreover, the integration of multi-omics data from CTCs with clinical and imaging 
data holds promise for improving diagnostic precision and therapeutic outcomes in 
GBM [45, 101]. Future efforts should focus on enhancing sensitivity, reducing false 
positives, and validating CTC-based biomarkers in large-scale clinical studies.

3.2 Circulating nucleic acids (CNAs)

Circulating nucleic acids (CNAs), including cell-free DNA (cfDNA) and circulat-
ing tumor DNA (ctDNA), are fragments of nucleic acids shed by tumor cells into the 
bloodstream or CSF. These fragments provide a molecular snapshot of the tumor’s 
genetic and epigenetic landscape [101, 105]. In GBM, CNAs hold immense potential 
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as noninvasive biomarkers for early diagnosis, disease monitoring, and treatment 
evaluation [98, 101].

3.2.1 cfDNA and ctDNA in GBM

cfDNA refers to extracellular DNA fragments released by normal and tumor 
cells through apoptosis, necrosis, or active secretion. A subset of cfDNA, ctDNA, is 
derived explicitly from tumor cells and carries genetic alterations reflective of the 
primary tumor [98, 101]. In GBM, ctDNA analysis can detect hallmark mutations, 
such as IDH1/2, EGFR, and TERT promoter mutations, which are crucial for diagnosis 
and prognosis [106, 107]. Additionally, ctDNA provides insights into copy number 
variations, DNA methylation patterns, and tumor heterogeneity [107, 108].

3.2.2 Technological advancements in detection

The detection of ctDNA in GBM presents unique challenges due to its low 
abundance in circulation, particularly in early-stage tumors with an intact 
blood-brain barrier (BBB) [98]. Advanced methods, such as digital droplet PCR 
(ddPCR) and next-generation sequencing (NGS), have significantly improved the 
sensitivity and specificity of ctDNA detection [109]. ddPCR enables the precise 
quantification of rare mutations, including single-nucleotide variations (SNVs), 
with unparalleled accuracy [109]. NGS, on the other hand, provides comprehen-
sive genomic profiling, allowing for the simultaneous detection of mutations, 
fusions, and structural rearrangements [110].

Epigenetic biomarkers, such as DNA methylation and histone modifications, 
are emerging as powerful tools for GBM diagnostics. Recent studies have shown 
that methylation profiles of ctDNA can distinguish GBM from other brain tumors 
with high sensitivity [107, 108]. For example, MGMT promoter methylation status 
in ctDNA correlates with patient response to temozolomide, aiding in personalized 
treatment planning [105, 107, 108].

3.2.3 Applications in clinical practice

The clinical utility of ctDNA in GBM extends beyond diagnosis. ctDNA 
levels correlate with tumor burden, grade, and progression, enabling real-time 
monitoring of disease dynamics. During treatment, ctDNA analysis can identify 
therapy-resistant clones and emerging mutations, guiding adjustments to thera-
peutic strategies. Additionally, ctDNA-based liquid biopsy is particularly valuable 
for patients with inaccessible tumors, where traditional tissue biopsies are not 
feasible [98, 105, 111, 112].

3.2.4 Emerging directions and challenges

Despite the promise of CNAs, several limitations remain. The low yield of ctDNA in 
GBM samples, coupled with the complexity of distinguishing tumor-derived DNA from 
normal cfDNA, necessitates highly sensitive techniques [98, 101]. Combining ctDNA 
analysis with other biomarkers, such as circulating tumor cells (CTCs) and EVs, could 
provide a more comprehensive view of tumor biology [98, 107, 108]. Future research 
should focus on standardizing ctDNA isolation and analysis protocols, as well as validat-
ing ctDNA biomarkers in large, multicenter clinical trials [98, 105].
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3.3 Extracellular vesicles (EVs)

Extracellular vesicles (EVs) are nano-sized particles with lipid bilayer secreted 
by cells into the extracellular environment, mediating intercellular communication. 
These vesicles include exosomes, microvesicles, apoptotic bodies, oncosomes, exo-
meres, ectosomes, and other subtypes. EVs are enriched with biomolecules such as 
nucleic acids, proteins, lipids, metabolites, and glycans reflective of their cell of origin 
[113–116]. EVs are particularly significant in GBM research because they can cross the 
blood-brain barrier (BBB) and serve as accessible biomarkers through liquid biopsy 
for diagnosis, therapy monitoring, and even therapeutic delivery [98, 113, 117–119]. 
The International Society for Extracellular Vesicles (ISEV) provides guidelines to 
standardize EV isolation, characterization, and functional validation, ensuring 
reproducibility and rigor in EV studies [118, 119].

3.3.1 Types and characteristics of EVs

EVs are categorized based on their size, biogenesis, and molecular content. 
Subtypes relevant to GBM include:

• Exosomes: Small vesicles (30–150 nm) derived from the endosomal pathway. 
Exosomes carry tumor-specific molecules such as EGFRvIII, miR-21, and miR-
222, which are critical for GBM diagnostics and therapy [114, 116, 120].

• Microvesicles (MVs): Medium-sized vesicles (100–1000 nm) that bud directly 
from the plasma membrane. MVs transport diverse RNA, proteins, and lipids 
that play roles in tumor microenvironment remodeling [120, 121].

• Apoptotic bodies: Large vesicles (500–2000 nm) released during programmed 
cell death. These vesicles contain genomic DNA, histones, and cellular debris, 
reflecting immune responses and tumor microenvironment characteristics 
[120, 122].

• Oncosomes: Large tumor-derived vesicles (1–10 μm) secreted by aggressive cancer 
cells. Oncosomes are enriched with oncogenic proteins, mutated RNA, and 
growth factors, promoting tumor invasion, angiogenesis, and immune evasion 
[121, 123, 124].

• Exomeres: Nano-sized particles (~35 nm) distinct from exosomes and microvesi-
cles. Exomeres contribute to metabolism, angiogenesis, and extracellular matrix 
remodeling [123, 125].

• Ectosomes: Vesicles (100–500 nm) shed directly from the plasma membrane, 
carrying tumor-specific molecules involved in immune modulation and tumor-
stroma interactions [126, 127].

• Vault particles: Ribonucleoprotein complexes involved in RNA transport and 
drug resistance. Vault particles contribute to therapy resistance in GBM [128].

• Prostasomes: Vesicles derived from prostate tissues but now identified in GBM-related 
extracellular environments, where they mediate intercellular signaling [114].
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3.3.2 Molecular cargo in EVs

The molecular cargo of EVs reflects their cell of origin and provides insights into 
GBM biology, progression, and therapy resistance:

• DNA:

 ⚬ Tumor-derived genomic DNA (gDNA) fragments carry mutations such as 
TERT promoter mutations and EGFR amplifications, which are key diagnostic 
and prognostic markers [118, 119].

 ⚬ Mitochondrial DNA (mtDNA) reflects metabolic dysregulation, often linked 
to altered oxidative phosphorylation in GBM [129].

• RNA:

 ⚬ Messenger RNAs (mRNAs) provide insights into transcriptional activity, 
including oncogene overexpression and tumor suppressor silencing [114].

 ⚬ MicroRNAs (miRNAs) such as miR-21 and miR-222 regulate gene expression, 
promoting tumor growth, angiogenesis, and resistance to therapies [114].

 ⚬ Long noncoding RNAs (lncRNAs), such as MALAT1, play roles in epigenetic 
regulation, invasion, and immune modulation [114].

 ⚬ Circular RNAs (circRNAs) are emerging as regulators of gene expression, 
linked to GBM progression and therapeutic resistance [114].

• Proteins:

 ⚬ Tumor-specific proteins such as EGFRvIII, PD-L1, and integrins enhance 
immune evasion, invasion, and metastasis [98].

 ⚬ Heat shock proteins (HSP70, HSP90) reflect cellular stress, promoting tumor 
survival and immune modulation [130].

 ⚬ Matrix metalloproteinases (MMPs) carried by EVs degrade the extracellular 
matrix, facilitating invasion and angiogenesis [131].

• Lipids:

 ⚬ Elevated levels of sphingomyelins, ceramides, and phosphatidylserines in EVs 
reflect metabolic adaptations in GBM [132].

• Metabolites:

 ⚬ Small molecules such as lactate and citrate indicate shifts in tumor metabolism 
and hypoxia [133, 134].

• Glycans:

 ⚬ Glycosylated proteins, including galectins and glypicans, mediate adhesion, 
signaling, and immune evasion in GBM [135].
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3.3.3 Emerging technologies and characterization of EVs

Advanced technologies and established methods are transforming the characteriza-
tion of extracellular vesicles (EVs). Accurate EV characterization is critical for ensuring 
reproducibility and functional validation while emerging technologies are broadening the 
scope of EV analysis and enabling high-throughput applications [118, 119].

3.3.3.1 Established characterization techniques for EVs

A variety of well-established methods are used to characterize the physical, 
biochemical, and molecular properties of EVs:

• Transmission electron microscopy (TEM): TEM is the gold standard for visual-
izing EV morphology and size with high-resolution imaging. It is widely used to 
confirm the structural integrity of isolated EVs [118, 119].

• Cryo-electron microscopy (Cryo-EM): Cryo-EM preserves the native structure 
of EVs under near-physiological conditions, providing detailed morphological 
information and resolving sub-vesicular structures [119].

• Nanoparticle tracking analysis (NTA): NTA enables real-time measurement of EV 
size distribution, concentration, and Brownian motion. It is frequently used to 
quantify EV populations in biological samples [119].

• Dynamic light scattering (DLS): DLS measures the hydrodynamic diameter of 
EVs, providing insights into their stability and aggregation properties in solution 
[118, 119].

• Raman spectroscopy: This label-free analytical technique captures the molecular 
fingerprints of EVs, offering detailed insights into their biochemical composi-
tion. Raman spectroscopy is particularly valuable for detecting tumor-specific 
signatures in GBM [118, 119].

• Interferometric scattering microscopy (iSCAT): A highly sensitive technique that 
detects single EV particles without the need for fluorescent labeling, enabling 
quantitative studies of EV populations [118, 119].

• Flow cytometry: Flow cytometry detects EV surface markers such as CD63, CD81, 
and CD9. Fluorescently labeled antibodies improve the specificity of EV subtype 
identification [118, 119].

• Western blotting: This method validates the presence of EV-specific proteins 
(e.g., TSG101, ALIX) and ensures the absence of non-EV contaminants such as 
calnexin. Western blotting is a standard quality control step for EV characteriza-
tion [118, 119].

3.3.3.2 Emerging technologies for EV characterization

Recent technological advancements have introduced innovative approaches to EV 
isolation, detection, and molecular profiling:
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• Single particle interferometric reflectance imaging sensor (SP-IRIS): This label-free 
platform enables single-particle EV detection with high throughput and sensitiv-
ity. SP-IRIS is particularly effective for studying heterogeneous EV populations 
and detecting specific biomarkers [136].

• Microfluidics platforms: Microfluidics systems streamline EV isolation, purifica-
tion, and molecular analysis from limited sample volumes. These platforms are 
ideal for clinical applications, offering enhanced specificity and efficiency [137].

• Super-resolution microscopy: Techniques such as stimulated emission depletion 
(STED) and photoactivated localization microscopy (PALM) microscopy enable 
nanoscale imaging of EVs, providing detailed insights into their biogenesis, 
dynamic release patterns, and molecular composition [138].

• Izon technology (qNano): A tunable resistive pulse sensing platform that allows 
EV quantification and size measurement. This method addresses challenges in 
detecting smaller vesicles [139].

3.3.4 Applications and emerging technologies in GBM management

EVs offer significant promise in advancing GBM research, diagnostics, and 
therapy. Their diverse roles are summarized below:

• Noninvasive diagnostics: Exosomal RNA (e.g., miR-21) and protein markers (e.g., 
EGFRvIII) serve as diagnostic tools, providing insights into tumor heterogeneity 
and progression through liquid biopsy approaches [140].

• Therapy monitoring: Longitudinal analysis of EV cargo enables real-time moni-
toring of tumor progression and therapeutic response, offering noninvasive 
methods to track treatment efficacy [140].

• Biomarker discovery: EVs act as reservoirs of tumor-specific biomarkers for 
identifying GBM, providing molecular insights that can inform personalized 
treatment strategies [140].

• Drug delivery vehicles: Engineered EVs deliver chemotherapeutics, siRNAs, and 
immunomodulators with high specificity and reduced off-target effects. They 
offer a promising alternative for targeted drug delivery in GBM [141].

• Immune regulation: EVs influence immune cells, including tumor-associated mac-
rophages (TAMs), by modulating cytokine expression and immune checkpoint 
pathways, contributing to immune evasion and tumor progression [142].

• CRISPR-Cas9 delivery: Emerging research demonstrates the potential of EVs to 
deliver CRISPR-Cas9 gene-editing tools, enabling precise genomic modifications 
for targeted tumor suppression [143].

• Drug resistance mechanisms: EVs mediate the transfer of resistance-associated 
genes and proteins, facilitating adaptive mechanisms that contribute to treat-
ment failure in GBM [114, 144].
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3.3.5 Challenges in EV research and translation

Despite advancements, EV research faces critical challenges:

• Heterogeneity of EV populations: Differentiating EV subtypes remains difficult 
due to overlapping size and content profiles [118, 119].

• Quantitative challenges: Accurate quantification is hindered by the presence of 
non-EV particles, requiring refined isolation techniques [118, 119].

• Regulatory issues: Lack of standardized clinical-grade EV protocols complicates 
translational research [118, 119].

• Emerging solutions: AI-driven EV profiling and high-throughput platforms hold 
promise for addressing these limitations [145].

3.4 Tumor-educated platelets (TEPs)

Tumor-educated platelets (TEPs) are circulating blood platelets that undergo 
molecular and functional changes when exposed to tumor-derived biomolecules, 
such as proteins, RNA, metabolites, and lipids. These alterations reflect the 
molecular biology of the tumor, enabling TEPs to serve as a dynamic, real-time 
mirror of tumor activity. This unique property makes TEPs an invaluable tool for 
cancer diagnostics, monitoring, and personalized treatment strategies, particu-
larly in GBM [146, 147].

3.4.1 TEPs as diagnostic biomarkers

Platforms such as ThromboSeq, a sequencing-based technology, have dem-
onstrated exceptional accuracy in distinguishing GBM from other neurological 
disorders. ThromboSeq analyzes TEP RNA profiles, which include alterations in 
long noncoding RNAs (lncRNAs), microRNAs (miRNAs), and mRNA splicing 
variants. These profiles provide critical insights into tumor progression, thera-
peutic resistance, and overall disease dynamics [146–148]. For example, elevated 
levels of tumor-specific mutations, such as EGFRvIII, can be detected in TEPs. 
EGFRvIII is a hallmark of GBM and serves as a biomarker for distinguishing true 
tumor progression from pseudoprogression during treatment monitoring [89]. 
Moreover, the ability to longitudinally monitor TEP RNA signatures provides 
clinicians with a noninvasive, real-time tool for tracking therapeutic efficacy and 
disease evolution [149].

3.4.2 Functional contributions of TEPs in tumor biology

In addition to their diagnostic potential, TEPs play active roles in tumor progres-
sion by interacting with other tumor microenvironment components. TEPs can 
interact with circulating tumor cells (CTCs), immune cells, and endothelial cells, 
facilitating metastasis and immune evasion. These interactions involve the secretion 
of proinflammatory cytokines (e.g., IL-6, IL-8), angiogenic factors (e.g., VEGF),  
and growth factors, which collectively create a tumor-supportive niche [146–149]. 
For instance:
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• Cytokine secretion: TEPs release cytokines that enhance tumor growth and pro-
mote immune evasion by inhibiting the activity of natural killer (NK) cells and 
cytotoxic T lymphocytes [150].

• Angiogenesis promotion: TEPs secrete VEGF, contributing to neovascularization 
and supplying tumors with nutrients necessary for their growth [151].

• Tumor metastasis: By interacting with CTCs, TEPs facilitate the adhesion and 
extravasation of tumor cells, promoting metastatic dissemination [152].

These functional roles underscore the ability of TEPs to actively shape the tumor 
microenvironment, making them not only passive biomarkers but also active partici-
pants in GBM progression.

3.4.3 TEPs in therapy resistance and clonal evolution

TEPs provide dynamic insights into therapy resistance and clonal evolution in 
GBM. By analyzing RNA profiles, clinicians can detect early signs of resistance, 
such as upregulated pathways related to efflux pumps or apoptosis inhibition. 
For example:

• Emergence of resistant clones: Changes in TEP RNA profiles, such as alterations in 
drug-metabolizing enzymes or cell cycle regulators, can indicate the emergence 
of therapy-resistant clones [150, 153].

• Real-time monitoring of tumor evolution: Longitudinal tracking of TEP RNA 
profiles provides a minimally invasive means to study tumor adaptation 
to treatments, such as chemotherapy, radiotherapy, or targeted therapies 
[153, 154].

This ability to dynamically track tumor evolution and resistance mechanisms 
makes TEPs an invaluable resource for guiding personalized treatment strategies. 
TEPs complement other liquid biopsy approaches, such as circulating tumor DNA 
(ctDNA) and extracellular vesicle (EV) profiling, providing a multidimensional view 
of tumor biology [154].

3.4.4 Future directions and clinical applications

The use of TEPs in GBM diagnostics and monitoring is rapidly evolving. Advances 
in sequencing technologies, such as digital droplet PCR (ddPCR) and next-generation 
sequencing (NGS), are enabling increasingly sensitive and specific analyses of TEP-
derived biomarkers. Additionally, artificial intelligence (AI) and machine learning 
algorithms are being integrated into TEP data analysis to improve the predictive 
power of these biomarkers for early detection, prognosis, and therapeutic decision-
making [146, 155, 156].

Future research aims to:

• Expand the TEP biomarker repertoire: Identify additional tumor-specific RNA 
signatures and proteins in TEPs to enhance diagnostic accuracy and specificity 
[146–148].
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• Integrate multi-omic data: Combine TEP data with other omics, such as ctDNA 
and proteomics, to provide a comprehensive molecular snapshot of tumor 
dynamics [148, 153, 157, 158].

• Develop clinical protocols: Translate TEP-based diagnostics into standardized 
clinical workflows for real-time monitoring of GBM patients [150, 154].

As a minimally invasive tool, TEP profiling has the potential to revolutionize GBM 
care by enabling earlier detection, improving patient stratification, and tailoring 
treatments to individual tumor profiles.

3.5 Circulating miRNAs

Circulating microRNAs (miRNAs) are small noncoding RNA molecules, approxi-
mately 18–24 nucleotides in length, that regulate gene expression by binding to 
complementary sequences on messenger RNAs (mRNAs), leading to their degrada-
tion or translational repression. These molecules play a central role in regulating key 
biological processes, including cell proliferation, apoptosis, differentiation, and stress 
response, all of which are critically altered in GBM [116, 159–161].

Circulating miRNAs have emerged as pivotal biomarkers in GBM due to their 
high stability in blood, cerebrospinal fluid (CSF), and other biofluids, where they are 
protected by their association with extracellular vesicles (EVs), lipoproteins, or RNA-
binding proteins. This stability allows them to persist under harsh conditions, making 
them highly suitable for liquid biopsy applications. Profiling of circulating miRNAs 
in GBM patients has revealed distinct expression patterns that can be exploited for 
diagnostics, prognostics, and therapy monitoring [116, 161].

Among the numerous miRNAs identified, miR-21 is consistently overexpressed 
in GBM and is associated with poor prognosis. MiR-21 promotes oncogenesis 
by targeting tumor suppressor genes such as PTEN, PDCD4, and TPM1, which 
regulate apoptosis, cell cycle arrest, and tumor invasion. Elevated levels of miR-21 
in the plasma and CSF of GBM patients correlate with aggressive disease and 
therapeutic resistance, making it a key biomarker for monitoring tumor dynamics 
[116, 161].

Beyond miR-21, other circulating miRNAs, including miR-15b, miR-23a, and 
miR-197, have demonstrated high sensitivity and specificity in distinguishing GBM 
from other brain tumors, enhancing their potential for diagnostic applications. Panels 
of miRNAs, such as combinations of miR-124, miR-125b, and miR-222, have been 
identified as markers for therapeutic resistance and disease progression, providing 
additional tools for patient stratification and personalized treatment. For example, 
downregulation of miR-124 has been linked to resistance to radiotherapy, while 
overexpression of miR-125b contributes to chemoresistance by modulating apoptotic 
pathways [116, 161–163].

Recent technological advancements, including next-generation sequencing 
(NGS), digital droplet PCR (ddPCR), and qRT-PCR, have enabled the precise 
and high-throughput quantification of circulating miRNAs. These tools provide 
dynamic insights into tumor heterogeneity, progression, and response to therapy, 
supporting the growing importance of circulating miRNAs in GBM diagnostics and 
therapeutic monitoring [116, 161–163]. Future research is focusing on integrating 
miRNA profiling with artificial intelligence (AI) models to enhance the predictive 
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power of these biomarkers, enabling earlier detection and more accurate prognosti-
cation [153, 159, 164].

3.6 Cancer growth factors

Cancer growth factors are signaling molecules that regulate critical cellular 
processes, including cell proliferation, differentiation, survival, angiogenesis, 
and immune modulation. These factors play a pivotal role in the development and 
progression of GBM by activating oncogenic pathways, contributing to therapeutic 
resistance, and supporting tumor invasiveness. Notably, elevated levels of specific 
growth factors have been implicated not only in tumor progression but also in signal-
ing precancerous conditions, providing opportunities for early detection and inter-
vention [165–169].

3.6.1 The role of IGF-I in pre-cancer and GBM detection

Insulin-like growth factor I (IGF-I), initially identified by Daughaday in the 1970s, 
is a critical growth factor involved in tumor growth and progression, particularly 
playing a pivotal role in glioblastoma (GBM). Overexpression of IGF-I primarily 
results from the activation of the IGF-I receptor. Targeting this receptor, notably 
through gene therapy approaches aimed at inhibiting IGF-I, has shown promise in 
enhancing tumor immunogenicity by upregulating major histocompatibility complex 
class I (MHC-I) and co-stimulatory molecule B7 expression. These changes are closely 
associated with the activation of signal transduction pathways, such as PI3K, MAPK, 
and PKC. Similar mechanisms, albeit to a lesser extent, are also implicated in the 
roles of other growth factors, including vascular endothelial growth factor (VEGF), 
epidermal growth factor (EGF), and particularly transforming growth factor-beta 
(TGF-β), which will be further discussed in the subsequent section (3.6.2) [19, 20, 
170–172]. IGF-I is among the most studied cancer growth factors, recognized for 
its dual role in precancer and advanced tumor stages. IGF-I is a peptide hormone 
produced primarily in the liver, but its expression is modulated by both systemic 
and local factors, including tumor microenvironment dynamics. By binding to the 
insulin-like growth factor 1 receptor (IGF-1R), a tyrosine kinase receptor, IGF-I 
activates critical downstream pathways such as PI3K/AKT and MAPK. These path-
ways drive cell proliferation, survival, and angiogenesis while inhibiting apoptosis, 
creating a fertile environment for tumor initiation and progression [166, 168].

Recent studies have demonstrated that elevated serum levels of IGF-I may sig-
nal precancerous cellular changes, particularly in highly metabolic tissues such as 
the brain. IGF-I induces early molecular alterations, including the dysregulation 
of cell cycle checkpoints, enhanced growth signaling, and increased resistance to 
apoptosis—all of which contribute to the transformation of normal glial cells into 
malignant phenotypes. These early alterations provide a window for precancer 
detection, particularly in high-risk populations or individuals with genetic predispo-
sitions [166, 168, 173, 174].

3.6.2 Other key growth factors in GBM and precancer detection

Among novel therapeutic strategies targeting growth factors and their down-
stream signaling components, particular emphasis has been placed on interventions 
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involving VEGF, IGF-I, and EGFR pathways, frequently employing advanced 
nanotechnology-based delivery systems [175–178]. While IGF-I plays a central role 
[166, 168, 173, 174], other growth factors contribute significantly to both precancer 
signaling and GBM pathophysiology:

• Vascular endothelial growth factor (VEGF): VEGF is a critical driver of angiogen-
esis in GBM. In precancer conditions, VEGF overexpression often signals the 
transition from a benign state to aggressive vascular proliferation, creating a 
nutrient-rich microenvironment for tumor growth [17, 179–183].

• Epidermal growth factor (EGF): EGF and its receptor (EGFR) are frequently 
overexpressed in GBM, particularly in precancerous conditions where dysregu-
lated EGF signaling contributes to abnormal cell proliferation and early onco-
genic mutations [17, 184–187].

• Transforming growth factor-beta (TGF-β): TGF-β plays a dual role, acting as a 
tumor suppressor in normal cells but switching to an oncogenic driver during 
tumorigenesis. Elevated TGF-β levels in precancer stages are associated with 
immune evasion and enhanced epithelial-to-mesenchymal transition (EMT), 
facilitating tumor invasion [17, 169, 188].

3.6.3 Advancements in growth factor detection for precancer symptoms

Technological advancements have enabled the noninvasive detection and 
quantification of growth factors, offering significant potential for identifying 
precancer symptoms [17]. Liquid biopsy techniques are emerging as powerful 
tools for monitoring circulating growth factors in blood and cerebrospinal fluid 
(CSF), enabling early detection of dysregulated signaling pathways [189, 190]. 
Growth factors can be detected in serum and CSF [191] using highly sensitive 
assays such as:

• Digital droplet PCR (ddPCR): This method provides precise quantification of 
growth factor-related transcripts, such as IGF-I mRNA, even at low concentra-
tions [192].

• Raman spectroscopy: A label-free optical technique capable of detecting IGF-I 
and other growth factors in biofluids with high specificity. Raman spectroscopy 
captures molecular fingerprints of tumor-derived biomolecules, making it 
particularly valuable for precancer diagnostics [85, 193].

• Enzyme-linked immunosorbent assay (ELISA): A gold standard for quantifying 
protein levels, ELISA is routinely used to measure circulating IGF-I levels in 
research and clinical settings [194].

3.6.4 Clinical implications and future directions

The ability to detect precancer symptoms signaled by growth factors, particularly 
IGF-I, represents a paradigm shift in oncology. By identifying molecular changes 
associated with early tumorigenesis, clinicians can intervene before the onset of 
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invasive disease, improving outcomes for high-risk populations. In GBM, integrat-
ing growth factor profiling into routine screening protocols could enable earlier 
detection, personalized risk assessment, and stratification of patients for preventive 
therapies [17, 166, 169].

Future research is focusing on combining growth factor detection with 
AI-driven algorithms to enhance predictive accuracy and integrate multi-omic data. 
Additionally, novel therapeutic approaches targeting growth factor pathways, such as 
IGF-1R inhibitors and anti-VEGF therapies, are being developed to suppress precan-
cer signaling and prevent disease progression [17, 179, 180, 194].

4. Liquid biopsy: A breakthrough in GBM diagnostics

Liquid biopsy represents a transformative approach in cancer diagnostics, provid-
ing a minimally invasive method to assess tumor dynamics by analyzing biofluids 
such as blood, cerebrospinal fluid (CSF), and urine. Unlike traditional tissue biopsies, 
which are invasive and limited in capturing tumor heterogeneity, liquid biopsy 
enables real-time monitoring of tumor characteristics, addressing the dynamic and 
multifocal nature of GBM [116, 161]. Given the infiltrative growth patterns and criti-
cal location of GBM within the brain, liquid biopsy holds immense promise as a safer 
and more comprehensive alternative to conventional biopsy techniques [98].

4.1 The critical need for liquid biopsy in GBM

GBM presents unique diagnostic challenges that underscore the dire need for inno-
vative, minimally invasive diagnostic tools like liquid biopsy:

• Limited accessibility of tumor tissue: Surgical biopsies are often infeasible due to 
the proximity of the tumor to critical brain regions, posing risks such as neuro-
logical damage, hemorrhage, and infection. This is particularly problematic for 
recurrent GBM, where tissue access becomes increasingly difficult [45, 98].

• Tumor heterogeneity: GBM exhibits substantial spatial and temporal heterogene-
ity, with genetic and molecular variations across regions of the tumor. A single 
tissue biopsy cannot capture this complexity, leading to incomplete diagnostics 
and less effective treatment plans [45, 98].

• Challenges in therapy monitoring: Imaging methods such as MRI often struggle 
to differentiate between true tumor progression, radiation necrosis, and 
pseudoprogression, leading to diagnostic uncertainty and potential delays 
in care. Liquid biopsy provides molecular-level insights to address these 
 challenges [45, 98].

• Early detection of recurrence: Biomarkers detectable through liquid biopsy, such as 
ctDNA, miR-21, and IGF-I, allow clinicians to identify tumor recurrence earlier than 
imaging, enabling timely intervention and improving patient outcomes [45, 98].

4.2 How liquid biopsy improves patient care

Liquid biopsy offers multiple benefits that directly impact GBM patient care and 
survival:
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• Real-time monitoring: By analyzing biofluids at regular intervals, liquid biopsy 
enables the dynamic tracking of tumor evolution, therapeutic efficacy, and 
emerging resistance mechanisms [45, 98, 195].

• Guiding personalized therapy: Molecular profiling through liquid biopsy helps 
identify patient-specific tumor characteristics, allowing for tailored treatments 
that target actionable mutations or pathways [45, 98, 195].

• Reducing patient burden: Noninvasive sampling eliminates the need for repeat 
surgical biopsies, minimizing physical risks and improving patient comfort 
[45, 98, 195].

• Clarifying treatment effects: Liquid biopsy aids in distinguishing pseudoprogres-
sion and radiation necrosis from true tumor regrowth, reducing unnecessary 
interventions and ensuring timely, appropriate care [3, 36, 45].

4.3 Bridging liquid biopsy and advanced analytical techniques

The success of liquid biopsy in GBM depends on integrating advanced analytical 
technologies that enhance its sensitivity, specificity, and clinical utility. Among these, 
Raman spectroscopy and artificial intelligence (AI) are emerging as transformative 
tools:

• Raman spectroscopy: Raman spectroscopy is a label-free, noninvasive optical 
technique that detects molecular fingerprints of tumor-derived components in 
biofluids. Its ability to identify biomarkers such as IGF-I, miR-21, and EV cargo 
enhances the diagnostic power of liquid biopsy, particularly in low-abundance 
samples [85, 196–198].

• AI-driven analysis: AI models analyze complex biomarker datasets, identify diag-
nostic patterns, and predict clinical outcomes with high accuracy. For example, 
machine learning applied to Raman spectra can classify GBM-specific molecular 
changes with improved sensitivity and reproducibility [86, 164, 199].

The integration of these technologies into liquid biopsy workflows not only 
improves diagnostic accuracy but also facilitates real-time, scalable diagnostics, pav-
ing the way for standardized clinical protocols [45, 86, 91].

4.4 Transforming GBM diagnostics through liquid biopsy

The combination of liquid biopsy, Raman spectroscopy, and AI offers a paradigm 
shift in GBM diagnostics and care. By addressing limitations such as the blood-brain 
barrier and tumor heterogeneity, these approaches provide a comprehensive view of 
tumor biology that complements traditional methods [44, 45, 86, 89, 140, 200, 201]. 
Key clinical applications include:

• Early recurrence detection: Liquid biopsy biomarkers can signal recurrence before 
imaging detects structural changes, enabling earlier and more effective interven-
tions [44, 45, 89, 98, 101, 198, 201].
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• Therapeutic monitoring and adaptation: Regular sampling allows clinicians to 
track biomarker dynamics in real time, optimizing treatment strategies based on 
evolving tumor profiles [45, 48, 91, 98, 101].

• Personalized medicine: Multimodal integration of liquid biopsy with Raman 
spectroscopy and AI enhances the specificity of molecular profiling, enabling 
highly individualized treatment plans [86, 104, 198, 199].

4.5 Clinical outlook and transition to Raman spectroscopy

The adaptability and versatility of liquid biopsy, particularly when paired with 
Raman spectroscopy and AI, are reshaping the landscape of GBM care. These tech-
nologies enable clinicians to overcome traditional limitations, such as distinguishing 
pseudoprogression from true tumor recurrence, monitoring treatment efficacy, 
and detecting emerging resistance mechanisms in real time [69, 86, 197, 198, 201]. 
By providing minimally invasive and highly sensitive diagnostic solutions, liquid 
biopsy offers a dynamic approach to understanding tumor progression, while Raman 
spectroscopy enhances its precision through detailed molecular fingerprinting 
[69, 197, 201, 202].

The integration of these technologies has significant implications for address-
ing key clinical challenges in GBM. For instance, pseudoprogression and radiation 
necrosis often present with imaging characteristics indistinguishable from true 
tumor regrowth, leading to diagnostic uncertainty and potentially inappropriate 
treatment interventions [36, 39–41, 97]. Raman spectroscopy provides unique 
biochemical insights into biofluids and tissues, enabling the identification of 
tumor-specific signatures that can clarify these ambiguities. Additionally, the 
ability to monitor molecular changes in circulating biomarkers-such as IGF-I, 
miR-21, and ctDNA-through liquid biopsy allows clinicians to track therapeutic 
responses and adjust treatments promptly, improving patient outcomes [85, 98, 
202].

The potential of Raman spectroscopy is further amplified by AI-driven analyti-
cal frameworks [86, 198, 199]. Machine learning algorithms process the high-
dimensional spectral data generated by Raman spectroscopy, identifying patterns 
and correlations that may otherwise be missed [86, 198, 199, 202]. This enhances 
the specificity and sensitivity of the technique, enabling the identification of tumor 
progression markers, prediction of therapeutic responses, and differentiation of 
molecular subtypes within GBM [86, 97, 198, 199, 202]. AI integration also facilitates 
automated, real-time diagnostics, making Raman spectroscopy a scalable and practi-
cal tool for clinical workflows [86, 198, 199, 202, 203].

The synergy of liquid biopsy, Raman spectroscopy, and AI is particularly impact-
ful in the context of personalized medicine. By providing a comprehensive molecular 
profile of the tumor, these technologies may enable tailored therapeutic strategies 
that address the unique characteristics of each patient’s disease [198, 202–205]. This 
approach have potential in improving progression survival (PFS) and overall survival 
(OS) rates but may also reduce unnecessary interventions, enhancing the overall qual-
ity of care [203].

As the field evolves, Raman spectroscopy is positioned to expand the clinical 
applications of liquid biopsy beyond its current capabilities. Emerging evidence 
suggests that Raman spectroscopy could play a pivotal role in intraoperative 
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settings, guiding tumor resection by delineating tumor margins with unprec-
edented precision [97, 206]. Furthermore, its ability to analyze low-abundance 
biomarkers in blood and cerebrospinal fluid (CSF) positions it as a critical tool 
for detecting early molecular changes that precede radiological or symptomatic 
progression [97, 98].

The following section delves deeper into the transformative potential of Raman 
spectroscopy, exploring its applications in GBM diagnostics, tumor margin detection, 
and treatment monitoring. By integrating Raman spectroscopy into liquid biopsy 
workflows, clinicians and researchers can unlock new opportunities for improving 
GBM care and advancing the field of precision oncology [85, 201].

5. Raman spectroscopy in glioblastoma diagnosis

Raman spectroscopy is a noninvasive optical method capable of molecular profil-
ing in GBM, offering the unique ability to identify biochemical changes at a cellular 
level. By detecting vibrational energy shifts in molecular bonds, Raman spectroscopy 
produces detailed molecular fingerprints of biological samples, making it particularly 
effective for identifying specific tumor biomarkers in tissues and biofluids [206]. Its 
ability to provide rapid, label-free analysis with minimal sample preparation enables 
real-time detection of molecular changes associated with tumor progression, treat-
ment response, and tumor margins [70, 207]. These attributes make Raman spectros-
copy a promising diagnostic tool for GBM, particularly when integrated with liquid 
biopsy and AI [198, 199].

This section explores how Raman spectroscopy can be applied to detect GBM 
biomarkers, including those associated with growth factors, and discusses its poten-
tial for supporting early diagnosis, monitoring treatment response, and improving 
survival outcomes.

5.1 Applications of Raman spectroscopy for tumor biomarker detection

Raman spectroscopy offers powerful capabilities for identifying tumor biomark-
ers associated with GBM, such as CTCs, extracellular vesicles (EVs), CNAs, and 
tumor-educated platelets (TEPs). These biomarkers are crucial for diagnosing GBM, 
monitoring therapy, and detecting recurrence.

• Circulating tumor cells (CTCs): Raman spectroscopy identifies unique biochemi-
cal signatures of CTCs by profiling their intracellular components, including 
proteins, lipids, and nucleic acids [208, 209]. It captures spectral differences 
between CTCs and normal blood cells, enabling label-free identification of these 
rare cells. For instance, glycolysis-related metabolic shifts can be detected as 
tumor-specific markers [209, 210].

• Extracellular vesicles (EVs): Raman spectroscopy profiles molecular cargo within 
EVs, such as RNA, DNA, proteins, and lipids, differentiating tumor-derived 
EVs from non-tumor EVs based on their unique biochemical signatures [202]. 
Tumor-specific exosomal markers, such as miR-21, can be identified with high 
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precision, providing insights into tumor progression and therapeutic response 
[113, 114, 117].

• Circulating nucleic acids (CNAs): Raman spectroscopy detects molecular 
vibrations in ctDNA and ctRNA, identifying tumor-specific mutations (e.g., 
EGFRvIII) and methylation patterns [211]. These insights enable label-free, 
nondestructive analysis of nucleic acids in biofluids [209, 212].

• Tumor-educated platelets (TEPs): Raman spectroscopy identifies molecular 
changes in TEPs, such as RNA cargo and protein content, which are influenced 
by tumor-secreted factors [148–150, 153]. These alterations can be used to distin-
guish tumor-educated platelets from normal ones, providing valuable diagnostic 
information [154].

5.2  Synergy of liquid biopsy and Raman spectroscopy for enhanced diagnostic 
precision

The combination of liquid biopsy and Raman spectroscopy offers a powerful 
diagnostic approach that captures both circulating and tissue-specific biomark-
ers. Liquid biopsy excels in detecting circulating tumor markers, such as ctDNA, 
EVs, and growth factors, while Raman spectroscopy provides precise molecular 
profiling of localized samples, including tumor tissues and isolated biofluid 
components [202].

By leveraging liquid biopsy’s ability to analyze systemic tumor markers and Raman 
spectroscopy’s precision in localized molecular analysis, these methods can signifi-
cantly improve diagnostic accuracy. For example, analyzing growth factors, like 
IGF-I, through both approaches offers a comprehensive view of GBM progression, 
improving tracking of disease dynamics and enhancing treatment response evalua-
tions [203].

Studies have shown that Raman spectroscopy enhances the sensitivity of liquid 
biopsy, detecting subtle molecular changes in tumor-derived biomarkers that are 
often missed by conventional methods [206]. This synergy supports the development 
of personalized treatment plans by providing a detailed molecular landscape of the 
tumor, enabling clinicians to monitor treatment efficacy in real time, detect resistance 
mechanisms, and adjust therapies accordingly [97, 202].

5.3 Applications in tumor margin detection

Raman spectroscopy has shown great promise in determining tumor margins, a 
critical factor in GBM surgery. Its ability to detect biochemical differences between 
healthy and tumor tissues provides surgeons with real-time, intraoperative guidance, 
reducing the risk of leaving residual tumor tissue behind [97, 206].

When combined with AI, Raman spectroscopy’s potential for tumor margin detec-
tion is further amplified. Machine learning algorithms analyze the complex spectral 
data generated by Raman spectroscopy, distinguishing between healthy and malig-
nant tissues with high accuracy [86, 198, 199, 202]. This integration allows for precise 
tumor boundary mapping, improving surgical outcomes and minimizing damage to 
healthy brain tissue [213].
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5.4 Impact on survival outcomes

Innovative diagnostic approaches, such as Raman spectroscopy and liquid 
biopsy, have the potential to significantly improve survival rates in GBM patients 
by enabling earlier detection, more precise monitoring, and personalized treat-
ment strategies. Early diagnosis facilitated by Raman spectroscopy’s ability to 
detect tumor biomarkers such as IGF-I and ctDNA in biofluids provides clinicians 
with actionable information before radiological changes become apparent [204]. 
This early intervention can improve progression-free survival (PFS) and overall 
survival (OS), as evidenced by studies linking biomarker-driven diagnostics to 
better treatment outcomes [202].

Real-time monitoring of treatment response using Raman spectroscopy in 
combination with AI allows for dynamic adjustment of therapies, minimizing 
delays in addressing therapeutic resistance or recurrence. These capabilities 
reduce the likelihood of treatment failure and improve long-term patient out-
comes [97].

5.5 Future directions and clinical integration

The combination of Raman spectroscopy, liquid biopsy, and AI represents a 
paradigm shift in GBM diagnostics. While Raman spectroscopy excels in molecular 
profiling and tumor margin detection, integrating it with liquid biopsy expands its 
utility for systemic biomarker analysis. AI further enhances these applications by 
automating data analysis, improving diagnostic accuracy, and enabling real-time 
decision-making [202].

Future research should focus on standardizing Raman spectroscopy protocols, 
validating AI-driven workflows, and integrating these tools into multimodal diagnos-
tic frameworks. Large-scale clinical trials are needed to establish their efficacy and 
scalability for routine use in GBM care [203]. By addressing these challenges, Raman 
spectroscopy and its combination with liquid biopsy and AI could revolutionize GBM 
diagnostics, improving patient care and survival outcomes.

6. Future directions in glioblastoma diagnostics

Advances in diagnostic technologies are reshaping cancer care, and the poten-
tial applications in GBM are particularly exciting. Future research may focus on 
enhancing the sensitivity and accuracy of liquid biopsy and Raman spectroscopy 
to detect subtle molecular changes related to tumor initiation, progression, and 
therapeutic resistance [200, 214]. These innovations, combined with emerg-
ing technologies such as multi-omics integration, portable Raman devices, and 
AI-driven analytical frameworks, could revolutionize GBM diagnostics and 
improve patient care [215, 216].

One promising area of research lies in the development of multi-omics approaches 
that combine genomic, transcriptomic, proteomic, and metabolomic data to provide 
a comprehensive molecular profile of GBM [217, 218]. By integrating data from 
multiple layers of biological regulation, researchers can uncover new biomarkers 
that better reflect the tumor’s spatial and temporal heterogeneity. These multi-omics 
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approaches can also identify actionable therapeutic targets, enabling more precise 
and personalized treatment strategies [203, 219].

Technological advancements in Raman spectroscopy are expected to address 
current challenges, such as the detection of low-abundance biomarkers and real-
time analysis of biofluids [207]. Portable and handheld Raman devices could enable 
point-of-care diagnostics, bringing this technology into clinical settings where rapid 
decision-making is critical [200, 215]. Additionally, combining Raman spectroscopy 
with advanced imaging modalities, such as PET or MRI, could provide a synergistic 
approach to tumor detection and monitoring, improving diagnostic precision [214].

AI and machine learning are poised to play an integral role in the future of GBM 
diagnostics. AI-driven tools can analyze large and complex datasets generated by liq-
uid biopsy and Raman spectroscopy, identifying patterns and correlations that would 
be difficult to discern manually [207, 216]. These tools can improve the accuracy of 
biomarker detection, automate the classification of tumor subtypes, and predict 
patient outcomes based on molecular profiles [215, 218]. Furthermore, AI integration 
can reduce variability in diagnostic interpretations, paving the way for standardized 
and scalable diagnostic workflows [217, 219].

To fully realize the potential of these innovations, future efforts must focus on 
overcoming key challenges, including regulatory approval, cost-effectiveness, and 
accessibility in low-resource settings [200, 220]. Large-scale clinical trials are essen-
tial to validate these technologies and ensure their reliability and safety for routine 
use. By addressing these challenges, GBM diagnostics can evolve to provide earlier 
detection, more precise monitoring, and better therapeutic outcomes for patients 
facing this aggressive disease.

7. Conclusions

As GBM diagnostics evolve, innovative methods like liquid biopsy and Raman 
spectroscopy hold great promise for significantly improving patient outcomes 
[47, 85, 86]. These methods provide noninvasive, real-time molecular analysis 
that addresses critical limitations in traditional diagnostics, supporting more 
personalized treatment strategies [200, 219]. The integration of these technolo-
gies into clinical workflows has the potential to transform GBM care, enabling 
earlier detection, better monitoring of therapeutic responses, and identification 
of emerging resistance mechanisms [214, 218].

This chapter has highlighted the clinical potential of growth factors, particularly IGF-
I, as early markers in GBM, underscoring their value in enhancing diagnostic accuracy 
and efficacy [219, 220]. By leveraging advanced techniques such as Raman spectroscopy 
and AI-driven liquid biopsy, clinicians can achieve a more comprehensive understand-
ing of GBM’s molecular landscape, leading to tailored treatment strategies that improve 
progression-free survival and overall survival rates [47, 85, 86, 207].

While challenges remain in translating these innovations into routine practice, 
ongoing advancements in diagnostic technologies, multi-omics research, and 
AI-driven analytics offer a promising path forward. With continued investment in 
research, validation, and implementation, these groundbreaking approaches could 
redefine GBM care and lead to better outcomes for patients facing this challenging 
disease [216, 221].
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MRI magnetic resonance imaging
CTC circulating tumor cell
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EV extracellular vesicles
IGF insulin-like growth factor I
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IDH1/2 isocitrate dehydrogenase 1/2
5-ALA 5-aminolevulinic acid



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

69

Author details

Hulya Torun1,2,3* and Ihsan Solaroglu4,5

1 Stanford Neurology and Neurological Sciences, Stanford University, Stanford, 
United States

2 Wu Tsai Neurosciences Institute, Stanford University, Stanford, United States

3 The Phil and Penny Knight Initiative for Brain Resilience, Stanford University, 
Stanford, United States

4 Department of Neurosurgery, Koc University School of Medicine, Istanbul, Turkey

5 Koc University Research Center for Translational Medicine (KUTTAM),  
Koc University, Istanbul, Turkey

*Address all correspondence to: htorun@stanford.edu

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Glioblastoma – New Solutions for Brain Cancerogenesis

70

References

[1] Louis DN, Perry A, Wesseling P, 
et al. The 2021 WHO classification 
of tumors of the central nervous 
system: A summary. Neuro-Oncology. 
2021;23(8):1231-1251

[2] Miller KD, Ostrom QT, Kruchko C, 
Patil N, Tihan T, Cioffi G, et al. Brain 
and other central nervous system tumor 
statistics, 2021. CA: A Cancer Journal for 
Clinicians. 2021;71(5):381-406

[3] Brandsma D, van den Bent MJ. 
Pseudoprogression and pseudoresponse 
in the treatment of gliomas. 
Current Opinion in Neurology. 
2009;22(6):633-638

[4] Galldiks N, Kaufmann TJ, Vollmuth P, 
Lohmann P, Smits M, Veronesi MC, 
et al. Challenges, limitations, and pitfalls 
of PET and advanced MRI in patients 
with brain tumors: A report of the 
PET/RANO group. Neuro-Oncology. 
2024;26(7):1181-1194

[5] Zumkeller W. IGFs and IGF-binding 
proteins as diagnostic markers and 
biological modulators in brain tumors. 
Expert Review of Molecular Diagnostics. 
2002;2(5):473-477

[6] Batash R, Asna N, Schaffer P, 
Francis N, Schaffer M. Glioblastoma 
multiforme, diagnosis and 
treatment; recent literature review. 
Current Medicinal Chemistry. 
2017;24(27):3002-3009

[7] Ellingson BM, Chung C, Pope WB, 
Boxerman JL, Kaufmann TJ. 
Pseudoprogression, radionecrosis, 
inflammation or true tumor progression? 
Challenges associated with glioblastoma 
response assessment in an evolving 
therapeutic landscape. Journal of Neuro-
Oncology. 2017;134:495-504

[8] Taori S, Habib A, Adida S, Gecici NN, 
Sharma N, Calcaterra M, et al. 
Circulating biomarkers in high-grade 
gliomas: Current insights and future 
perspectives. Journal of Neuro-Oncology. 
2024:1-9

[9] Aldape K, Capper D, von Deimling A, 
Giannini C, Gilbert MR, Hawkins C, 
et al. cIMPACT-NOW update 9: 
Recommendations on utilization of 
genome-wide DNA methylation  
profiling for central nervous system 
tumor diagnostics. Neuro-Oncology 
Advances. 2025:vdae228

[10] Wen PY, Packer RJ. The 2021 WHO 
Classification of Tumors of the Central 
Nervous System: Clinical Implications. 
2021

[11] Louis DN, Wesseling P, Aldape K, 
Brat DJ, Capper D, Cree IA, et al. 
cIMPACT-NOW update 6: New 
entity and diagnostic principle 
recommendations of the cimpact-
utrecht meeting on future cns tumor 
classification and grading. Brain 
Pathology. 2020

[12] Stupp R, Mason WP, van den 
Bent MJ, et al. Radiotherapy plus 
concomitant and adjuvant 
 temozolomide for glioblastoma.  
New England Journal of  
Medicine. 2005;352(10):987-996

[13] Delgado-López PD,  
Corrales-García EM. Survival in 
glioblastoma: A review on the impact of 
treatment modalities. Clinical and  
Translational Oncology. 
2016;18(11):1062-1071

[14] Verhaak RG, Hoadley KA, 
Purdom E, et al. Integrated genomic 
analysis identifies clinically relevant 



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

71

subtypes of glioblastoma. Cancer Cell. 
2010;17(1):98-110

[15] Weller M, van den Bent M, 
Preusser M, Le Rhun E, Tonn JC, 
Minniti G, et al. Eano guidelines on 
the diagnosis and treatment of diffuse 
gliomas of adulthood. Nature  
Reviews Clinical Oncology. 
2021;18(3):170-186

[16] Oprita A, Baloi S-C, Staicu G-A, 
Alexandru O, Tache DE, Danoiu S, 
et al. Updated insights on EGFR 
signaling pathways in glioma. 
International Journal of  
Molecular Sciences. 2021;22(2):587

[17] Ahir BK, Engelhard HH, 
Lakka SS. Tumor development and 
angiogenesis in adult brain tumor: 
Glioblastoma. Molecular Neurobiology. 
2020;57:2461-2478

[18] Pouyan A, Ghorbanlo M, Eslami M, 
Jahanshahi M, Ziaei E, Salami A, et al. 
Glioblastoma multiforme: Insights into 
pathogenesis, key signaling pathways, 
and therapeutic strategies. Molecular 
Cancer. 2025;24(1):58

[19] Haque S, Morris JC. Transforming 
growth factor-β: A therapeutic 
target for cancer. Human 
Vaccines & Immunotherapeutics. 
2017;13(8):1741-1750

[20] An Z, Aksoy O, Zheng T, Fan 
Q-W, Weiss WA. Epidermal growth 
factor receptor and EGFRvIII in 
glioblastoma: Signaling pathways 
and targeted therapies. Oncogene. 
2018;37(12):1561-1575

[21] Weller M, Wick W, Aldape K, et al. 
Glioblastoma nature reviews disease 
primers. Nature Reviews Disease 
Primers. 2015;1:15017

[22] Seker-Polat F, Degirmenci NP, 
Solaroglu I, Bagci-Onder T. Tumor cell 
infiltration into the brain in glioblastoma: 
From mechanisms to clinical 
perspectives. Cancers. 2022;14(2):443

[23] Trojan J, Johnson TR, Rudin SD, 
Ilan J, Tykocinski ML, Ilan J. Treatment 
and prevention of rat glioblastoma 
by immunogenic c6 cells expressing 
antisense insulin-like growth factor I 
RNA. Science. 1993;259(5091):94-97

[24] Townsend SE, Allison JP. Tumor 
rejection after direct costimulation 
of CD8+ T cells by B7-transfected 
melanoma cells. Science. 
1993;259(5093):368-370

[25] Sampson JH, Gunn MD, Fecci PE, 
Ashley DM. Brain immunology 
and immunotherapy in brain 
tumours. Nature Reviews Cancer. 
2020;20(1):12-25

[26] Sharpless NE, Singer DS. Progress 
and potential: The cancer moonshot. 
Cancer Cell. 2021;39(7):889-894

[27] Liu Y, Zhou F, Ali H, Lathia JD, 
Chen P. Immunotherapy for 
glioblastoma: Current state, challenges, 
and future perspectives. Cellular & 
Molecular Immunology. 2024:1-22

[28] Sadowski K, Jażdżewska A, 
Kozłowski J, Zacny A, Lorenc T, 
Olejarz W. Revolutionizing glioblastoma 
treatment: A comprehensive overview 
of modern therapeutic approaches. 
International Journal of Molecular 
Sciences. 2024;25(11):5774

[29] Sipos D, Raposa BL, Freihat O, 
Simon M, Mekis N, Cornacchione P, 
et al. Glioblastoma: Clinical presentation, 
multidisciplinary management, 
and long-term outcomes. Cancers. 
2025;17(1):146



Glioblastoma – New Solutions for Brain Cancerogenesis

72

[30] Chiariello M, Inzalaco G, Barone V, 
Gherardini L. Overcoming challenges 
in glioblastoma treatment: Targeting 
infiltrating cancer cells and harnessing 
the tumor microenvironment. Frontiers 
in Cellular Neuroscience. 2023;17:1327621

[31] Brennan CW, Verhaak RG, 
McKenna A, et al. The somatic genomic 
landscape of glioblastoma. Cell. 
2013;155(2):462-477

[32] Verhaak RG et al. Integrated genomic 
analysis identifies clinically relevant 
subtypes of glioblastoma characterized 
by abnormalities in PDGFRA, 
IDH1, EGFR, and NF1. Cancer Cell. 
2010;17(1):98-110

[33] Louis DN, Perry A, Reifenberger G, 
et al. The 2016 world health organization 
classification of tumors of the central 
nervous system: A summary. Acta 
Neuropathologica. 2016;131(6):803-820

[34] Patel AP, Tirosh I, Trombetta JJ, 
et al. Single-cell RNA-SEQ highlights 
intratumoral heterogeneity in 
primary glioblastoma. Science. 
2014;344(6190):1396-1401

[35] Reardon DA, Weller M. 
Pseudoprogression: Fact or wishful 
thinking in neuro-oncology? The Lancet 
Oncology. 2018;19(12):1561-1563

[36] Taylor C, Ekert JO, Sefcikova V, 
Fersht N, Samandouras G. 
Discriminators of pseudoprogression and 
true progression in high-grade gliomas: 
A systematic review and meta-analysis. 
Scientific Reports. 2022;12(1):13258

[37] Wen PY et al. Updated response 
assessment criteria for high-grade 
gliomas: Response assessment in 
neuro-oncology working group. Neuro-
Oncology. 2020;22(1):3-16

[38] van Dijken BRJ, van Laar PJ, 
Holtman GA, van der Hoorn A. 
Diagnostic accuracy of magnetic 
resonance imaging techniques for 
treatment response evaluation in patients 
with high-grade glioma, a systematic 
review and meta-analysis. European 
Radiology. 2017;27:4129-4144

[39] Yadav VK, Mohan S, Agarwal S, 
de Godoy LL, Rajan A, Nasrallah MLP, 
et al. Distinction of pseudoprogression 
from true progression in glioblastomas 
using machine learning based on 
multiparametric magnetic resonance 
imaging and O6-methylguanine-
methyltransferase promoter methylation 
status. Neuro-Oncology Advances. 
2024;6(1):vdae159

[40] Liao D, Liu Y-C, Liu J-Y, Wang D, Liu 
X-F. Differentiating tumour progression 
from pseudoprogression in glioblastoma 
patients: A monoexponential, 
biexponential, and stretched-exponential 
model-based DWI study. BMC Medical 
Imaging. 2023;23(1):119

[41] Li Y, Ma Y, Zijun W, Xie R, 
Zeng F, Huawei Cai S, et al. Advanced 
imaging techniques for differentiating 
pseudoprogression and tumor 
recurrence after immunotherapy for 
glioblastoma. Frontiers in Immunology. 
2021;12:790674

[42] Zhang H, Ma L, Wang Q, Zheng X, 
Chen W, Bai-nan X. Role of magnetic 
resonance spectroscopy for the 
differentiation of recurrent glioma from 
radiation necrosis: A systematic review 
and meta-analysis. European Journal of 
Radiology. 2014;83(12):2181-2189

[43] Shiroishi MS, Boxerman JL, 
Pope WB. Physiologic MRI for 
assessment of response to therapy and 
prognosis in glioblastoma. Neuro-
Oncology. 2015;18(4):467-478



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

73

[44] Ronvaux L, Riva M, Coosemans A, 
Herzog M, Rommelaere G, Donis N, 
et al. Liquid biopsy in glioblastoma. 
Cancers. 2022;14(14):3394

[45] Gatto L, Franceschi E, Di Nunno V, 
Tosoni A, Lodi R, Brandes AA. 
Liquid biopsy in glioblastoma 
management: From current research 
to future perspectives. The Oncologist. 
2021;26(10):865-878

[46] Skouras P, Markouli M, 
Kalamatianos T, Stranjalis G, 
Korkolopoulou P, Piperi C. Advances 
on liquid biopsy analysis for glioma 
diagnosis. Biomedicine. 2023;11(9):2371

[47] Theakstone AG, Brennan PM, 
Jenkinson MD, Mills SJ, Syed K, 
Rinaldi C, et al. Rapid spectroscopic 
liquid biopsy for the universal 
detection of brain tumours. Cancers. 
2021;13(15):3851

[48] Eibl RH, Schneemann M. Liquid 
biopsy and primary brain tumors. 
Cancers. 2021;13(21):5429

[49] Herrgott GA, Snyder JM, She R, 
Malta TM, Sabedot TS, Lee IY, et al. 
Detection of diagnostic and prognostic 
methylation-based signatures in liquid 
biopsy specimens from patients with 
meningiomas. Nature Communications. 
2023;14(1):5669

[50] Berzero G, Pieri V, Mortini P, 
Filippi M, Finocchiaro G. The coming of 
age of liquid biopsy in neuro-oncology. 
Brain. 2023;146(10):4015-4024

[51] Sughrue ME, Bonney PA, Choi L, 
Teo C. Early discharge after surgery 
for intra-axial brain tumors. World 
Neurosurgery. 2015;84(2):505-510

[52] De la Garza-Ramos R, Kerezoudis P, 
Tamargo RJ, Brem H, Huang J, 

Bydon M. Surgical complications 
following malignant brain tumor 
surgery: An analysis of 2002-2011 data. 
Clinical Neurology and Neurosurgery. 
2016;140:6-10

[53] Lonjaret L, Guyonnet M, Berard E, 
Vironneau M, Peres F, Sacrista S, et al. 
Postoperative complications after 
craniotomy for brain tumor surgery. 
Anaesthesia Critical Care & Pain 
Medicine. 2017;36(4):213-218

[54] Vadhavekar N, H, Sabzvari T, 
Laguardia S, Sheik T, Prakash V, 
Gupta A, et al. Advancements 
in imaging and neurosurgical 
techniques for brain tumor resection: 
A comprehensive review. Cureus. 
2024;16(10)

[55] Hargrave D, Bartels U, Bouffet E. 
Diffuse brainstem glioma in children: 
Critical review of clinical trials. The 
Lancet Oncology. 2006;7(3):241-248

[56] Schramm K, Iskar M, Statz B, 
Jäger N, Haag D, Słabicki M, et al. 
Decipher pooled shRNA library screen 
identifies PP2a and FGFR signaling as 
potential therapeutic targets for  
diffuse intrinsic pontine gliomas.  
Neuro-Oncology. 2019;21(7):867-877

[57] Bentayebi K, El Aked R, Ezzahidi O, 
Alami AB, Louati S, Ouadghiri M, 
et al. Targeting molecular mechanisms 
underlying treatment efficacy and 
resistance in DIPG: A review of current 
and future strategies. Brain  
Disorders. 2024;14:100132

[58] Zhang M, Xiao X, Guocan G, 
Zhang P, Wenhao W, Wang Y, et al. 
Role of neuronavigation in the  
surgical management of brainstem 
gliomas. Frontiers in Oncology. 
2023;13:1159230



Glioblastoma – New Solutions for Brain Cancerogenesis

74

[59] Dalmage M, LoPresti MA, Sarkar P, 
Ranganathan S, Abdelmageed S, 
Pagadala M, et al. Survival and 
neurological outcomes after 
stereotactic biopsy of diffuse intrinsic 
pontine glioma: A systematic review. 
Journal of Neurosurgery: Pediatrics. 
2023;32(6):665-672

[60] Lu VM, Power EA, Zhang L, 
Daniels DJ. Liquid biopsy for diffuse 
intrinsic pontine glioma: An update. 
Journal of Neurosurgery: Pediatrics. 
2019;24(5):593-600

[61] Hadjipanayis CG, Widhalm G, 
Stummer W. What is the surgical 
benefit of utilizing 5-aminolevulinic 
acid for fluorescence-guided surgery 
of malignant gliomas? Neurosurgery. 
2015;77(5):663-673

[62] Sanai N, Berger MS. Operative 
techniques for gliomas and the value of 
extent of resection. Neurotherapeutics. 
2009;6(3):478-486

[63] Marbacher S, Klinger E, Schwyzer L, 
Fischer I, Nevzati E, Diepers M, et al. 
Use of fluorescence to guide resection 
or biopsy of primary brain tumors and 
brain metastases. Neurosurgical Focus. 
2014;36(2):E10

[64] Kiesel B, Freund J, Reichert D, 
Wadiura L, Erkkilae MT, Woehrer A, 
et al. 5-ALA in suspected low-grade 
gliomas: Current role, limitations, and 
new approaches. Frontiers in Oncology. 
2021;11:699301

[65] Jiang C, Wang Y, Song W, Lehui L. 
Delineating the tumor margin with 
intraoperative surface-enhanced 
Raman spectroscopy. Analytical 
and Bioanalytical Chemistry. 
2019;411:3993-4006

[66] Pekmezci M, Morshed RA, 
Chunduru P, Pandian B, Young J, 

Villanueva-Meyer JE, et al. Detection of 
glioma infiltration at the tumor margin 
using quantitative stimulated Raman 
scattering histology. Scientific Reports. 
2021;11(1):12162

[67] Daoust F, Dallaire F, Tavera H, 
Ember K, Guiot M-C, Petrecca K, et al. 
Preliminary study demonstrating cancer 
cells detection at the margins of whole 
glioblastoma specimens with Raman 
spectroscopy imaging. Scientific Reports. 
2025;15(1):6453

[68] Livermore LJ, Isabelle M, Bell IM, 
Edgar O, Voets NL, Stacey R, et al. 
Raman spectroscopy to differentiate 
between fresh tissue samples of glioma 
and normal brain: A comparison with 
5-ALA–induced fluorescence-guided 
surgery. Journal of Neurosurgery. 
2020;135(2):469-479

[69] Zhang Y, Hongquan Y, Li Y, 
Haiyang X, Yang L, Shan P, et al. 
Raman spectroscopy: A prospective 
intraoperative visualization technique 
for gliomas. Frontiers in Oncology. 
2023;12:1086643

[70] Zhang J, Fan Y, He M, Ma X, 
Song Y, Liu M, et al. Accuracy of 
Raman spectroscopy in differentiating 
brain tumor from normal brain tissue. 
Oncotarget. 2017;8(22):36824

[71] Rivera D, Young T, Rao A, Zhang JY, 
Brown C, Huo L, et al. Current 
applications of Raman spectroscopy 
in intraoperative neurosurgery. 
Biomedicine. 2024;12(10):2363

[72] Hollon T, Lewis S, Freudiger CW, 
Sunney Xie X, Orringer DA. Improving 
the accuracy of brain tumor surgery via 
Raman-based technology. Neurosurgical 
Focus. 2016;40(3):E9

[73] Li Q, Wang J. Mutation endmember 
library sparse mixed abundance 



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

75

estimation model for glioma 
margin determination with Raman 
spectroscopy. Analytical Chemistry. 
2024;96(21):8273-8281

[74] Zhang L, Zhou Y, Binlin W, Zhang S, 
Zhu K, Liu C-H, et al. A handheld 
visible resonance Raman analyzer used 
in intraoperative detection of human 
glioma. Cancers. 2023;15(6):1752

[75] Zhu L, Li J, Pan J, Wu N, Xu Q, 
Zhou Q-Q, et al. Precise identification 
of glioblastoma micro-infiltration 
at cellular resolution by Raman 
spectroscopy. Advanced Science. 
2024;11(36):2401014

[76] Herta J, Cho A, Roetzer-
Pejrimovsky T, Höftberger R, Marik W, 
Kronreif G, et al. Optimizing maximum 
resection of glioblastoma: Raman 
spectroscopy versus 5-aminolevulinic 
acid. Journal of Neurosurgery. 
2022;139(2):334-343

[77] Jermyn M, Mok K, Mercier J, 
Desroches J, Pichette J, Saint-Arnaud K, 
et al. Intraoperative brain cancer 
detection with Raman spectroscopy in 
humans. Science Translational Medicine. 
2015;7(274):274ra19

[78] Jermyn M, Desroches J, Mercier J, 
St-Arnaud K, Guiot M-C, Leblond F, 
et al. Raman spectroscopy detects 
distant invasive brain cancer cells 
centimeters beyond MRI capability in 
humans. Biomedical Optics Express. 
2016;7(12):5129-5137

[79] Behbahani M, Keisham B, 
Rosinski CL, Berry V, Mehta AI. 
Intraoperative imaging device for 
glioblastoma multiforme surgery: 
Review of Raman-based intraoperative 
imaging and introduction of a 
novel handheld probe technology. 
Journal of Raman Spectroscopy. 
2021;52(7):1228-1236

[80] Becker AP, Sells BE, Jaharul Haque S, 
Chakravarti A. Tumor heterogeneity in 
glioblastomas: From light microscopy 
to molecular pathology. Cancers. 
2021;13(4):761

[81] Bedard PL, Hansen AR, Ratain MJ, 
Siu LL. Tumour heterogeneity in the 
clinic. Nature. 2013;501(7467):355-364

[82] Batool S, M, Yekula A, Khanna P, 
Hsia T, Gamblin AS, Ekanayake E, et al. 
The liquid biopsy consortium: Challenges 
and opportunities for early cancer 
detection and monitoring. Cell Reports 
Medicine. 2023;4(10)

[83] Pentsova EI, Shah RH, Tang J, 
Boire A, You D, Briggs S, et al. 
Evaluating cancer of the central 
nervous system through next-
generation sequencing of cerebrospinal 
fluid. Journal of Clinical Oncology. 
2016;34(20):2404-2415

[84] Gough R, Treffy RW, Krucoff MO, 
Desai R. Advances in glioblastoma 
diagnosis: Integrating genetics, 
noninvasive sampling, and advanced 
imaging. Cancers. 2025;17(1)

[85] Ranasinghe JC, Wang Z, Huang S. 
Unveiling brain disorders using liquid 
biopsy and Raman spectroscopy. 
Nanoscale. 2024;16(25):11879-11913

[86] Blenkiron C, Greening D, Lenassi M, 
Moeller A, Moon J, Turner N, et al. ISEV 
Abstract Book. 2024

[87] Pollak MN, Schernhammer ES, 
Hankinson SE. Insulin-like growth 
factors and neoplasia. Nature Reviews 
Cancer. 2004;4(7):505-518

[88] Baxter RC. IGF binding proteins 
in cancer: Mechanistic and clinical 
insights. Nature Reviews Cancer. 
2014;14(5):329-341



Glioblastoma – New Solutions for Brain Cancerogenesis

76

[89] Saenz-Antoñanzas A, Auzmendi-
Iriarte J, Carrasco-Garcia E, Moreno-
Cugnon L, Ruiz I, Villanua J, et al. Liquid 
biopsy in glioblastoma: Opportunities, 
applications and challenges. Cancers. 
2019;11(7)

[90] Pentsova EI et al. Detection of 
circulating tumor DNA in cerebrospinal 
fluid: A novel diagnostic modality 
for central nervous system tumors. 
Journal of Clinical Oncology. 
2016;34(20):2402-2411

[91] Singh A, Roberts M. Liquid biopsy 
in brain tumors: Challenges and 
advancements. Clinical Cancer Research. 
2021;27(3):758-765

[92] Pollak M. The insulin and insulin-
like growth factor receptor family in 
neoplasia: An update. Nature Reviews 
Cancer. 2012;12(3):159-169

[93] Hansen AR et al. Biomarkers in 
brain cancer: Current trends and 
future directions. Neuro-Oncology. 
2022;24(2):157-169

[94] Nguyen T, TT, Greene LA, 
Mnatsakanyan H, Badr CE. 
Revolutionizing brain tumor care: 
Emerging technologies and strategies. 
Biomedicine. 2024;12(6)

[95] Di Nunno V, Franceschi E, 
Tosoni A, Gatto L, Lodi R, Bartolini S, 
et al. Glioblastoma: Emerging 
treatments and novel trial designs. 
Cancers. 2021;13(15)

[96] Foo C, Y, Munir N, Kumaria A, 
Akhtar Q, Bullock CJ, Narayanan A, et al. 
Medical device advances in the treatment 
of glioblastoma. Cancers. 2022;14(21)

[97] Touat M, Duran-Peña A, Alentorn A, 
Lacroix L, Massard C, Idbaih A. 
Emerging circulating biomarkers in 
glioblastoma: Promises and challenges. 

Expert Review of Molecular Diagnostics. 
2015;15(10):1311-1323

[98] Seyhan AA. Circulating liquid biopsy 
biomarkers in glioblastoma: Advances 
and challenges. International Journal of 
Molecular Sciences. 2024;25(14):7974

[99] Gao F, Cui Y, Jiang H, Sui D, Wang Y, 
Jiang Z, et al. Circulating tumor cell 
is a common property of brain glioma 
and promotes the monitoring system. 
Oncotarget. 2016;7(44):71330

[100] Sullivan JP, Nahed BV, 
Madden MW, Oliveira SM, Springer S, 
Bhere D, et al. Brain tumor cells in 
circulation are enriched for mesenchymal 
gene expression. Cancer Discovery. 
2014;4(11):1299-1309

[101] Bark JM, Kulasinghe A, Chua B, 
Day BW, Punyadeera C. Circulating 
biomarkers in patients with 
glioblastoma. British Journal of Cancer. 
2020;122(3):295-305

[102] Karabacak NM et al. Microfluidic, 
marker-free isolation of circulating 
tumor cells from blood samples. Nature 
Protocols. 2014;9(3):694-710

[103] Shen C, Rawal S, Brown R, Zhou H, 
Agarwal A, Watson MA, et al. Automatic 
detection of circulating tumor cells 
and cancer associated fibroblasts using 
deep learning. Scientific Reports. 
2023;13(1):5708

[104] Akashi T, Okumura T, 
Terabayashi K, Yoshino Y, Tanaka H, 
Yamazaki T, et al. The use of an artificial 
intelligence algorithm for circulating 
tumor cell detection in patients with 
esophageal cancer. Oncology Letters. 
2023;26(1):320

[105] Bettegowda C et al. Detection 
of circulating tumor DNA in early- 
and late-stage human malignancies. 



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

77

Science Translational Medicine. 
2014;6(224):224ra24

[106] Jones JJ, Nguyen H, Wong SQ, 
Whittle J, Iaria J, Stylli S, et al. Plasma 
ctDNA liquid biopsy of idh1, tertp, and 
egfrviii mutations in glioma. Neuro-
Oncology Advances. 2024;6(1):vdae027

[107] Sareen H, Garrett C, Lynch D, 
Powter B, Brungs D, Cooper A, 
et al. The role of liquid biopsies in 
detecting molecular tumor biomarkers 
in brain cancer patients. Cancers. 
2020;12(7):1831

[108] Keller L, Belloum Y, Wikman H, 
Pantel K. Clinical relevance of blood-
based ctDNA analysis: Mutation 
detection and beyond. British Journal of 
Cancer. 2021;124(2):345-358

[109] Postel M, Roosen A, Laurent-Puig P, 
Taly V, Wang-Renault S-F. Droplet-
based digital pcr and next generation 
sequencing for monitoring circulating 
tumor DNA: A cancer diagnostic 
perspective. Expert Review of Molecular 
Diagnostics. 2018;18(1):7-17

[110] Satam H, Joshi K, Mangrolia U, 
Waghoo S, Zaidi G, Rawool S, et al. 
Next-generation sequencing technology: 
Current trends and advancements. 
Biology. 2023;12(7):997

[111] Alsaab H, O, Alzahrani MS, 
Bahauddin AA, Almutairy B. Circulating 
tumor DNA (ctDNA) application in 
investigation of cancer: Bench to bedside. 
Archives of Biochemistry and Biophysics. 
2024:110066

[112] Zhang J, Liu G, Wang D, Chaojie B, 
Lv G, Zhang Z, et al. Dynamic tumor 
in situ fluid circulating tumor DNA 
postsurgery effectively predicts 
recurrence and clinical benefits 
for glioblastomas. Neurosurgery. 
2022:10-1227

[113] Basu B, Ghosh MK. Extracellular 
vesicles in glioma: From diagnosis to 
therapy. BioEssays. 2019;41(7):1800245

[114] Sourani A, Saghaei S, Sabouri M, 
Soleimani M, Dehghani L. A systematic 
review of extracellular vesicles as 
noninvasive biomarkers in glioma 
diagnosis, prognosis, and treatment 
response monitoring. Molecular Biology 
Reports. 2021;48(10):6971-6985

[115] Kan LK, Drummond K, Hunn M, 
Williams D, O’Brien TJ, Monif M. 
Potential biomarkers and challenges 
in glioma diagnosis, therapy and 
prognosis. BMJ Neurology Open. 
2020;2(2):e000069

[116] Saadatpour L, Fadaee E, Fadaei S, 
Nassiri Mansour R, Mohammadi M, 
Mousavi SM, et al. Glioblastoma: 
Exosome and microRNA as novel 
diagnosis biomarkers. Cancer Gene 
Therapy. 2016;23(12):415-418

[117] Liang Y, Lehrich BM, Zheng S, 
Mengrou L. Emerging methods 
in biomarker identification for 
extracellular vesicle-based liquid 
biopsy. Journal of Extracellular 
Vesicles. 2021;10(7):e12090

[118] Théry C, Witwer KW, 
Aikawa E, Alcaraz MJ, Anderson JD, 
Andriantsitohaina R, et al. Minimal 
information for studies of extracellular 
vesicles 2018 (MISEV2018): A position 
statement of the international society 
for extracellular vesicles and update of 
the MISEV2014 guidelines. Journal of 
Extracellular Vesicles. 2018;7(1):1535750

[119] Welsh JA, Goberdhan DCI, 
O’Driscoll L, Buzas EI, Blenkiron C, 
Bussolati B, et al. Minimal information 
for studies of extracellular vesicles 
(MISEV2023): From basic to advanced 
approaches. Journal of Extracellular 
Vesicles. 2024;13(2):e12404



Glioblastoma – New Solutions for Brain Cancerogenesis

78

[120] Rima M, Dakramanji M, el Hayek E, 
el Khoury T, Fajloun Z, Rima M. 
Unveiling the wonders of bacteria-
derived extracellular vesicles: From 
fundamental functions to beneficial 
applications. Heliyon. 2025

[121] Minciacchi V, R, Freeman MR, 
Di Vizio D. Extracellular vesicles in 
cancer: Exosomes, microvesicles and 
the emerging role of large oncosomes. 
In: Seminars in Cell & Developmental 
Biology. Vol. 40. Elsevier; 
2015. pp. 41-51

[122] Battistelli M, Falcieri E. Apoptotic 
bodies: Particular extracellular vesicles 
involved in intercellular communication. 
In: Advances in Medical Biochemistry, 
Genomics, Physiology, and Pathology. 
2021. pp. 473-486

[123] Zhang H, Lyden D. Asymmetric-
flow field-flow fractionation 
technology for exomere and small 
extracellular vesicle separation and 
characterization. Nature Protocols. 
2019;14(4):1027-1053

[124] Meehan B, Rak J, Di Vizio D. 
Oncosomes–large and small: What are 
they, where they came from? Journal of 
Extracellular Vesicles. 2016;5(1):33109

[125] Anand S, Samuel M, Mathivanan S. 
Exomeres: A new member of 
extracellular vesicles family. In: New 
Frontiers: Extracellular Vesicles. 
2021. pp. 89-97

[126] Meldolesi J. Exosomes 
and ectosomes in intercellular 
communication. Current Biology. 
2018;28(8):R435-R444

[127] Mathieu M, Névo N, Jouve M, 
Valenzuela JI, Maurin M, Verweij FJ, 
et al. Specificities of exosome versus 

small ectosome secretion revealed by 
live intracellular tracking of CD63 
and CD9. Nature Communications. 
2021;12(1):4389

[128] Maniatis A, Rizopoulou D, 
Shaukat A-N, Grafanaki K, 
Stamatopoulou V, Stathopoulos C. 
Vault particles in cancer progression, 
multidrug resistance, and drug 
delivery: Current insights and future 
applications. International Journal of 
Molecular Sciences. 2025;26(4):1562

[129] Kurdi M, Bamaga A, Alkhotani A, 
Alsharif T, Abdel-Hamid GA, Selim ME, 
et al. Mitochondrial DNA alterations in 
glioblastoma and current therapeutic 
targets. Frontiers in Bioscience-
Landmark. 2024;29(10):367

[130] Yun CW, Kim HJ, Lim JH, 
Lee SH. Heat shock proteins: Agents of 
cancer development and therapeutic 
targets in anti-cancer therapy. Cells. 
2019;9(1):60

[131] Thuault S, Ghossoub R, 
David G, Zimmermann P. A journey 
on extracellular vesicles for matrix 
metalloproteinases: A mechanistic 
perspective. Frontiers in Cell and 
Developmental Biology. 2022;10:886381

[132] Hawkins CC, Ali T, Ramanadham S, 
Hjelmeland AB. Sphingolipid metabolism 
in glioblastoma and metastatic brain 
tumors: A review of sphingomyelinases 
and sphingosine-1-phosphate. 
Biomolecules. 2020;10(10):1357

[133] Wang Z-H, Peng W-B, Zhang P, 
Yang X-P, Zhou Q. Lactate in the tumour 
microenvironment: From immune 
modulation to therapy. eBioMedicine. 
2021;73

[134] Paredes F, Williams HC, Martin AS. 
Metabolic adaptation in hypoxia and 
cancer. Cancer Letters. 2021;502:133-142



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

79

[135] Ajarrag S, St-Pierre Y. Galectins 
in glioma: Current roles in cancer 
progression and future directions 
for improving treatment. Cancers. 
2021;13(21):5533

[136] Deng F, Ratri A, Deighan C, 
Daaboul G, Geiger PC, Christenson LK. 
Single-particle interferometric 
reflectance imaging characterization 
of individual extracellular vesicles 
and population dynamics. Journal 
of Visualized Experiments: JoVE. 
2022;(179):10-3791

[137] Chen J, Zheng M, Xiao Q, Wang H, 
Chi C, Lin T, et al. Recent advances 
in microfluidic-based extracellular 
vesicle analysis. Micromachines. 
2024;15(5):630

[138] Jeong D, Kim MJ, Park Y, Chung J, 
Kweon H-S, Kang N-G, et al. Visualizing 
extracellular vesicle biogenesis in 
gram-positive bacteria using super-
resolution microscopy. BMC Biology. 
2022;20(1):270

[139] Maas S, LN, Broekman MLD, de 
Vrij J. Tunable resistive pulse sensing 
for the characterization of extracellular 
vesicles. In: Exosomes and Microvesicles: 
Methods and Protocols. Springer; 
2016. pp. 21-33

[140] Dabral P, Bhasin N, Ranjan M, 
Makhlouf MM, Abd Elmageed ZY. 
Tumor-derived extracellular vesicles as 
liquid biopsy for diagnosis and prognosis 
of solid tumors: Their clinical utility and 
reliability as tumor biomarkers. Cancers. 
2024;16(13):2462

[141] Kumar MA, Baba SK, Sadida HQ, 
Al Marzooqi S, Jerobin J, Altemani FH, 
et al. Extracellular vesicles as tools and 
targets in therapy for diseases. Signal 
Transduction and Targeted Therapy. 
2024;9(1):27

[142] Wang S, Sun J, Dastgheyb RM, Li Z. 
Tumor-derived extracellular vesicles 
modulate innate immune responses to 
affect tumor progression. Frontiers in 
Immunology. 2022;13:1045624

[143] Zhu X, Gao M, Yang Y, Li W, Bao J, 
Li Y. The CRISPR/Cas9 system delivered 
by extracellular vesicles. Pharmaceutics. 
2023;15(3):984

[144] Yekula A, Taylor A, Beecroft A, 
Kang KM, Small JL, Muralidharan K, 
et al. The role of extracellular vesicles in 
acquisition of resistance to therapy in 
glioblastomas. Cancer Drug Resistance. 
2021;4(1):1

[145] Greenberg ZF, Graim KS, He M. 
Towards artificial intelligence-enabled 
extracellular vesicle precision drug 
delivery. Advanced Drug Delivery 
Reviews. 2023;199:114974

[146] Sol N, Sjors GJG, Vancura A, 
Tjerkstra M, Leurs C, Rustenburg F, 
et al. Tumor-educated platelet RNA for 
the detection and (pseudo) progression 
monitoring of glioblastoma. Cell Reports 
Medicine. 2020;1(7)

[147] Campanella R, Guarnaccia L, 
Cordiglieri C, Trombetta E, Caroli M, 
Carrabba G, et al. Tumor-educated 
platelets and angiogenesis in 
glioblastoma: Another brick in the wall 
for novel prognostic and targetable 
biomarkers, changing the vision from a 
localized tumor to a systemic pathology. 
Cells. 2020;9(2):294

[148] Best MG, Wesseling P, 
Wurdinger T. Tumor-educated platelets 
as a noninvasive biomarker source 
for cancer detection and progression 
monitoring. Cancer Research. 
2018;78(13):3407-3412

[149] Bian X, Yin S, Yang S, Jiang X, 
Wang J, Zhang M, et al. Roles of platelets 



Glioblastoma – New Solutions for Brain Cancerogenesis

80

in tumor invasion and metastasis: A 
review. Heliyon. 2022;8(12)

[150] Roweth HG, Battinelli EM. 
Lessons to learn from tumor-educated 
platelets. Blood, The Journal of the 
American Society of Hematology. 
2021;137(23):3174-3180

[151] Jiang X, Wang J, Deng X, 
Xiong F, Zhang S, Gong Z, et al. The 
role of microenvironment in tumor 
angiogenesis. Journal of Experimental & 
Clinical Cancer Research. 2020;39:1-19

[152] Liao K, Zhang X, Liu J, Teng F, 
He Y, Cheng J, et al. The role of platelets 
in the regulation of tumor growth and 
metastasis: The mechanisms and targeted 
therapy. MedComm. 2023;4(5):e350

[153] Best MG, Sol N, Kooi I, Tannous J, 
Westerman BA, Rustenburg F, et al. 
RNA-Seq of tumor-educated platelets 
enables blood-based pan-cancer, 
multiclass, and molecular pathway 
cancer diagnostics. Cancer Cell. 
2015;28(5):666-676

[154] Joosse SA, Pantel K. Tumor-
educated platelets as liquid biopsy 
in cancer patients. Cancer Cell. 
2015;28(5):552-554

[155] Jovčevska I. Next generation 
sequencing and machine learning 
technologies are painting the epigenetic 
portrait of glioblastoma. Frontiers in 
Oncology. 2020;10:798

[156] Conte L, Caruso G, Philip AK, 
Cucci F, De Nunzio G, Cascio D, et al. 
Artificial intelligence-assisted drug and 
biomarker discovery for glioblastoma: A 
scoping review of the literature. Cancers. 
2025;17(4):571

[157] Di Sario G, Rossella V, Famulari ES, 
Maurizio A, Lazarevic D, Giannese F, 

et al. Enhancing clinical potential of 
liquid biopsy through a multi-omic 
approach: A systematic review. Frontiers 
in Genetics. 2023;14:1152470

[158] Fontanilles M, Heisbourg J-D, 
Daban A, Di Fiore F, Pépin L-F, 
Marguet F, et al. Metabolic remodeling 
in glioblastoma: A longitudinal multi-
omics study. Acta Neuropathologica 
Communications. 2024;12(1):1-13

[159] Tomar MS, Shrivastava A. Role 
of miRNA in glioma pathogenesis, 
diagnosis, and therapeutic outcomes. 
In: Molecular Biology and Treatment 
Strategies for Gliomas. London, UK: 
IntechOpen; 2023

[160] Garcia CM, Toms SA. The role of 
circulating microRNA in glioblastoma 
liquid biopsy. World Neurosurgery. 
2020;138:425-435

[161] Suvarnapathaki S, Serrano-Farias A, 
Dudley JC, Bettegowda C, Rincon-
Torroella J. Unlocking the potential of 
circulating miRNAs as biomarkers in 
glioblastoma. Life. 2024;14(10):1312

[162] Chen M, Medarova Z, Moore A. 
Role of micrornas in glioblastoma. 
Oncotarget. 2021;12(17):1707

[163] Nikaki A, Piperi C, 
Papavassiliou AG. Role of micrornas 
in gliomagenesis: Targeting miRNAs 
in glioblastoma multiforme therapy. 
Expert Opinion on Investigational Drugs. 
2012;21(10):1475-1488

[164] Alum EU. Ai-driven biomarker 
discovery: Enhancing precision in cancer 
diagnosis and prognosis. Discover 
Oncology. 2025;16(1):1-12

[165] Plate KH, Breier G, Weich HA, 
Risau W. Vascular endothelial growth 



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

81

factor is a potential tumour angiogenesis 
factor in human gliomas in vivo. Nature. 
1992;359(6398):845-848

[166] Tirrò E, Massimino M, Romano C, 
Martorana F, Pennisi MS, Stella S, 
et al. Prognostic and therapeutic roles 
of the insulin growth factor system in 
glioblastoma. Frontiers in Oncology. 
2021;10:612385

[167] Brem S, Tsanaclis AMC, 
Gately S, Gross JL, Herblin WF. 
Immunolocalization of basic fibroblast 
growth factor to the micro vasculature 
of human brain tumors. Cancer. 
1992;70(11):2673-2680

[168] Trojan J, Cloix J-F, Ardourel 
M-Y, Chatel M, Anthony DD. Insulin-
like growth factor type I biology 
and targeting in malignant gliomas. 
Neuroscience. 2007;145(3):795-811

[169] Wu WY-Y, Dahlin AM, Wibom C, 
Björkblom B, Melin B. Prediagnostic 
biomarkers for early detection of 
glioma—Using case–control studies 
from cohorts as study approach. 
Neuro-Oncology Advances. 
2022;4(Supplement_2):ii73-ii80

[170] Carlson HE, Mariz IK, 
Daughaday WH. Thyrotropin-releasing 
hormone stimulation and somatostatin 
inhibition of growth hormone secretion 
from perfused rat adenohypophyses. 
Endocrinology. 1974;94(6):1709-1713

[171] Daughaday WH, Rotwein P. 
Insulin-like growth factors I and II. 
peptide, messenger ribonucleic acid 
and gene structures, serum, and tissue 
concentrations. Endocrine Reviews. 
1989;10(1):68-91

[172] Ziegler AN, Levison SW, Wood TL. 
Insulin and IGF receptor signalling 

in neural-stem-cell homeostasis. 
Nature Reviews Endocrinology. 
2015;11(3):161-170

[173] Zhang M, Liu J, Li M, Zhang S, 
Yanmei L, Liang Y, et al. Insulin-like 
growth factor 1/insulin-like growth 
factor 1 receptor signaling protects 
against cell apoptosis through the PI3k/
AKT pathway in glioblastoma cells. 
Experimental and Therapeutic Medicine. 
2018;16(2):1477-1482

[174] Chakravarti A, Loeffler JS, 
Dyson NJ. Insulin-like growth factor 
receptor I mediates resistance to anti-
epidermal growth factor receptor 
therapy in primary human glioblastoma 
cells through continued activation of 
phosphoinositide 3-kinase signaling. 
Cancer Research. 2002;62(1):200-207

[175] Kim MM, Umemura Y, Leung D. 
Bevacizumab and glioblastoma: Past, 
present, and future directions. The 
Cancer Journal. 2018;24(4):180-186

[176] Quintero G, Trojan J, et al. 
Glioblastoma-application of gene therapy 
during a quarter of a century: Anti-gene 
IGF-I strategy. Acta Scientific Cancer 
Biology. 2020;4:38-45

[177] Liu B, Zhou H, Tan L, Siu KTH, 
Guan X-Y. Exploring treatment options 
in cancer: Tumor treatment strategies. 
Signal Transduction and Targeted 
Therapy. 2024;9(1):175

[178] Rad D, M, Nazari H, Naei VY, 
Lotfi M, Aref AR, Warkiani ME. Cancer 
nanotechnology: A new approach to 
upgrade cancer diagnosis and therapy. In: 
Functionalized Nanomaterials for Cancer 
Research. Elsevier; 2024. pp. 37-62

[179] Reardon DA, Turner S, Peters KB, 
Desjardins A, Gururangan S, 
Sampson JH, et al. A review of VEGF/



Glioblastoma – New Solutions for Brain Cancerogenesis

82

VEGFR-targeted therapeutics for 
recurrent glioblastoma. Journal of 
the National Comprehensive Cancer 
Network. 2011;9(4):414-427

[180] Reardon DA, Wen PY, Desjardins A, 
Batchelor TT, Vredenburgh JJ. 
Glioblastoma multiforme: An emerging 
paradigm of anti-VEGF therapy. 
Expert Opinion on Biological Therapy. 
2008;8(4):541-553

[181] Nicolas S, Abdellatef S, Al 
Haddad M, Fakhoury I, El-Sibai M. 
Hypoxia and EGF stimulation 
regulate VEGF expression in human 
glioblastoma multiforme (GBM) cells 
by differential regulation of the PI3K/
Rho-GTPase and MAPK pathways. 
Cells. 2019;8(11):1397

[182] Keunen O, Johansson M, Oudin A, 
Sanzey M, Abdul Rahim SA, Fack F, 
et al. Anti-vegf treatment reduces 
blood supply and increases tumor cell 
invasion in glioblastoma. Proceedings 
of the National Academy of Sciences. 
2011;108(9):3749-3754

[183] Oka N, Soeda A, Inagaki A, 
Onodera M, Maruyama H, Hara A, 
et al. Vegf promotes tumorigenesis and 
angiogenesis of human glioblastoma 
stem cells. Biochemical and 
Biophysical Research Communications. 
2007;360(3):553-559

[184] Hongsheng X, Zong H, Ma C, 
Ming X, Shang M, Li K, et al. Epidermal 
growth factor receptor in glioblastoma. 
Oncology Letters. 2017;14(1):512-516

[185] Pudełek M, Król K, Catapano J, 
Wróbel T, Czyż J, Ryszawy D. Epidermal 
growth factor (EGF) augments the 
invasive potential of human glioblastoma 
multiforme cells via the activation of 
collaborative EGFR/ROS-dependent 

signaling. International Journal of 
Molecular Sciences. 2020;21(10):3605

[186] Furnari FB, Cloughesy TF, 
Cavenee WK, Mischel PS. 
Heterogeneity of epidermal growth 
factor receptor signalling networks in 
glioblastoma. Nature Reviews Cancer. 
2015;15(5):302-310

[187] Halatsch M-E, Schmidt U, 
Behnke-Mursch J, Unterberg A, 
Wirtz CR. Epidermal growth factor 
receptor inhibition for the treatment 
of glioblastoma multiforme and other 
malignant brain tumours. Cancer 
Treatment Reviews. 2006;32(2):74-89

[188] Joseph JV, Balasubramaniyan V, 
Walenkamp A, Kruyt FAE. TGF-β as a 
therapeutic target in high grade gliomas–
promises and challenges. Biochemical 
Pharmacology. 2013;85(4):478-485

[189] Pandey S, Yadav P. Liquid biopsy 
in cancer management: Integrating 
diagnostics and clinical applications. 
Practical Laboratory Medicine. 
2024:e00446

[190] Valerius AR, Webb MJ, Hammad N, 
Sener U, Malani R. Cerebrospinal fluid 
liquid biopsies in the evaluation of adult 
gliomas. Current Oncology Reports. 
2024;26(4):377-390

[191] Fujii H, Nagakura H, Kobayashi N, 
Kubo S, Tanaka K, Watanabe K, et al. 
Liquid biopsy for detecting epidermal 
growth factor receptor mutation among 
patients with non-small cell lung cancer 
treated with afatinib: A multicenter 
prospective study. BMC Cancer. 
2022;22(1):1035

[192] Hindson BJ, Ness KD, 
Masquelier DA, Belgrader P, Heredia NJ, 
Makarewicz AJ, et al. High-throughput 
droplet digital PCR system for 



Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid…
DOI: http://dx.doi.org/10.5772/intechopen.1011086

83

absolute quantitation of DNA copy 
number. Analytical Chemistry. 
2011;83(22):8604-8610

[193] Liu Y, Tian H, Chen X, Liu W, 
Xia K, Huang J, et al. Indirect surface-
enhanced Raman scattering assay of 
insulin-like growth factor 2 receptor 
protein by combining the aptamer 
modified gold substrate and silver 
nanoprobes. Microchimica Acta. 
2020;187:1-9

[194] Pohlman AW, Moudgalya H, 
Jordano L, Lobato GC, Gerard D, 
Liptay MJ, et al. The role of IGF-pathway 
biomarkers in determining risks, 
screening, and prognosis in lung cancer. 
Oncotarget. 2022;13:393

[195] Bauman MMJ, Bouchal SM, 
Monie DD, Aibaidula A, Singh R, 
Parney IF. Strategies, considerations, and 
recent advancements in the development 
of liquid biopsy for glioblastoma: A 
step towards individualized medicine 
in glioblastoma. Neurosurgical Focus. 
2022;53(6):E14

[196] Sloan-Dennison S, Laing S, 
Graham D, Faulds K. From Raman 
to SESORRS: Moving deeper into 
cancer detection and treatment 
monitoring. Chemical Communications. 
2021;57(93):12436-12451

[197] Premachandran S, Haldavnekar R, 
Ganesh S, Das S, Venkatakrishnan K, 
Tan B. Self-functionalized superlattice 
nanosensor enables glioblastoma 
diagnosis using liquid biopsy. ACS Nano. 
2023;17(20):19832-19852

[198] Torun H, Batur N, Bilgin B, 
Esengur OT, Baysal K, Kulac I, et al. 
Machine learning-based approach 
to identify formalin-fixed paraffin-
embedded glioblastoma and healthy 
brain tissues. In: Roblyer PJ, editor. 

Multiscale Imaging and Spectroscopy III. 
Vol. 11944. SPIE; 2022. 1194407

[199] Torun H, Bilgin B, Ilgu M, Batur N, 
Ozturk M, Barlas T, et al. Rapid 
nanoplasmonic-enhanced detection 
of SARS-CoV-2 and variants on DNA 
aptamer metasurfaces. Advanced Devices 
& Instrumentation. 2023;4:0008

[200] Nguyen A, Patel V. Liquid biopsy 
in glioblastoma: Current status and 
future perspectives. Journal of Molecular 
Diagnostics. 2022;24:1125-1140

[201] Ishwar D, Haldavnekar R, Das S, 
Tan B, Venkatakrishnan K. Glioblastoma 
associated natural killer cell EVS 
generating tumour-specific signatures: 
Noninvasive GBM liquid biopsy with 
self-functionalized quantum probes. ACS 
Nano. 2022;16(7):10859-10877

[202] Zhang Y, Mi X, Tan X, Xiang R. 
Recent progress on liquid biopsy 
analysis using surface-enhanced 
Raman spectroscopy. Theranostics. 
2019;9(2):491

[203] Wu Y, Wang Y, He C, Wang Y, 
Ma J, Lin Y, et al. Precise diagnosis of 
breast phyllodes tumors using Raman 
spectroscopy: Biochemical fingerprint, 
tumor metabolism and possible 
mechanism. Analytica Chimica Acta. 
2023;1283:341897

[204] Kong K, Kendall C, Stone N, 
Notingher I. Raman spectroscopy for 
medical diagnostics—From in-vitro 
biofluid assays to in-vivo cancer 
detection. Advanced Drug Delivery 
Reviews. 2015;89:121-134

[205] Torun H. Raman Spectroscopic 
and Microscopic Analysis of Tissue 
Type, Molecular Composition, and 
Glioblastoma Identification in Brain 
Tissue Sections. Koç University 
Repository; 2021



Glioblastoma – New Solutions for Brain Cancerogenesis

84

[206] Zhang S, Qi Y, Tan SPH, Bi R, 
Olivo M. Molecular fingerprint 
detection using Raman and infrared 
spectroscopy technologies for cancer 
detection: A progress review. Biosensors. 
2023;13(5):557

[207] Zhang W, Patel S. Future 
perspectives in glioblastoma diagnostics: 
Integrating Raman spectroscopy and 
artificial intelligence. Trends in Cancer. 
2023;9(2):145-162

[208] Krafft C, Beleites C, Schie IW, 
Clement JH, Popp J. Raman-based 
identification of circulating tumor cells 
for cancer diagnosis. In: Biomedical 
Vibrational Spectroscopy 2016: Advances 
in Research and Industry. Vol. 9704. 
SPIE; 2016. pp. 24-30

[209] Wu L, Dias A, Dieguez L. Surface 
enhanced Raman spectroscopy for tumor 
nucleic acid: Towards cancer diagnosis 
and precision medicine. Biosensors and 
Bioelectronics. 2022;204:114075

[210] Lv W, Fu B, Liu W, Huang W, 
Li M, Liu Y, et al. Efficient detection 
of single circulating tumor cell in 
blood using Raman mapping based on 
aptamer-SERS bio-probe coupled with 
micropore membrane filtration. Talanta. 
2024;267:125220

[211] Li X, Yang T, Li CS, Song Y, Wang D, 
Jin L, et al. Polymerase chain reaction-
surface-enhanced Raman spectroscopy 
(PCR-SERS) method for gene 
methylation level detection in plasma. 
Theranostics. 2020;10(2):898

[212] Stejskal P, Goodarzi H, Srovnal J, 
Hajdúch M, Veer LJ v’t, Magbanua MJM. 
Circulating tumor nucleic acids: 
Biology, release mechanisms, and 
clinical relevance. Molecular Cancer. 
2023;22(1):15

[213] Witsch E, Sela M, Yarden Y. Roles 
for growth factors in cancer progression. 
Physiology. 2010;25(2):85-101

[214] Chen S, Liu D. Advances in 
glioblastoma diagnostics and therapeutic 
monitoring: Emerging technologies 
and future directions. Nature Reviews 
Oncology. 2023;20:101-118

[215] Kumar R, Zhang W. Ai-driven 
diagnostics and raman spectroscopy: 
Innovations in glioblastoma care. Journal 
of Neuro-Oncology. 2021;154:555-572

[216] Roberts E, Smith K. Artificial 
intelligence in glioblastoma diagnostics: 
Applications and challenges. Cancer 
Research. 2022;82:1255-1271

[217] Liu R, Williams C. Multi-omics 
integration in glioblastoma diagnostics 
and therapeutic targeting. Cell Reports 
Medicine. 2023;4:101237

[218] Smith L, Garcia M. Omics-based 
approaches to improve glioblastoma 
diagnostics and care. Trends in Cancer. 
2022;8:515-528

[219] Rogers E, Johnson M. Multi-omics 
approaches in glioblastoma: Integrating 
data to improve diagnostics and therapy. 
Nature Reviews Cancer. 2021;21:505-519

[220] Garcia L, Lee P. Glioblastoma 
diagnostics in the era of personalized 
medicine: Opportunities and challenges. 
Frontiers in Oncology. 2023;13:987123

[221] Hayes M, Taylor A. Raman 
spectroscopy in cancer diagnostics: 
A pathway to clinical adoption in 
glioblastoma. Journal of Biomedical 
Optics. 2022;27(5):051102



85

Section 3

Therapy of Tumour





87

Chapter 4

Astrocytes in Glioblastoma 
Therapy: A Novel Approach 
to Targeting Tumor 
Microenvironment
Ravindri Jayasinghe and Nadun Danushka

Abstract

Glioblastomas (GBM) are one of the most aggressive tumors of the brain with a 
devastating prognosis despite its standard treatment of chemoradiotherapy and surgery. 
Astrocytes play a vital role in the tumor microenvironment (TME) of GBM, signifi-
cantly influencing tumor progression and therapeutic outcomes. This chapter explores 
the complex interplay between astrocytes and GBM cells, highlighting the potential 
of targeting astrocytes within the TME as a novel therapeutic approach. Astrocytes 
undergo astrogliosis in response to GBM, adopting a reactive phenotype that contributes 
to tumor growth and invasion. The heterogeneity of astrocytes within the GBM micro-
environment has been revealed, with distinct subpopulations correlating with different 
GBM subtypes. Key signaling pathways, including NF-κB, Sonic hedgehog, p53, IL-6/
JAK/STAT, and PI3K/Akt, mediate the crosstalk between astrocytes and GBM cells, 
promoting tumor proliferation, invasion, and angiogenesis. Reactive astrocytes secrete 
growth factors, cytokines, and extracellular vesicles that enhance GBM cell survival and 
invasiveness. Understanding these interactions provides insights into potential therapeu-
tic targets for GBM treatment. This chapter aims to elucidate the molecular mechanisms 
underlying astrocyte-GBM interactions and explore promising avenues for developing 
astrocyte-targeted therapies to improve outcomes in this challenging malignancy.

Keywords: glioblastoma, astrocytes, tumor microenvironment, targeted therapy,  
GBM treatment

1.  Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor in 
adults, with a median onset age of 55–60 years [1]. It is one of the most aggressive 
tumors of all, with a poor prognosis despite the standard treatment of surgery 
followed by chemoradiotherapy. They also display the highest recurrence rate and 
resistance to therapy. There is much focus drawn into exploring potential treatments 
through targeted therapy and molecular mechanisms; however, most patients have 
dismal outcomes with a survival rate of up to 18–20 months, and in rare cases, 2 years, 
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instead of previously 1-year survival following diagnosis [2–5]. This may be due to 
the hurdle of crossing the blood-brain barrier (BBB). Astrocytes play a major role in 
the BBB by selecting the exchange molecules through the barrier. Their oncogenic 
transformation in the progression of GBM would compromise the BBB and permit the 
entry of immune cells into blood-activating astrocytes [6].

Glioblastomas are in constant interaction with the surrounding tumor microen-
vironment (TME). The TME is a heterogeneous collection of cancerous and noncan-
cerous cells including endothelial cells, immune cells, astrocytes, and glioblastoma 
stem cells within an extracellular matrix (ECM). The TME plays a critical role in 
tumor development. Extracellular vesicles (EV) in the TME establish bidirectional 
communication between tumor and TME [7, 8]. GBM communicates with host cells 
through cytokines and EVs, converting them into pro-tumor phenotypes promoting 
tumor evolution by the alteration of TME. Thus, recognizing this process and target-
ing the TME shows the potential to guide diagnostic and therapeutic strategies [9, 10]. 
Astrocytes and other myeloid-derived cells, including microglia and macrophages, 
are the first interactors of GBM. They have been found to aid tumor progression 
by promoting immune escape [9]. Astrocytes manipulate GBM behavior in diverse 
mechanisms and understanding the association between astrocytes and GBM would 
shed light on optimizing targeted therapy. Targeting astrocytes within the TME in 
inhibiting the progression of GBM shows much potential in guiding therapy.

Most literature focuses on targeting tumor cells to guide therapeutic targets for 
GBM. This chapter aims to depict the molecular interactions and understanding of 
the complex interplay between GBM cells and astrocytes. The chapter also focuses 
on the TME in identifying the promising therapeutic potential of manipulating 
astrocytes within the TME describing the current developments in astrocyte-targeted 
therapies for GBM and its future directions.

2.  Tumor microenvironment in glioblastoma

The tumor microenvironment (TME) comprises extracellular matrix (ECM), 
noncancerous cells, and biomolecules. Astrocytes, glioblastoma stem cells (GSCs), 
vascular pericytes, fibroblasts, immune cells, microglia, and endothelial cells (ECs) 
constitute the noncancerous cells in the TME. Biomolecules are produced by noncan-
cerous cells and include cytokines, chemokines, nitric oxide (NO), and hormones. 
TME regulates most functions of GBM and the tissue adjacent to it and this interac-
tion plays a vital role in tumor development [11, 12]. The concept of the “Niche” was 
developed to describe the locations where the TME exerts the maximum influence 
and to describe the distribution of GSC in the tumor. The GSCs are localized into 
specific niches: the sub-ventricular zone (SVZ) and sub-granular zone (SGZ) [13].

Hypoxia is a notable character in GBM present in variable degrees within the 
tumor and the TME. They are characterized by extensive necrotic areas and thus a 
hallmark of GBM [13]. The hypoxia activates hypoxia-inducible factors (HIFs) which 
regulate the expression of oncogenes, transcription factors, and proangiogenic factors 
such as angiopoietins, vascular endothelial growth factor (VEGF), transforming 
growth factor β (TGF-β), which play a main role in GSC maintenance, self-renewal, 
invasion, and expansion. Furthermore, hypoxia contributes to the recruitment of 
macrophages and metabolic programming, which form the inflammatory niche. 
Macrophages facilitate the expansion of the GSCs by secreting IL-6 and TGF-β [14]. 
GSCs have been assumed to represent a subset of cells within GBM with the ability 
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to generate new tumor which contributes to the cellular heterogeneity of the tumor. 
Biomolecules including NO, cyclic guanosine monophosphate, and Fibroblast growth 
factor (FGF-2) were found to preserve the stemness of GSCs [15]. Glioma-associated 
microglia/macrophages (GAM) are known to contribute to tumor progression as they 
are related to immunological features of gliomas. They increase the invasiveness of 
the GBM by secreting factors such as TGF-β, which promotes the release of MMP2, 
MMP, versican, and the matrix metalloproteases that degrade collagen and elastin 
comprising the ECM [16]. Furthermore, TGF-β enhances the potential of GAMs to 
inhibit T cell proliferation and promote tumor progression.

Tumor angiogenesis is mainly determined by the ECs, pericytes, and GSCs specifi-
cally by the pericyte-EC interactions that are responsible for forming endothelial 
junctions and recruiting macrophages associated with tumor angiogenesis. Pericytes 
play a major role in the vascular maturation of the tumor, promoting tumor growth, 
and, together with the disruption of the BBB, they serve as a marker of neovascular-
ization [17]. Interactions between ECM and GBM cells regulate the malignant nature 
of the tumor, facilitating invasiveness and infiltration of GBM.

3.  Astrocyte function in glioblastoma

Astrocytes are glial cells that play a vital physiological role in the brain. They have 
numerous functions, which include synaptic transportation via calcium signaling, 
maintaining fluid homeostasis via aquaporin 4 channels, regulating ion homeostasis 
by the Na+/H+ exchanger, maintaining transmitter homeostasis at the synaptic 
interstitial fluid, and guiding the migration of neuroblasts and axons in development 
of neurons. They also serve as primary mediators of alterations in CNS blood flow 
[11]. Astrocytes play a pivotal role in synaptic activity and plasticity by regulating 
the balance between excitatory and inhibitory transmission, contributing to normal 
brain function. Furthermore, they are an important component of the BBB, which is 
formed by ECs forming tight junctions surrounded by basal lamina, pericytes, and 
astrocyte end-feet controlling the transport of metabolites from blood to the brain 
parenchyma and transport of waste products from the brain to blood using multiple 
substrate-specific transport systems, thus serving as a key homeostatic point between 
the systemic circulation and the CNS [11].

3.1 Astrogliosis

Astrogliosis, a phenomenon observed in various CNS pathologies including 
GBM, represents a complex cellular response characterized by the transformation of 
astrocytes into reactive states. This process is marked by significant morphological 
and functional alterations, notably cellular hypertrophy and enhanced proliferation 
at sites of injury. The reactive astrocytes exhibit upregulation of a diverse array of 
cellular components, encompassing intermediate filaments (e.g., nestin, vimentin), 
signaling receptors (e.g., c-MET), transcription factors (e.g., STAT-3), growth factors 
(e.g., brain-derived neurotrophic factor (BDNF), growth differentiation factor-15 
(GDF-15)), cell adhesion molecules (e.g., CD44), and extracellular matrix constitu-
ents (e.g., collagens, versican). These molecular changes are integral to tissue repair 
mechanisms and the overall CNS response to pathological insults [18]. Concomitantly, 
reactive astrocytes secrete pro-inflammatory mediators, including cytokines such 
as Interleukin 6 (IL-6), and C-C motif chemokine ligand 2 (CCL2), as well as NO, 
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potentially exacerbating neuroinflammatory cascades [11]. In the context of acute 
brain injuries, astrogliosis would upregulate glial fibrillary acidic protein (GFAP), con-
tributing to the formation of a “glial scar”. This serves as a functional barrier, playing 
pivotal roles in modulating inflammation, isolation of the lesion, facilitating blood-
brain barrier repair, enhancing synaptic plasticity, and initiating neuronal circuit 
reorganization, thereby potentially improving clinical outcomes and survival [11].

3.2 Astrocytes in tumor microenvironment

Recent advancements in astrocyte biology have unveiled the heterogeneous nature 
of these cells within the GBM microenvironment. Empirical studies have delineated 
five distinct astrocyte subpopulations, each characterized by unique morphological, 
molecular, and functional attributes across three regions in CNS [19]. The region-spe-
cific gene signatures of these astrocytes are correlated with gliomas harboring distinct 
genomic alterations, suggesting differential roles for astrocytes in their interactions 
within the GBM microenvironment. Moreover, investigations into tumor-associated 
astrocytes (TAAs) have revealed distinctive gene expression patterns, with certain 
stromal astrocytes in the tumor milieu expressing GBM-specific gene signatures 
that correlate with patient survival outcomes [20]. The intrinsic heterogeneity of 
astrocytes has been demonstrated to significantly influence glioma pathogenesis, with 
various astrocyte phenotypes showing correlations with different GBM subtypes [11].

3.3 Crosstalk and signaling pathways

The GBM microenvironment is critical for tumor progression, with adjacent paren-
chymal and non-malignant cells supporting its growth. Astrocytes, a key component 
of this environment, adopt a reactive phenotype upon interacting with tumor cells, 
releasing growth factors, chemokines, and cytokines that facilitate ongoing astrocyte 
activation and signaling with stroma and GBM cells. This interaction leads to increased 
expression of glial fibrillary acidic protein (GFAP) and connexin 43 (CX43), creating 
conditions conducive to glioma cell invasion [21]. Additionally, the TGF-β1 signaling 
pathway upregulates matrix metalloproteinase 2 (MMP2), enhancing the infiltrative 
capacity of GBM cells, while stromal cell-derived factor-1 (SDF1) secreted by reactive 
astrocytes promotes their uncontrolled proliferation. Thus, reactive astrocytes play a 
significant role in the TME by promoting malignancy through abnormal cell prolifera-
tion and malignant transformation. Understanding the pathways involved in these 
interactions is essential for developing targeted therapies [22].

3.3.1 NF-κB

Activated astrocytes increase significantly around invasive tumors expressing 
high levels of receptor activator of nuclear factor kappa-B ligand (RANKL). GBM-
produced RANKL activates astrocytes via NF-κB signaling, leading to the secretion 
of factors regulating glioma invasion, particularly enhancing TGF-β signaling [23]. 
Fibulin-3 from GBM cells also activates NF-κB in peritumoral astrocytes, promot-
ing tumor progression. Lipopolysaccharide (LPS), another NF-κB activator, can 
be inhibited by tetrandrine (TET), potentially preventing astrocyte reactivity. 
Additionally, astrocyte-derived C-C motif ligand 20 (CCL20) interacts with the C-C 
motif receptor (CCR6), stimulating NF-κB signaling and increasing HIF-1α under 
hypoxia, further enhancing GBM proliferation [24].
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3.3.2 Sonic hedgehog (SHH)

Neuron-derived sonic hedgehog (SHH) plays a crucial role in regulating the 
molecular and functional profiles of astrocytes. In the perivascular niche of gliomas, 
two populations of SHH-producing stromal cells, astrocytes and endothelial cells, are 
highly concentrated. The SHH signaling pathway is activated when SHH, secreted by 
glioblastoma multiforme (GBM) cells, binds to the patched (PTCH) receptor on TAA, 
relieving the inhibition on the smoothened (SMO) receptor. This leads to the activa-
tion of GLI transcription factors, through TAA activation. Deregulation of SHH-Gli 
signaling has been associated with hyperproliferation of precursor cells and potential 
brain tumor initiation, while its suppression inhibits glioma cell migration and inva-
sion. The SHH-Gli pathway facilitates astrocyte activation in the perivascular niche, 
promoting glioma invasion [25, 26].

3.3.3 p53

The tumor suppressor gene p53 plays a crucial role in the interaction between 
glioblastoma multiforme (GBM) and astrocytes, with mutations present in up to 
87% of GBM cases [27]. While p53 normally initiates cell death or growth arrest 
under healthy conditions, this function is inhibited in p53-deficient cancer cells. 
p53 also modulates the expression of tumor cell-secreted proteins in the extracel-
lular matrix (ECM) of GBM [28]. The ECM of p53+/− astrocytes exhibits higher 
levels of laminin and fibronectin, promoting epithelial-to-mesenchymal transition 
(EMT) and increasing GBM cell invasiveness promoting survival of GBM cells [29]. 
Additionally, GBM cells cultured in p53+/− astrocyte ECM show increased expres-
sion of N-cadherin and vimentin, markers associated with apoptosis resistance. This 
bidirectional relationship between GBM cells and the tumor microenvironment, 
where GBM hinders the expression of p53 in astrocytes, induces a lenient environ-
ment to tumor cells, with p53 reactivation emerging as a promising therapeutic 
approach [30].

3.3.4 IL-6/JAK/STAT

Recent studies have revealed the significant role of interleukin-6 (IL-6) in promot-
ing glioblastoma multiforme (GBM) progression and malignancy. Tumor-associated 
astrocytes secrete IL-6, which activates the JAK/STAT signaling pathway in the TME. 
The activation of STAT3 protein is linked to aggressive clinical behavior in GBM. The 
activation of the IL6/STAT pathway leads to increased expression of matrix metal-
loproteinases (MMP2, MMP9, and MMP-14), enhancing GBM invasiveness through 
extracellular matrix degradation [31]. Furthermore, STAT3, activated by IL-6, 
directly upregulates vascular endothelial growth factor (VEGF) gene expression, pro-
moting angiogenesis in GBM. STAT3 also regulates the expression of anti-apoptotic 
genes such as Bcl2l1, Bcl-2, and Mcl-1, contributing to GBM cell survival. These find-
ings highlight the complex interplay between IL-6 signaling and GBM progression, 
suggesting potential therapeutic targets by inhibition of STAT3 in GBM cells [32].

3.3.5 PI3K/Akt

Reactive astrocytes in glioblastoma multiforme (GBM) secrete glial cell line-
derived neurotrophic factor (GDNF), which activates the PI3K/Akt pathway through 
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RET/GFR1 receptor binding, promoting GBM migration. This pathway is often 
dysregulated in GBM due to phosphate and tensin homolog deleted on chromosome 
ten (PTEN) alterations. PTEN alterations by mutation, promotor methylation, and 
loss of heterozygosity are all proven to have significant tumor suppressor properties 
[33]. Activated Akt enhances GBM cell survival by regulating anti-apoptotic genes 
(Mcl-1, IAP), activating the NF-κB pathway, inhibiting p53-mediated apoptosis, and 
reducing caspase-9 activity. The PI3K/Akt pathway also increases epidermal growth 
factor receptor (EGFR) expression, including the constitutively active EGFRvIII 
variant associated with radioresistance in GBM [34]. Additionally, it regulates MMP-9 
expression and AEG-1, enhancing GBM invasiveness and proliferation. High pAkt 
expression correlates with increased malignancy and poor prognosis in GBM patients, 
highlighting the pathway’s significance in tumor progression [35]. Nevertheless, the 
works in cancerology on the signal transduction pathways related to growth factors 
have demonstrated that the overexpression of growth factors receptors signaling via 
TK/PI3K/AKT can induce immunogenicity in cancer cells. The last immunogenic cells 
increase the immune anti-tumor response [36–38].

3.4 Astrocyte function in GBM proliferation

Reactive astrocytes play a crucial role in glioblastoma multiforme (GBM) pro-
gression by secreting factors that enhance tumor growth and survival. In response 
to central nervous system injury, these astrocytes release TNF-α, TGF-β, IL-6, and 
insulin-like growth factor-1 (IGF-1), which increase the proliferation of primary 
brain tumors like GBM [39]. Additionally, extracellular vesicles (EVs) from GBM cells 
enrich the surrounding medium with fibroblast growth factor (FGF), hepatocyte 
growth factor (HGF), vascular endothelial growth factor (VEGF), chemokines, and 
interleukins, further stimulating GBM cell proliferation.

Astrocytes upregulate connexin 43 (Cx43), which modulates apoptotic responses 
in GBM cells by inhibiting mitochondrial cytochrome C release, thereby preventing 
apoptosis. Protocadherin 7 (PCDH7) in GBM cells facilitates gap junction formation 
with astrocytes, allowing the transfer of cGAMP to TAAs. This activates the STING 
pathway, promoting TNF and interferon-alpha (IFN-α) production in the tumor 
microenvironment, which activates NF-κB and STAT-1 in GBM cells, supporting pro-
liferation and invasion [40]. Astrocytes also meet the metabolic needs of GBM cells 
by synthesizing and secreting L-glutamine (Gln), essential for tumor growth, as GBM 
cells cannot produce enough themselves to satisfy their metabolic needs. GDF-15, 
overexpressed in reactive astrocytes, initially suppresses tumors by inducing Smad3 
phosphorylation and apoptosis, inhibiting the division of tumor cells. However, as the 
tumor progresses, it enhances GBM cell viability by disrupting p53 function and pro-
moting angiogenesis through increased HIF-1α and VEGF expression under hypoxic 
conditions [41]. Overall, reactive astrocytes create a supportive microenvironment 
that facilitates GBM proliferation and invasion, highlighting potential therapeutic 
targets to disrupt these interactions.

3.5 Astrocyte function in GBM invasion and migration

Glioblastoma multiforme (GBM) exhibits diffuse invasion, hindering complete 
surgical resection and effective chemoradiotherapy. GBM cells utilize extracellular 
migration routes similar to immature neurons and stem cells, often following blood 
vessels and exploiting the extracellular matrix (ECM) to support invasion [11]. 
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These cells repurpose ion channels to adjust their volume for navigating narrow 
spaces and disrupting the blood-brain barrier. Astrocytes contribute significantly to 
GBM invasion by remodeling the ECM through the release of interleukin-6 (IL-6), 
which activates matrix metalloproteinases (MMPs). The interaction between GBM 
cells and astrocytes also activates MMP2 via the uPA-plasmin cascade [42]. Astrocytes 
further promote GBM invasion by upregulating fascin-1 expression and increasing 
VEGF production, supporting cell migration and angiogenesis.

Additionally, astrocytes facilitate communication with GBM cells through ion 
channels and neurotransmitters, participating in gliotransmission and exosome-
mediated transport of miRNAs and proteins that enhance GBM progression and 
invasion. Pro-inflammatory cytokines secreted by glioma cells stimulate astrocyte 
reactivity, disrupt ion homeostasis, and regulate ion channel expression in glioma-
associated stromal cells [43, 44]. These complex interactions between GBM cells, 
astrocytes, and the tumor microenvironment collectively contribute to the aggressive 
and invasive nature of GBM, presenting significant challenges for the treatment and 
management of the disease.

4.  Therapeutic strategies targeting astrocytes

4.1  Immunotherapy-astrocyte-mediated immunosuppressive  
microenvironment

Despite significant advancements in understanding the immune regulation 
of glioblastoma multiforme (GBM) and the development of immunotherapies, 
therapeutic progress remains limited. The immune system initially activates natural 
killer (NK) cells and T lymphocytes to combat developing tumors, but cancer cells 
quickly develop resistance through immune evasion mechanisms. This evasion, 
coupled with T lymphocyte dysfunction, presents a major obstacle to effective 
immune responses, largely mediated by the immunosuppressive microenvironment 
in GBM patients [45].

Reactive astrocytes contribute significantly to this immunosuppressive environ-
ment through various mechanisms. They secrete factors such as tenascin-C, which 
impedes T cell migration, and IL-10, which inhibits pro-inflammatory mediators and 
antigen presentation [46]. The upregulation of STAT-3 in reactive astrocytes promotes 
angiogenesis, immunosuppression, and tumor invasion by recruiting regulatory T 
cells, expanding T-helper 17 cells, and promoting myeloid-derived suppressor cells 
(MDSCs). These processes collectively silence the anti-tumor Th1 response and 
inhibit CD4+ and CD8+ T cell activation [47].

Additionally, GDF-15, elevated in reactive astrocytes, impairs NK cell function, 
reduces immune cell infiltration, and disrupts dendritic cell function, further con-
tributing to immune evasion. Astrocytes also upregulate PD-L1 expression, mediated 
by GBM-derived extracellular vesicles, which inhibits T cell function [48, 49].

A distinct reactive astrocytic subtype, characterized by JAK/STAT pathway 
activation and PD-L1 expression, contributes substantially to creating an immuno-
logically “cold” tumor environment [22]. These findings highlight the complex role 
of reactive astrocytes in protecting GBM cells against anti-cancer immune responses, 
presenting significant challenges for developing effective immunotherapies and 
underscoring the need for targeted approaches to overcome this immunosuppressive 
microenvironment.



Glioblastoma – New Solutions for Brain Cancerogenesis

94

Considering JAK/STAT transduction pathway in relation to immunological 
mechanism (signaled in 3.4 Chapter), the expression of this pathway induces also 
immunogenicity playing a role in anti-tumor response; JAK/STAT is critical for 
MHC-1 expression on the cell surface [50–53].

4.2 Resistance to chemoradiotherapy

The current standard of care for glioblastoma multiforme (GBM) patients involves 
surgery followed by concomitant adjuvant temozolomide (TMZ) chemotherapy 
and radiotherapy, resulting in a median overall survival of 16 months [54]. Tumor 
treating field (TTF) therapy has shown promise, increasing median overall survival 
by 2.8 months. However, other novel treatments, including boron neutron capture 
therapy, antiangiogenic therapy, immunotherapy, epigenetic therapy, oncolytic virus 
therapy, and gene therapy, have yielded uncertain or disappointing clinical results 
despite promising preclinical data [55]. Fortunately, some recently applied immuno-
therapy and gene therapy approaches have given satisfactory clinical results in GBM 
treatments such as immune checkpoint inhibitors [56, 57] adoptive T cell therapy 
[58, 59], viral immunotherapy [60], and immuno-gene therapy [61]. The interaction 
between tumor cells and their microenvironment, particularly astrocytes, plays a 
crucial role in therapy resistance. Gap junction communication between glioma cells 
and astrocytes decreases tumor cell sensitivity to TMZ chemotherapy, while the gap 
junction protein Cx43 contributes to TMZ resistance [62].

Astrocytes also diminish glioma stem cell sensitivity to radiotherapy by influenc-
ing DNA double-strand break induction and repair. The JAK/STAT3 and PI3K/Akt 
pathways have been implicated in radioresistance, suggesting potential targets for 
enhancing treatment efficacy. In keeping with the above results, WP1066, a JAK/
STAT pathway inhibitor, was known to enhance the radiosensitivity of GBM [63]. 
Given the significant role of astrocytes in GBM resistance to chemoradiotherapy, 
further research is needed to elucidate the underlying mechanisms and develop more 
effective treatment strategies.

4.3 Therapeutic challenge

GBM remains a formidable challenge in oncology due to its cellular heterogene-
ity and invasive nature. Despite decades of research and improvements in surgical 
techniques and chemotherapy protocols, the median survival for GBM patients is 
only 14.6 months, even with multimodal treatments including surgical resection, 
radiotherapy, and adjuvant chemotherapy with Temozolomide (TMZ) [64]. The rapid 
recurrence of GBM within 2–3 cm of the original tumor site, often with increased 
aggressiveness and resistance, underscores the limitations of current therapeutic 
approaches.

The complexity of GBM treatment is compounded by multiple factors, including 
the brain’s limited cellular turnover, which restricts ablative therapies, the localiza-
tion of tumors in functional brain areas that prevent complete surgical removal, 
and the blood-brain barrier’s impediment of chemotherapeutic delivery. The genetic 
heterogeneity of GBM cells further complicates treatment, resulting in varied thera-
peutic responses. A critical factor in GBM’s resistance is the presence of glioblastoma 
stem cells (GSCs), which are abundant in aggressive cancers and responsible for 
tumor maintenance and repopulation after treatment [65–67]. These GSCs possess 
an intrinsic resistance to current therapies, necessitating innovative strategies to 
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target this critical cancer cell subpopulation. Recent research has thus focused on 
understanding the role of GSCs in GBM, particularly their ability to survive therapy, 
with the ultimate goal of developing more effective treatment approaches to improve 
patient outcomes.

4.4 Therapeutic targets

Glioblastoma stem cells (GSCs) are believed to play a critical role in the resistance 
of GBM to chemoradiotherapy and subsequent tumor recurrence. These cells persist 
after standard treatments, such as surgery, radiation, and adjuvant chemotherapy 
with Temozolomide (TMZ), which is considered the most effective non-surgical 
therapy for GBM but remains largely palliative [68]. GSCs exhibit greater resistance 
to radiation compared to non-stem glioma cells, and while TMZ can delay tumor 
growth and extend survival by 6 months to a year, long-term survivors are rare due to 
the presence of TMZ-resistant cancer cells [69]. Although TMZ preferentially targets 
GSCs with high levels of the DNA repair protein MGMT, it does not inhibit the self-
renewal of GSCs with normal MGMT levels. Furthermore, in vivo studies suggest that 
TMZ treatment may increase populations enriched in cancer stem cells, potentially 
favoring tumor recurrence. This highlights the urgent need for therapies specifically 
targeting the signaling pathways that maintain GSC functions. Traditional therapies 
primarily target proliferating non-tumorigenic cells, whereas GSCs remain mostly 
quiescent and resistant, serving as a reservoir for potential tumor recurrence. Despite 
advances in understanding GSC biology, further research is required to develop effec-
tive strategies targeting these cells to prevent GBM progression and improve patient 
outcomes [70].

4.4.1 Inducing differentiation

Bone Morphogenetic Proteins (BMPs) have emerged as promising agents for 
differentiation therapy targeting glioblastoma stem cells (GSCs). Recent studies 
have shown that the GBM tumor mass contains a central, necrotic core enriched 
with immature CD133 and Nestin-positive cells resistant to temozolomide (TMZ) 
treatment [71]. This highlights the need for novel therapeutic approaches combining 
conventional and innovative drugs. BMPs, members of the Transforming Growth 
Factor-β family, interact with type II (BMPR2) and type I (BMPR1A and BMPR1B) 
receptors [71]. During embryonic development, BMP2/4 initially promotes neuro-
epithelial proliferation via BMPR1A, later inducing neuronal and astrocytic differ-
entiation of neural stem cells through BMPR1B. Several studies have demonstrated 
the potential of BMPs, particularly BMP2, BMP4, and BMP7, in promoting astroglial 
differentiation and reducing cell growth in GBM-derived cells. BMP7, released by 
neural precursor cells, has been shown to repress proliferation, self-renewal, and 
tumor initiation of GSCs. However, caution is warranted as approximately 20% of 
GBM tumors display epigenetic silencing of BMPR1B, potentially limiting the efficacy 
of BMP treatment in these cases. Further research is needed to determine if BMP-
mediated inhibitory effects specifically target the cancer stem cell population and to 
identify alternative soluble factors for BMPR-silenced patients [72].

The Wnt/β-catenin signaling pathway plays a crucial role in glioblastoma mul-
tiforme (GBM) progression, with β-catenin, encoded by the CTNNB1 gene, being 
a key component of the canonical Wnt pathway. Studies have shown that β-catenin 
expression levels are elevated in high-grade gliomas compared to low-grade tumors 
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and normal brain tissue. Silencing β-catenin in U251 glioma cells induces apoptosis, 
inhibits growth, and arrests the cell cycle in G1 phase, accompanied by downregula-
tion of cyclin D1, c-Myc, and c-jun expression. These findings are consistent with 
research demonstrating delayed tumor progression in vivo following Wnt2 and 
β-catenin silencing [73].

Furthermore, GBM samples exhibit reduced expression of three potent Wnt sig-
naling inhibitors: DKK1, SFRPI, and WIFI, compared to normal brain tissues. Among 
these, restoring DKK1 expression alone resulted in growth reduction, suggesting its 
potential tumor suppressor function. Interestingly, DKK1 has also been reported to 
sensitize GBM cells to chemotherapy and exert growth-suppressive effects, partly 
through non-canonical Wnt signaling activation [74].

These findings highlight the complex role of Wnt/β-catenin signaling in GBM 
progression and suggest potential therapeutic targets for GBM treatment, particularly 
through modulation of Wnt pathway inhibitors and β-catenin expression [75].

4.4.2 GSC signaling pathways

The PI3K/Akt/mTOR signaling pathway plays a crucial role in regulating cell 
proliferation, differentiation, and survival in GBM. Dysregulation of this pathway, 
often due to PTEN mutations or deletions occurring in approximately 40% of GBM 
patients, is frequently observed and associated with reduced patient survival [76]. 
Recent studies have shown that loss of PTEN, in conjunction with p53 loss, maintains 
neural stem cells and glioblastoma stem cells (GSCs) in an undifferentiated state by 
promoting self-renewal and inhibiting differentiation via Myc [76].

Various PI3K inhibitors are currently in preclinical or clinical development, target-
ing different catalytic subunit isoforms of class IA PI3Ks. Notable examples include 
NVP-BKM120, a pan-class IA PI3K inhibitor that induces apoptosis and mitotic catas-
trophe in GBM cells, and PX-866, a synthetic wortmannin analog that inhibits PI3K/
Akt/mTOR target genes and prolongs survival in experimental mouse models [77].

Akt inhibition has shown promise in targeting GSCs, with perifosine and 
A-443654 demonstrating potent effects. mTOR inhibitors, such as temsirolimus, 
everolimus, and sirolimus, have also been tested in clinical trials based on encourag-
ing preclinical results. However, the use of PI3K/Akt/mTOR inhibitors as monothera-
pies has yielded unsatisfactory results in clinical studies, leading to the exploration 
of combination therapies and dual inhibitors targeting multiple components of the 
pathway [78].

Recent findings suggest that simultaneous inhibition of PI3K/Akt/mTOR and 
MEK/ERK pathways may more effectively suppress GSC tumorigenicity, with FoxO3a 
identified as a key molecular transducer integrating signals from these pathways [79]. 
This complex network of molecular pathways highlights the need for further research 
to develop more effective therapeutic strategies for GBM.

4.4.3 GSC microenvironment

Recent advances in targeting hypoxia-inducible factor-1 (HIF-1) have led to the 
development of numerous small molecule inhibitors, with some progressing toward 
preclinical and early clinical trials. Combining HIF-1 inhibitors with existing treat-
ments or new targeted therapies shows potential for clinical application. The hypoxic 
niche and HIF-1α enhance cancer cell migration by promoting metalloproteinase 
expression and migration-associated receptors like CXCR4 [80].
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The CXCR4/CXCL12 axis plays a crucial role in glioblastoma multiforme (GBM) 
migration and growth. CXCR4+ cells demonstrate stronger tumorigenic potential and 
increased resistance to temozolomide and radiotherapy. Blocking CXCR4 has shown a 
significant reduction in GBM xenograft growth, indicating its potential as a therapeu-
tic target. Plerixafor (AMD3100), a CXCR4 antagonist, inhibits irradiation-induced 
vasculogenesis in vivo [81].

Targeting the vascular niche of glioblastoma stem cells (GSCs) is another approach 
to destabilize their function. Antiangiogenic drugs like Bevacizumab and Cediranib 
have shown some success in clinical therapy. Multi-tyrosine kinase inhibitors such 
as Sunitinib and Vandetanib have demonstrated potential in preclinical studies, 
although clinical trial results have been less promising [82].

In conclusion, targeting both the hypoxic and perivascular niches could be effec-
tive for GBM treatment. An optimal therapeutic strategy should combine therapies 
targeting GSC functions with those affecting microenvironmental factors that sustain 
them.

5.  Clinical implications

The standard treatment for glioblastoma multiforme (GBM) includes surgery, 
radiation therapy (RT), and chemotherapy. The current standard of care combines 
concomitant adjuvant temozolomide (TMZ) chemotherapy with radiotherapy, 
resulting in a median overall survival (OS) of 14.6 to 16 months. Tumor treating fields 
(TTFields), approved by the FDA, can further increase median OS by 2.8 months. 
Despite promising preclinical results, other novel treatments such as boron neutron 
capture therapy (BNCT), antiangiogenic therapy, immunotherapy, epigenetic 
therapy, oncolytic virus therapy, and gene therapy have shown uncertain or discour-
aging clinical outcomes [54].

No monotherapy has proven sufficient to prevent GBM recurrence. The interac-
tion between tumor cells and their microenvironment, particularly astrocytes, plays a 
crucial role in therapy resistance. Gap junction communication (GJC) between glioma 
cells and astrocytes decreases tumor cell sensitivity to TMZ chemotherapy. The gap 
junction protein Cx43, upregulated by astrocytes, contributes to TMZ resistance, 
while its knockdown increases TMZ-induced apoptosis of glioma cells [83].

Astrocytes also diminish the sensitivity of glioma stem cells (GSCs) to radio-
therapy by influencing the induction and repair of DNA double-strand breaks 
(DSBs). Gene expression profiling of GSCs in astrocyte-mediated co-culture revealed 
potential targets for radiosensitization, including STAT3. The JAK/STAT3 inhibitor 
WP1066 has shown promise in enhancing GSC radiosensitivity [63]. Additionally, the 
PI3K/Akt pathway is involved in GBM radioresistance, with Akt targeting resulting in 
increased unrepaired DNA DSBs following irradiation.

Given the significant role of astrocytes in GBM resistance to chemoradiotherapy, 
further research is needed to elucidate the mechanisms underlying astrocyte-glioma 
cell interactions and develop more effective treatment strategies.

6.  Conclusions

In conclusion, astrocytes play a pivotal role in the GBM tumor microenvironment 
(TME), significantly influencing tumor progression and therapeutic outcomes. 
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The complex interplay between astrocytes and GBM cells, mediated through various 
signaling pathways, presents both challenges and opportunities for targeted therapies. 
Astrocytes’ heterogeneity and their region-specific gene signatures correlate with 
distinct GBM subtypes, highlighting the need for personalized treatment approaches. 
The reactive astrocytes’ ability to promote GBM proliferation, invasion, and angio-
genesis through the secretion of growth factors, cytokines, and extracellular vesicles 
underscores their potential as therapeutic targets. Future research should focus on 
developing strategies to modulate astrocyte function within the TME, potentially 
inhibiting their pro-tumor effects while enhancing their neuroprotective properties. 
By targeting the astrocyte-GBM cell interactions and the associated signaling path-
ways, novel therapies could be developed to improve GBM treatment outcomes. This 
approach represents a promising avenue in the ongoing efforts to combat this aggres-
sive and challenging malignancy.

Conflict of interest

The authors declare no conflict of interest.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Astrocytes in Glioblastoma Therapy: A Novel Approach to Targeting Tumor Microenvironment
DOI: http://dx.doi.org/10.5772/intechopen.1008927

99

References

[1] Louis DN, Perry A, Wesseling P, 
Brat DJ, Cree IA, Figarella-Branger D, 
et al. The 2021 WHO classification 
of tumors of the central nervous 
system: A summary. Neuro-Oncology. 
2021;23(8):1231-1251

[2] Davis ME. Glioblastoma: Overview of 
disease and treatment. Clinical Journal of 
Oncology Nursing. 2016;20(5):S2

[3] Miller KD, Ostrom QT, Kruchko C, 
Patil N, Tihan T, Cioffi G, et al. Brain 
and other central nervous system tumor 
statistics, 2021. CA: a Cancer Journal for 
Clinicians. 2021;71(5):381-406

[4] Biswas A, Salvucci M, Connor K, 
Düssmann H, Carberry S, Fichtner M, 
et al. Comparative analysis of deeply 
phenotyped GBM cohorts of ‘short-
term’and ‘long-term’survivors. Journal of 
Neuro-oncology. 2023;163(2):327-338

[5] Trojan A, Lone Y-C, Briceno I, 
Trojan J. Anti-gene IGF-I vaccines in 
cancer gene therapy: A review of a case 
of glioblastoma. Current Medicinal 
Chemistry. 2024;31(15):1983-2002

[6] Dubois LG, Campanati L, Righy C, 
D’Andrea-Meira I, TCLdSe S, Porto-
Carreiro I, et al. Gliomas and the vascular 
fragility of the blood brain barrier. 
Frontiers in Cellular Neuroscience. 
2014;8:418

[7] Schiffer D, Annovazzi L, Casalone C, 
Corona C, Mellai M. Glioblastoma: 
Microenvironment and niche concept. 
Cancers. 2018;11(1):5

[8] Sullivan R, Maresh G, Zhang X, 
Salomon C, Hooper J, Margolin D, et al. 
The emerging roles of extracellular 
vesicles as communication vehicles 
within the tumor microenvironment 

and beyond. Frontiers in Endocrinology. 
2017;8:194

[9] Virtuoso A, De Luca C, Cirillo G, 
Riva M, Romano G, Bentivegna A, 
et al. Tumor microenvironment and 
immune escape in the time course of 
glioblastoma. Molecular Neurobiology. 
2022;59(11):6857-6873

[10] Hoogstrate Y, Draaisma K, 
Ghisai SA, van Hijfte L, Barin N, de 
Heer I, et al. Transcriptome analysis 
reveals tumor microenvironment 
changes in glioblastoma. Cancer Cell. 
2023;41(4):678-692 e7

[11] Zhang H, Zhou Y, Cui B, Liu Z, 
Shen H. Novel insights into astrocyte-
mediated signaling of proliferation, 
invasion and tumor immune 
microenvironment in glioblastoma. 
Biomedicine & Pharmacotherapy. 
2020;126:110086

[12] Ferrer VP, Moura Neto V, Mentlein R. 
Glioma infiltration and extracellular 
matrix: Key players and modulators. Glia. 
2018;66(8):1542-1565

[13] Persano L, Rampazzo E, Basso G, 
Viola G. Glioblastoma cancer stem 
cells: Role of the microenvironment 
and therapeutic targeting. Biochemical 
Pharmacology. 2013;85(5):612-622

[14] Ho IA, Shim WS. Contribution 
of the microenvironmental niche 
to glioblastoma heterogeneity. 
BioMed Research International. 
2017;2017(1):9634172

[15] Haley EM, Kim Y. The role of basic 
fibroblast growth factor in glioblastoma 
multiforme and glioblastoma stem cells 
and in their in vitro culture. Cancer 
Letters. 2014;346(1):1-5



Glioblastoma – New Solutions for Brain Cancerogenesis

100

[16] Ye X-z, Xu S-l, Xin Y-h, Yu S-c, Ping 
Y-f, Chen L, et al. Tumor-associated 
microglia/macrophages enhance the 
invasion of glioma stem-like cells via 
TGF-β1 signaling pathway. The Journal 
of Immunology. 2012;189(1):444-453

[17] Schiffer D, Mellai M, Bovio E, 
Bisogno I, Casalone C, Annovazzi L. 
Glioblastoma niches: From the concept 
to the phenotypical reality. Neurological 
Sciences. 2018;39(7):1161-1168

[18] Liddelow SA, Barres BA. Reactive 
astrocytes: Production, function, 
and therapeutic potential. Immunity. 
2017;46(6):957-967

[19] John Lin C-C, Yu K, Hatcher A, 
Huang T-W, Lee HK, Carlson J, et al. 
Identification of diverse astrocyte 
populations and their malignant 
analogs. Nature Neuroscience. 
2017;20(3):396-405

[20] Katz AM, Amankulor NM, Pitter K, 
Helmy K, Squatrito M, Holland EC. 
Astrocyte-specific expression patterns 
associated with the PDGF-induced 
glioma microenvironment. PLoS One. 
2012;7(2):e32453

[21] Gagliano N, Costa F, Cossetti C, 
Pettinari L, Bassi R, Chiriva-Internati M, 
et al. Glioma-astrocyte interaction 
modifies the astrocyte phenotype 
in a co-culture experimental model. 
Oncology Reports. 2009;22(6):1349-1356

[22] Henrik Heiland D, Ravi VM, 
Behringer SP, Frenking JH, Wurm J, 
Joseph K, et al. Tumor-associated 
reactive astrocytes aid the evolution of 
immunosuppressive environment in 
glioblastoma. Nature Communications. 
2019;10(1):2541

[23] Kim J-K, Jin X, Sohn Y-W, Jin X, Jeon 
H-Y, Kim E-J, et al. Tumoral RANKL 
activates astrocytes that promote glioma 

cell invasion through cytokine signaling. 
Cancer letters. 2014;353(2):194-200

[24] Jin P, Shin S-H, Chun Y-S, Shin H-W, 
Shin YJ, Lee Y, et al. Astrocyte-derived 
CCL20 reinforces HIF-1-mediated hypoxic 
responses in glioblastoma by stimulating 
the CCR6-NF-κB signaling pathway. 
Oncogene. 2018;37(23):3070-3087

[25] Rimkus TK, Carpenter RL, Qasem S, 
Chan M, Lo H-W. Targeting the sonic 
hedgehog signaling pathway: Review of 
smoothened and GLI inhibitors. Cancers. 
2016;8(2):22

[26] Wang K, Pan L, Che X, Cui D, Li C. 
Sonic hedgehog/GLI1 signaling pathway 
inhibition restricts cell migration and 
invasion in human gliomas. Neurological 
Research. 2010;32(9):975-980

[27] Cancer Genome Atlas Research 
Network. Comprehensive genomic 
characterization defines human 
glioblastoma genes and core pathways. 
Nature. 2008;455(7216):1061-1068

[28] Khwaja F, Svoboda P, Reed M, Pohl J, 
Pyrzynska B, Van Meir E. Proteomic 
identification of the wt-p53-regulated 
tumor cell secretome. Oncogene. 
2006;25(58):7650-7661

[29] Holohan C, Van Schaeybroeck S, 
Longley DB, Johnston PG. Cancer drug 
resistance: An evolving paradigm. Nature 
Reviews Cancer. 2013;13(10):714-726

[30] Forte IM, Indovina P, Iannuzzi CA, 
Cirillo D, Di Marzo D, Barone D, 
et al. Targeted therapy based on p53 
reactivation reduces both glioblastoma 
cell growth and resistance to 
temozolomide. International Journal of 
Oncology. 2019;54(6):2189-2199

[31] Senft C, Priester M, Polacin M, 
Schröder K, Seifert V, Kögel D, et al. 
Inhibition of the JAK-2/STAT3 signaling 



Astrocytes in Glioblastoma Therapy: A Novel Approach to Targeting Tumor Microenvironment
DOI: http://dx.doi.org/10.5772/intechopen.1008927

101

pathway impedes the migratory and 
invasive potential of human glioblastoma 
cells. Journal of Neuro-Oncology. 
2011;101:393-403

[32] Iwamaru A, Szymanski S, Iwado E, 
Aoki H, Yokoyama T, Fokt I, et al. A 
novel inhibitor of the STAT3 pathway 
induces apoptosis in malignant glioma 
cells both in vitro and in vivo. Oncogene. 
2007;26(17):2435-2444

[33] Benitez JA, Ma J, D’Antonio M, 
Boyer A, Camargo MF, Zanca C, 
et al. PTEN regulates glioblastoma 
oncogenesis through chromatin-
associated complexes of DAXX and 
histone H3. 3. Nature Communications. 
2017;8(1):15223

[34] Huang PH, Mukasa A, Bonavia R, 
Flynn RA, Brewer ZE, Cavenee WK, 
et al. Quantitative analysis of EGFRvIII 
cellular signaling networks reveals a 
combinatorial therapeutic strategy for 
glioblastoma. National Academy of 
Sciences of the United States of America. 
2007;104(31):12867-12872

[35] Suzuki Y, Shirai K, Oka K, 
Mobaraki A, Yoshida Y, Noda S-e, 
et al. Higher pAkt expression predicts 
a significant worse prognosis in 
glioblastomas. Journal of Radiation 
Research. 2010;51(3):343-348

[36] Hakuno F, Takahashi S-I. 40 years of 
IGF1: IGF1 receptor signaling pathways. 
Journal of Molecular Endocrinology. 
2018;61(1):T69-T86

[37] Gao C, Yuan X, Jiang Z, Gan D, 
Ding L, Sun Y, et al. Regulation of AKT 
phosphorylation by GSK3β and PTEN to 
control chemoresistance in breast cancer. 
Breast Cancer Research and Treatment. 
2019;176:291-301

[38] Trojan A, Kasprzak H, Gutierrez O, 
Penagos P, Briceno I, Siachoque HO, 

et al. Neoplastic brain, glioblastoma, and 
immunotherapy. In: Brain and Spinal 
Tumors-Primary and Secondary. Vol. 1. 
Chapter 11. 2020. pp. 173-182

[39] Placone AL, Quiñones-Hinojosa A, 
Searson PC. The role of astrocytes 
in the progression of brain cancer: 
Complicating the picture of the tumor 
microenvironment. Tumor Biology. 
2016;37:61-69

[40] Chen Q, Boire A, Jin X, Valiente M, 
Er EE, Lopez-Soto A, et al. Carcinoma–
astrocyte gap junctions promote brain 
metastasis by cGAMP transfer. Nature. 
2016;533(7604):493-498

[41] Song H, Yin D, Liu Z. GDF-15 
promotes angiogenesis through 
modulating p53/HIF-1α signaling 
pathway in hypoxic human umbilical 
vein endothelial cells. Molecular Biology 
Reports. 2012;39:4017-4022

[42] Codó P, Weller M, Kaulich K, 
Schraivogel D, Silginer M, Reifenberger G, 
et al. Control of glioma cell migration 
and invasiveness by GDF-15. Oncotarget. 
2016;7(7):7732

[43] Beskina O, Miller A, Mazzocco-
Spezzia A, Pulina MV, Golovina VA. 
Mechanisms of interleukin-1β-induced 
Ca2+ signals in mouse cortical 
astrocytes: Roles of store-and receptor-
operated Ca2+ entry. American 
Journal of Physiology-Cell Physiology. 
2007;293(3):C1103-C1C11

[44] Zhu W, Carney KE, Pigott VM, 
Falgoust LM, Clark PA, Kuo JS, et al. 
Glioma-mediated microglial activation 
promotes glioma proliferation 
and migration: Roles of Na+/H+ 
exchanger isoform 1. Carcinogenesis. 
2016;37(9):839-851

[45] Martínez-Lostao L, Anel A, Pardo J. 
How do cytotoxic lymphocytes kill 



Glioblastoma – New Solutions for Brain Cancerogenesis

102

cancer cells? Clinical Cancer Research. 
2015;21(22):5047-5056

[46] Huang J-Y, Cheng Y-J, Lin Y-P, 
Lin H-C, Su C-C, Juliano R, et al. 
Extracellular matrix of glioblastoma 
inhibits polarization and transmigration 
of T cells: The role of tenascin-C in 
immune suppression. The Journal of 
Immunology. 2010;185(3):1450-1459

[47] Gabrilovich DI, Nagaraj S. Myeloid-
derived suppressor cells as regulators 
of the immune system. Nature Reviews 
Immunology. 2009;9(3):162-174

[48] Zhou Z, Li W, Song Y, Wang L, 
Zhang K, Yang J, et al. Growth 
differentiation factor-15 suppresses 
maturation and function of dendritic 
cells and inhibits tumor-specific 
immune response. PLoS One. 
2013;8(11):e78618

[49] Ricklefs FL, Alayo Q, Krenzlin H, 
Mahmoud AB, Speranza MC, 
Nakashima H, et al. Immune evasion 
mediated by PD-L1 on glioblastoma-
derived extracellular vesicles. Science 
Advances. 2018;4(3):eaar2766

[50] Svane I, Engel AM, Nielsen M, 
Werdelin O. Interferon-γ-induced 
MHC class I expression and 
defects in Jak/Stat signalling in 
methylcholanthrene-induced sarcomas. 
Scandinavian Journal of Immunology. 
1997;46(4):379-387

[51] O'Shea JJ, Holland SM, Staudt LM. 
JAKs and STATs in immunity, 
immunodeficiency, and cancer. 
New England Journal of Medicine. 
2013;368(2):161-170

[52] Duval R, Bui L-C, Mathieu C, 
Nian Q, Berthelet J, Xu X, et al. 
Benzoquinone, a leukemogenic 
metabolite of benzene, catalytically 
inhibits the protein tyrosine phosphatase 

PTPN2 and alters STAT1 signaling. 
Journal of Biological Chemistry. 
2019;294(33):12483-12494

[53] Cimino PJ, Holland EC. The 
molecular landscape of adult diffuse 
gliomas and relevance to clinical trials. 
Oncotarget. 2019;10(19):1758

[54] Stupp R, Brada M, Van Den Bent M, 
Tonn J-C, Pentheroudakis G. High-grade 
glioma: ESMO clinical practice guidelines 
for diagnosis, treatment and follow-up. 
Annals of Oncology. 2014;25:iii93-iii101

[55] Zhang H, Wang R, Yu Y, Liu J, Luo T, 
Fan F. Glioblastoma treatment modalities 
besides surgery. Journal of Cancer. 
2019;10(20):4793

[56] McGranahan T, Therkelsen KE, 
Ahmad S, Nagpal S. Current state 
of immunotherapy for treatment of 
glioblastoma. Current Treatment Options 
in Oncology. 2019;20:1-15

[57] Medikonda R, Dunn G, Rahman M, 
Fecci P, Lim M. A review of glioblastoma 
immunotherapy. Journal of neuro-
oncology. 2021;151:41-53

[58] Pan C, Zhai Y, Wang C, Liao Z, 
Wang D, Yu M, et al. Poliovirus receptor–
based chimeric antigen receptor T cells 
combined with NK-92 cells exert potent 
activity against glioblastoma. JNCI: 
Journal of the National Cancer Institute. 
2024;116(3):389-400

[59] Choi BD, Gerstner ER, Frigault MJ, 
Leick MB, Mount CW, Balaj L, et al. 
Intraventricular CARv3-TEAM-E 
T cells in recurrent glioblastoma. 
New England Journal of Medicine. 
2024;390(14):1290-1298

[60] Koch MS, Zdioruk M, Nowicki MO, 
Griffith AM, Aguilar-Cordova E, 
Aguilar LK, et al. Perturbing DDR 
signaling enhances cytotoxic effects 



Astrocytes in Glioblastoma Therapy: A Novel Approach to Targeting Tumor Microenvironment
DOI: http://dx.doi.org/10.5772/intechopen.1008927

103

of local oncolytic virotherapy and 
modulates the immune environment in 
glioma. Molecular Therapy-Oncolytics. 
2022;26:275-288

[61] Quintero G, Trojan J. Glioblastoma-
application of gene therapy during a 
quarter of a century: Anti-gene IGF-I 
strategy. Acta Scientific Cancer Biology. 
2020;4:38-45

[62] Lin Q, Liu Z, Ling F, Xu G. 
Astrocytes protect glioma cells from 
chemotherapy and upregulate survival 
genes via gap junctional communication. 
Molecular Medicine Reports. 
2016;13(2):1329-1335

[63] Rath BH, Wahba A, Camphausen K, 
Tofilon PJ. Coculture with astrocytes 
reduces the radiosensitivity of 
glioblastoma stem-like cells and identifies 
additional targets for radiosensitization. 
Cancer Medicine. 2015;4(11):1705-1716

[64] Stupp R, Mason WP, Van 
Den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, et al. Radiotherapy plus 
concomitant and adjuvant temozolomide 
for glioblastoma. New England Journal of 
Medicine. 2005;352(10):987-996

[65] Westphal M, Lamszus K. The 
neurobiology of gliomas: From 
cell biology to the development of 
therapeutic approaches. Nature Reviews 
Neuroscience. 2011;12(9):495-508

[66] Sanai N, Berger MS. Glioma 
extent of resection and its impact 
on patient outcome. Neurosurgery. 
2008;62(4):753-766

[67] Eramo A, Ricci-Vitiani L, Zeuner A, 
Pallini R, Lotti F, Sette G, et al. 
Chemotherapy resistance of glioblastoma 
stem cells. Cell Death & Differentiation. 
2006;13(7):1238-1241

[68] Bao S, Wu Q, McLendon RE, Hao Y, 
Shi Q, Hjelmeland AB, et al. Glioma 

stem cells promote radioresistance 
by preferential activation of the 
DNA damage response. Nature. 
2006;444(7120):756-760

[69] Clement V, Sanchez P, de 
Tribolet N, Radovanovic I, i Altaba AR. 
HEDGEHOG-GLI1 signaling regulates 
human glioma growth, cancer stem 
cell self-renewal, and tumorigenicity. 
Current Biology. 2007;17(2):165-172

[70] Chua C, Zaiden N, Chong K-H, 
See S-J, Wong M-C, Ang B-T, et al. 
Characterization of a side population 
of astrocytoma cells in response to 
temozolomide. Journal of Neurosurgery. 
2008;109(5):856-866

[71] Chen H-L, Panchision DM. Concise 
review: Bone morphogenetic protein 
pleiotropism in neural stem cells 
and their derivatives—Alternative 
pathways, convergent signals. Stem Cells. 
2007;25(1):63-68

[72] Tate C, Pallini R, Ricci-Vitiani L, 
Dowless M, Shiyanova T, D'alessandris 
G, et al. A BMP7 variant inhibits the 
tumorigenic potential of glioblastoma 
stem-like cells. Cell Death & 
Differentiation. 2012;19(10): 
1644-1654

[73] Pu P, Zhang Z, Kang C, Jiang R, 
Jia Z, Wang G, et al. Downregulation 
of Wnt2 and β-catenin by siRNA 
suppresses malignant glioma cell 
growth. Cancer Gene Therapy. 
2009;16(4):351-361

[74] Foltz G, Yoon J-G, Lee H, Ma L, 
Tian Q, Hood L, et al. Epigenetic 
regulation of wnt pathway antagonists in 
human glioblastoma multiforme. Genes 
& Cancer. 2010;1(1):81-90

[75] Shou J, Ali-Osman F, Multani AS, 
Pathak S, Fedi P, Srivenugopal KS. 
Human Dkk-1, a gene encoding a Wnt 



Glioblastoma – New Solutions for Brain Cancerogenesis

104

antagonist, responds to DNA damage 
and its overexpression sensitizes brain 
tumor cells to apoptosis following 
alkylation damage of DNA. Oncogene. 
2002;21(6):878-889

[76] Bleau A-M, Hambardzumyan D, 
Ozawa T, Fomchenko EI, Huse JT, 
Brennan CW, et al. PTEN/PI3K/Akt 
pathway regulates the side population 
phenotype and ABCG2 activity in glioma 
tumor stem-like cells. Cell Stem Cell. 
2009;4(3):226-235

[77] Koul D, Fu J, Shen R, LaFortune TA, 
Wang S, Tiao N, et al. Antitumor activity 
of NVP-BKM120—A selective pan class I 
PI3 kinase inhibitor showed differential 
forms of cell death based on p53 status 
of glioma cells. Clinical Cancer Research. 
2012;18(1):184-195

[78] Eyler CE, Foo W-C, LaFiura KM, 
McLendon RE, Hjelmeland AB, 
Rich JN. Brain cancer stem cells display 
preferential sensitivity to Akt inhibition. 
Stem Cells. 2008;26(12):3027-3036

[79] Sunayama J, Sato A, Matsuda 
K-I, Tachibana K, Watanabe E, 
Seino S, et al. FoxO3a functions as a 
key integrator of cellular signals that 
control glioblastoma stem-like cell 
differentiation and tumorigenicity. Stem 
Cells. 2011;29(9):1327-1337

[80] Semenza GL. Hypoxia-inducible 
factors: Mediators of cancer progression 
and targets for cancer therapy. 
Trends in Pharmacological Sciences. 
2012;33(4):207-214

[81] Zheng X, Xie Q, Li S, Zhang W. 
CXCR4-positive subset of glioma is 
enriched for cancer stem cells. Oncology 
Research. 2011;19(12):555-561

[82] Broniscer A, Baker JN, Tagen M, 
Onar-Thomas A, Gilbertson RJ, 

Davidoff AM, et al. Phase I study of 
vandetanib during and after radiotherapy 
in children with diffuse intrinsic pontine 
glioma. Journal of Clinical Oncology. 
2010;28(31):4762-4768

[83] Chen W, Wang D, Du X, He Y, 
Chen S, Shao Q, et al. Glioma 
cells escaped from cytotoxicity of 
temozolomide and vincristine by 
communicating with human astrocytes. 
Medical Oncology. 2015;32:1-13



105

Chapter 5

Dendritic Cell-Based Glioblastoma 
Vaccines: Advances and Challenges
Zuowen Zhang, Mingchang Li and Jie Huang

Abstract

Glioblastoma (GBM) is the most aggressive malignancy of the central nervous 
system. Despite advances in standard treatments such as surgery, radiotherapy, and 
chemotherapy, patients have a very poor prognosis. Tumor vaccines based on den-
dritic cells (DCs) provide a promising new approach for GBM treatment. DCs, as the 
most effective antigen-presenting cells, initiate adaptive immune responses by acti-
vating tumor-specific T cells. However, the immunosuppressive microenvironment of 
GBM (characterized by regulatory T cells, myeloid suppressor cells, and immunosup-
pressive factors) and the physical barrier of the blood-brain barrier (BBB) greatly 
limit the efficacy of DC vaccines. This chapter explores the biological basis, prepara-
tion process, clinical progress, challenges, and future directions of DC-based GBM 
vaccines. Key aspects such as antigen selection, DC in vitro culture and activation, 
antigen loading, and delivery strategies are analyzed in detail. Early clinical trials 
have demonstrated the safety and potential efficacy of DC vaccines, while combina-
tion therapies and microenvironment reprogramming strategies are being used to 
overcome existing obstacles. Despite the challenges, the precision and personalization 
of DC vaccines highlight their potential as a focus of immunotherapy research. We 
believe that with the continuous advancement of technology and interdisciplinary 
collaboration, DC vaccines can significantly improve the survival rate and quality of 
life of GBM patients.

Keywords: glioblastoma, dendritic cell vaccine, antigen presentation, 
immunosuppressive microenvironment, blood-brain barrier, personalized 
immunotherapy

1.  Introduction

Glioblastoma (GBM) is one of the most common and aggressive malignant tumors 
of the adult central nervous system, with high heterogeneity and invasiveness. 
Despite standard treatments including surgical resection, radiotherapy, and chemo-
therapy, the prognosis of GBM patients is still extremely poor, with a median overall 
survival (OS) of only 12–18 months [1]. The bottleneck of GBM treatment lies in its 
complex molecular biological characteristics and immunosuppressive microenviron-
ment, which not only limit the effectiveness of traditional treatments but also pose a 
huge challenge to emerging immunotherapies [2].
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In recent years, immunotherapy as a breakthrough in cancer treatment has 
provided new treatment strategies for a variety of malignant tumors, including GBM 
[3–6]. While technologies such as immune checkpoint inhibitors (such as anti-PD-1/
PD-L1 and CTLA-4 antibodies), chimeric antigen receptor T cell (CAR-T) therapy, 
and oncolytic viruses have made progress, tumor vaccines based on dendritic cells 
(DCs) have also become an important part of the field of immunotherapy [7]. As the 
most powerful antigen-presenting cells (APC) in the immune system, DC plays a core 
role in activating tumor-specific T cells and initiating adaptive immune responses 
[8]. DC vaccines can effectively induce anti-tumor immune responses by loading 
tumor-associated antigens in vitro and activating DCs, providing a possibility for the 
treatment of “cold tumors” such as GBM [9]. However, the unique immunosuppres-
sive microenvironment of GBM poses a significant challenge to the efficacy of DC 
vaccines. GBM inhibits the maturation and function of dendritic cells by secreting 
immunosuppressive factors (such as TGF-β, IL-10, IDO) and recruiting myeloid-
derived suppressor cells (MDSC) and regulatory T cells (Treg) [10]. In addition, the 
blood-brain barrier (BBB) forms a physical restriction on the delivery of immune cells 
and vaccines, making it difficult for DC vaccines to exert their maximum efficacy 
in the central nervous system [11]. Therefore, although some clinical trials have 
confirmed the safety of DC vaccines and the immune response effect in some patients 
[12]. For example, DCVax®-L, a personalized DC vaccine based on the patient’s own 
tumor antigens, has shown the potential to prolong survival in patients with recurrent 
and newly diagnosed GBM [13]. However, the low overall response rate and individ-
ual differences in efficacy suggest that the application of DC vaccines in the treatment 
of GBM still needs to be further optimized [14].

This chapter will comprehensively explore the application of dendritic cell vac-
cines in glioblastoma, focusing on its biological functions, preparation processes, 
clinical research progress, challenges, and future development directions. First, we 
will introduce the basic biological functions of DC and its mechanism of action in 
anti-tumor immunity; then, we will elaborate on the preparation technology of DC 
vaccines, including antigen selection, in vitro culture, antigen loading, and delivery 
strategies; then, we will review the latest progress in early clinical trials, efficacy 
evaluation, and combination therapy of DC vaccines in the treatment of GBM; 
finally, in response to the challenges of GBM immunosuppressive microenvironment, 
we will propose solutions for reprogramming microenvironment and combination 
therapy and look forward to future development directions (Figure 1).

2.  Biological functions and mechanisms of dendritic cells

Dendritic cells (DC) are the most powerful antigen-presenting cells in the mam-
malian immune system. Their core function is to connect innate immunity with 
adaptive immunity [15]. DC originates from bone marrow progenitor cells and is 
distributed in peripheral tissues such as skin, mucosa, and organs in an immature 
state. They sense exogenous pathogen-associated molecular patterns (PAMPs) or 
damage-associated molecular patterns (DAMPs) through highly expressed pattern 
recognition receptors (PRRs) to capture external or endogenous antigens [16]. After 
these antigens are taken up, they are processed into small peptides in DC and pre-
sented through major histocompatibility complex (MHC) class I or class II molecules, 
laying the foundation for activating T cells [17]. Immature DCs have strong antigen 
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uptake ability but weak antigen presentation ability; mature DCs can not only present 
antigens efficiently but also secrete immunomodulatory factors to comprehensively 
regulate immune responses [18].

Mature DCs activate specific T cells by migrating to lymph nodes, which is the 
core of their mechanism of action. The activation process of T cells depends on three 
signals provided by DCs: the binding of antigen-MHC complexes to T cell receptors 
(TCRs) provides specific recognition signals; the binding of costimulatory molecules 
(such as CD80/CD86) to CD28 provides a second activation signal; and the cytokines 
secreted by DCs (such as IL-12, IL-10, etc.) determine the functional differentiation 
direction of T cells, such as Th1 cell-mediated cytotoxic immunity or the immunosup-
pressive effect of Treg cells [19]. This multi-signal regulatory mechanism makes DCs 
the “commanders” of immune responses and plays an irreplaceable role in adaptive 
immunity [20]. In tumor immunity, the role of DCs is particularly important. By 
capturing and presenting tumor antigens, DCs can activate specific CD8+ cytotoxic T 
cells (CTLs) and eliminate tumor cells [21]. However, immunosuppressive factors in 
the tumor microenvironment (such as TGF-β, IDO) significantly weaken the func-
tion of DCs, resulting in a decrease in their presentation ability or inducing immune 
tolerance, which is also the main challenge facing DC-based immunotherapy [22]. 
Nevertheless, the use of DC vaccines to load tumor-specific antigens and reshape 
their functions has become an important strategy for cancer immunotherapy,  
especially in the treatment of highly invasive tumors such as glioblastoma [23].

Figure 1. 
Dendritic cell (DC) vaccine preparation process and its function in glioblastoma (GBM) immunotherapy. After 
mononuclear cells are collected from GBM patients, they are cultured in GM-CSF/IL-4 for six days to generate 
immature DCs. Tumor antigens are loaded onto DCs using autologous tumor extracts, mRNA, viral vectors, 
synthetic peptides, or allogeneic tumor extracts. The immature DCs are then activated using stimulatory molecules 
to generate mature antigen-presenting DCs. These activated DCs are infused back into the patient as a vaccine. 
In the lymph nodes, DCs present antigens to naive or memory CD4+ and CD8+ T cells, triggering an immune 
response against GBM cells at the tumor site.
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3.  Preparation and development of vaccines based on dendritic cells

3.1 Antigen source and selection

Antigen source and selection are the core links of dendritic cell (DC) vaccine 
preparation. Their precision and diversity directly determine the effect and specific-
ity of the immune response. For DC vaccines targeting tumors, antigens are usually 
divided into tumor-associated antigens (TAAs) and tumor-specific neoantigens 
(Neoantigens) [24]. TAAs, such as EGFRvIII, MAGE family proteins, and Survivin, 
are highly expressed in tumor cells but relatively low in normal tissues and have 
certain specificity. However, since TAAs may be expressed in normal cells, there is 
a certain risk of immune tolerance [25]. In contrast, Neoantigens are produced by 
tumor mutations, have high specificity, and will not trigger immune responses in nor-
mal tissues, so they have been a research hotspot in recent years [26]. The sources of 
antigens also include tumor lysates and whole-cell antigens. This diverse source helps 
to enhance the breadth of immune response [27]. In addition, nucleic acid antigen 
(RNA or DNA) technology allows tumor antigens to be expressed in vivo, providing 
DC with persistent antigen stimulation [28]. Antigen selection needs to be combined 
with patient-specific tumor characteristics, and high-throughput sequencing and 
bioinformatics technologies are used to predict new antigens to develop personal-
ized DC vaccines. This precise and personalized antigen strategy not only improves 
the immune efficacy of the vaccine but also significantly reduces off-target effects, 
providing a scientific basis for tumor immunotherapy [29].

3.2 In vitro culture and activation of dendritic cells

The in vitro culture and activation of dendritic cells (DC) is the core step in the 
preparation of DC vaccines. Its goal is to obtain functionally mature and efficient 
antigen-presenting cells to effectively stimulate the patient’s immune response [30]. 
This process usually isolates monocytes from the patient’s peripheral blood, dif-
ferentiates them into immature DCs under specific culture conditions, and further 
activates them to enhance their antigen presentation ability [31]. First, monocyte 
isolation is a key starting step. Monocytes are isolated from peripheral blood mono-
nuclear cells (PBMCs) by density gradient centrifugation or magnetic bead sorting 
technology [32]. These precursor cells can differentiate into immature DCs within 
5–7 days after adding specific cytokines (such as GM-CSF and IL-4) to the in vitro 
culture medium [33]. Immature DCs have efficient antigen uptake but weak antigen 
presentation capabilities. Subsequently, maturation and activation are key steps. 
Immature DCs can be induced to mature after treatment with stimulatory factors 
(such as cytokine cocktails, including TNF-α, IL-1β, IL-6, and PGE2) or TLR (Toll-
like receptor) agonists (such as LPS, Poly I) [34]. Mature DCs exhibit higher levels of 
MHC molecules and costimulatory molecules (such as CD80, CD86, and HLA-DR) 
and secrete cytokines such as IL-12 to enhance their antigen presentation function 
[35]. In addition, antigen loading and activation processes are often carried out 
simultaneously. Antigen loading methods include direct incubation of tumor lysates, 
synthetic peptides, or transfection of antigen-encoding RNA/DNA, which enable 
DCs to effectively process and present tumor-associated antigens [36]. To further 
enhance their immune function, gene editing technology or nanoparticle delivery can 
also be used to enhance the activity and stability of DCs [37]. Finally, quality control 
is an indispensable step in the in vitro culture and activation process. The maturation 
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state and functional activity of DCs can be evaluated by detecting DC surface mark-
ers (such as CD80, CD86, and HLA-DR) and the levels of cytokines secreted by DCs 
using flow cytometry [38]. High-quality DCs can more effectively activate patients’ T 
cells, thus ensuring the clinical efficacy of vaccines [39].

3.3 Antigen loading technology

Antigen loading is a key step in the preparation of dendritic cell (DC) vaccines. Its 
purpose is to effectively deliver specific tumor-associated antigens to DCs to activate 
tumor-specific immune responses. Efficient antigen loading technology can enhance 
the antigen presentation ability and immune activation effect of DCs [40]. Commonly 
used antigen loading methods include direct incubation, nucleic acid transfection, 
electroporation, and fusion technology. Direct incubation is the simplest method, 
in which tumor lysates or synthetic peptides are co-incubated with mature DCs to 
allow them to ingest and process antigens. This method is suitable for broad-spectrum 
antigen presentation but may be limited by insufficient antigen concentration or low 
specificity [41]. Nucleic acid transfection introduces RNA or DNA encoding tumor 
antigens into DCs, causing them to express antigen proteins in vivo, thereby generat-
ing endogenous MHC class I presentation pathways and enhancing the activation 
effect on CD8+ cytotoxic T cells (CTLs) [42]. Electroporation increases cell membrane 
permeability through a short-term electric field, introducing nucleic acids or proteins 
into DCs, with high efficiency and rich antigen diversity [43]. Cell fusion technology 
fuses DC with tumor cells to form hybrid cells, thereby achieving comprehensive 
expression of tumor-associated antigens [44]. In addition, advanced delivery tech-
nologies such as nanoparticles and liposomes are also used for antigen loading, which 
further optimizes the antigen processing ability of DC by stabilizing antigens and 
improving uptake efficiency [45]. The strategy selection for antigen loading needs to 
comprehensively consider the type of antigen, loading efficiency, and clinical applica-
bility to achieve a more efficient and specific anti-tumor immune response [46].

3.4 Vaccine delivery strategy

Vaccine delivery strategy is an important part of dendritic cell (DC) vaccine prepa-
ration. Its purpose is to accurately and efficiently deliver functionally mature DC to the 
immune-active area in the patient’s body to activate anti-tumor immune response [47]. 
The choice of delivery method has a profound impact on the efficacy and safety of DC 
vaccines. Subcutaneous injection is the most commonly used delivery method. After 
injection, DC can migrate to the lymph nodes in the skin lymphatic tissue, contact T 
cells, and initiate an adaptive immune response. This method is simple to operate and 
has high safety, but its DC migration efficiency may be affected by individual differ-
ences in patients [48]. Intra-lymph node injection is to inject DC directly into the lymph 
nodes, which greatly increases the chances of DC contacting T cells, thereby enhancing 
the immune effect of the vaccine. However, this method requires precise positioning 
technology and may increase the complexity of the operation [49]. Intravenous injec-
tion is a feasible method for delivering DC vaccines, allowing them to be distributed 
throughout the body through the blood circulation. Although its ability to penetrate 
the blood-brain barrier (BBB) is limited, it remains a potential approach for treating 
central nervous system tumors such as glioblastoma [50]. Despite the challenges posed 
by the BBB, researchers are increasingly reconsidering its role as a major barrier to CNS 
immunotherapy given recent evidence of lymphocyte infiltration into the brain [51]. 
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To enhance the delivery of dendritic cells (DCs) to tumor sites, direct intracerebral 
injection remains a viable strategy that can bypass the BBB and target glioblastoma or 
its surrounding areas [52]. Controlled release and targeted delivery technologies have 
also become a prominent research focus. For example, DCs can be encapsulated in 
bio-scaffolds, hydrogels, or nanoparticles to achieve slow release and prolonged action 
in vivo [53]. In addition, delivery vehicles modified with targeting molecules such as 
integrins or chemokine receptor ligands can precisely direct DCs to specific immune-
active areas, further improving the precision and efficacy of treatment [54].

4.  Advances in clinical research based on DC vaccines

4.1 Early trials

Early clinical trials based on dendritic cell (DC) vaccines laid the foundation for 
their application in tumor immunotherapy, especially in the treatment of recurrent 
and refractory tumors [55]. The earliest clinical studies focused on safety, immu-
nogenicity, and preliminary efficacy evaluation, providing key data for subsequent 
studies. In 1996, a phase I clinical trial for melanoma patients verified the safety of 
DC vaccines for the first time. The results showed that patients tolerated the vaccine 
well, had no serious adverse reactions, and induced specific T cell immune responses 
in some patients [56]. Subsequently, early trials for glioblastoma (GBM) were also 
carried out. For example, in the phase I study of DCVax®-L vaccine, antigen-loaded 
DCs were prepared by collecting patient tumor tissues, and prolonged progression-
free survival (PFS) and overall survival (OS) were observed in some patients after 
re-infusion [57]. Although the sample size was small, the trial results showed the 
potential benefits of DC vaccines in GBM. The effects of different antigen sources and 
delivery methods were also explored in early trials. For example, trials using tumor 
lysates as antigens showed a broader immune response, and the delivery strategy 
through intra-lymph node injection significantly enhanced the interaction between 
DC and T cells, further improving the immunogenicity of the vaccine [58]. These 
studies also revealed key challenges, including the limitation of the tumor immuno-
suppressive microenvironment on the efficacy of DC vaccines and the inconsistency 
of responses caused by individual differences among patients [59]. Although the early 
trials were limited in scale, their results provided strong support for the safety and 
preliminary efficacy of DC vaccines and pointed out the direction for optimizing the 
preparation process and treatment strategy [60]. These studies have laid a solid foun-
dation for the further development of DC vaccines in glioblastoma and other tumors.

4.2 Efficacy evaluation

The efficacy evaluation of dendritic cell (DC) vaccines is a core part of clinical tri-
als. Its main goal is to verify the effectiveness of vaccines in tumor treatment through 
multidimensional indicators. Common evaluation indicators include overall survival 
(OS), progression-free survival (PFS), immune response rate, and improvement in 
quality of life [61].

1. Overall survival (OS) is the gold standard for evaluating the clinical efficacy of 
DC vaccines. Early trials have shown that the overall survival of some glioblasto-
ma (GBM) patients has been significantly prolonged after receiving DC vaccine 
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treatment. For example, in a Phase II clinical trial of DCVax®-L, the median 
OS of patients treated with the vaccine exceeded 23 months, which is signifi-
cantly improved compared with traditional treatment options. In addition, some 
patients showed long-term survival characteristics, indicating that DC vaccines 
may have more lasting efficacy in specific patient groups [62].

2. Progression-free survival (PFS) is used to evaluate whether the disease worsens 
within a certain period of time. In many DC vaccine trials, the extension of PFS 
is often regarded as an indirect proof of efficacy. For example, a study of patients 
with recurrent GBM found that the median PFS of patients treated with DC 
vaccines reached 8 months, while that of the control group was only 4 months, 
indicating that the vaccine may slow the progression of the tumor [63].

3. The immune response rate is an important biological indicator of the efficacy of 
DC vaccines, which is usually evaluated by detecting the proportion or function-
al status of tumor-specific T cells in the patient’s peripheral blood. For example, 
flow cytometry and ELISPOT experiments are often used to measure the activity 
of CD8+ cytotoxic T cells and their specific response to tumor antigens. In addi-
tion, patients treated with DC vaccines often show higher effector T cell infiltra-
tion and lower levels of immunosuppressive factors in the tumor microenviron-
ment, which also reflects the immunomodulatory effect of the vaccine [64].

4. Improved quality of life is an important clinical endpoint, especially in the treat-
ment of aggressive tumors such as glioblastoma. Many trials have shown that 
DC vaccine treatment has fewer side effects than traditional treatments, and 
patient’s functional status and quality of life can be better maintained. This low 
toxicity and high efficacy further support the application prospects of DC  
vaccines in tumor treatment [65].

4.3 Combination therapy

Combination therapy is an important strategy to enhance the efficacy of dendritic 
cell (DC) vaccines, aiming to overcome the limitations of single therapy and achieve 
synergistic effects in anti-tumor immunity [66]. In recent years, studies have shown 
that the combination of DC vaccines with other treatments can significantly enhance 
the immune responses and clinical efficacy of patients.

1. Combination with radiotherapy and chemotherapy: Radiotherapy and chemo-
therapy can not only directly kill tumor cells but also promote antigen uptake 
and activation of DC by releasing tumor antigens. For example, radiotherapy-
induced tumor cell death will release more antigens, thereby enhancing T cell 
responses induced by DC vaccines [67]. In addition, low-dose chemotherapy 
(such as cyclophosphamide) can also reduce the proportion of regulatory T cells 
(Treg), alleviate the immunosuppressive effect of the tumor microenvironment, 
and provide more favorable conditions for DC vaccines [68].

2. Combination with immune checkpoint inhibitors: Immune checkpoint inhibitors 
(such as anti-PD-1/PD-L1, anti-CTLA-4 antibodies) enhance the T cell activ-
ity induced by DC vaccines by relieving the inhibition of effector T cells [69]. 
Studies have shown that this combination can not only significantly increase the 
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number of tumor-infiltrating T cells but also prolong the patient’s progression-
free survival (PFS) and overall survival (OS) [70].

3. Combination with oncolytic viruses or other immunotherapies: Oncolytic 
viruses can activate DCs and enhance the efficacy of vaccines by directly lysing 
tumor cells and releasing danger signals [71]. In addition, combining DC  
vaccines with CAR-T cell therapy and using DCs to activate more effector  
T cells can significantly enhance the anti-tumor response [72].

Through multimodal combination therapy, the anti-tumor potential of DC vac-
cines can be maximized, which also provides a broader space for future personalized 
immunotherapy strategies.

5.  Effects of glioblastoma microenvironment on DC vaccines

5.1 Multiple effects of immunosuppressive factors

There are a variety of immunosuppressive factors in the glioblastoma (GBM) 
microenvironment, which interferes with the function of dendritic cells (DC) 
through multi-level mechanisms, thereby weakening the anti-tumor effect of DC 
vaccines [73]. These immunosuppressive factors mainly include cytokines, metabo-
lites, and enzyme molecules, which work together to build a complex immune escape 
network. Cytokines such as TGF-β and IL-10 are highly expressed in the GBM micro-
environment. They inhibit the maturation and antigen presentation ability of DC, 
making it difficult for DC to activate specific T cells. TGF-β also downregulates the 
expression of costimulatory molecules on the surface of DC, such as CD80 and CD86, 
thereby further reducing the efficiency of immune activation [74]. In addition, VEGF 
(vascular endothelial growth factor) not only promotes tumor angiogenesis but also 
interferes with the differentiation process of DC from monocytes [75]. Metabolites 
also pose a threat to DC function. For example, lactate produced by GBM cells weak-
ens the metabolic activity of DCs by acidifying the microenvironment, while metabo-
lites generated by the breakdown of tryptophan by indoleamine 2,3-dioxygenase 
(IDO) can induce DC tolerance and prevent them from activating effector T cells [76]. 
In addition, oxidative stress molecules such as reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) are expressed at high levels in GBM, which directly 
reduces the antigen uptake and processing capacity of DCs by damaging the DC cell 
membrane and DNA structure [77]. The multiple effects of these immunosuppressive 
factors significantly limit the efficacy of DC vaccines. Therefore, inhibitors targeting 
these factors or combined treatment strategies have become an important direction 
for improving the efficacy of DC vaccines [78].

5.2 Interaction between myeloid-derived suppressor cells and DC vaccines

Myeloid-derived suppressor cells (MDSCs) are immunosuppressive cells that 
exist in large numbers in the microenvironment of glioblastoma (GBM) and can 
significantly interfere with the function of dendritic cells (DC) vaccines [79]. MDSC 
inhibits DC maturation, antigen presentation ability, and T cell activation through 
multiple mechanisms, thereby weakening the anti-tumor effect of DC vaccines. First, 
MDSC interferes with DC maturation and function by secreting immunosuppressive 
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factors such as IL-10 and TGF-β. These factors can downregulate the expression 
of costimulatory molecules (such as CD80 and CD86) on the surface of DC, while 
reducing the presentation ability of major histocompatibility complex (MHC), mak-
ing DC unable to effectively activate T cells [80]. In addition, vascular endothelial 
growth factor (VEGF) secreted by MDSC also inhibits DC differentiation, further 
reducing the number of functional DCs [81]. Second, MDSC inhibits DC function 
through metabolic pathways. For example, reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) secreted by MDSC directly damage DC cell membranes 
and internal molecular structures, weakening their antigen uptake and processing 
capabilities [82]. IDO (indoleamine 2,3-dioxygenase) is another immunosuppres-
sive enzyme highly expressed by MDSC, which induces DC tolerance by consuming 
tryptophan and prevents it from activating effector T cells [83]. In addition, MDSC 
further amplifies the immunosuppressive effect by synergizing with regulatory T 
cells (Treg). Treg can inhibit the immunostimulatory effect of DC through a negative 
feedback mechanism, while MDSC strengthens this inhibitory effect by promoting 
the proliferation of Treg [84].

In order to overcome the negative effects of MDSC on DC vaccines, researchers are 
exploring a variety of intervention strategies, such as using low-dose chemotherapy 
or inhibitors targeting MDSC to reduce the number or function of MDSC [85]. In 
addition, combining immune checkpoint inhibitors or metabolic regulators can 
further alleviate the inhibitory effect of MDSC, thereby improving the efficacy of 
DC vaccines [86]. Through multi-faceted combined treatment, it is expected to break 
through the bottleneck of MDSC-mediated immunosuppression and bring more 
effective immunotherapy options to GBM patients [87].

5.3 Immunosuppressive effects of regulatory T cells (Treg)

Regulatory T Cells (Treg) are important immunosuppressive cells in the glioblas-
toma (GBM) microenvironment and play a significant role in the immune activation 
ability of dendritic cell (DC) vaccines [88]. Tregs weaken the function of DCs and 
inhibit the activation of effector T cells through direct and indirect mechanisms, 
thereby helping tumors evade immune surveillance. In the GBM microenvironment, 
the number of Tregs is usually significantly increased, which is mainly attributed 
to tumor-secreted immune regulatory factors such as TGF-β and IDO (indoleamine 
2,3-dioxygenase), which induce conventional T cells to differentiate into Tregs or 
promote Treg expansion [89]. The increased Tregs not only suppress the immune 
response locally in the tumor but also weaken the effect of DC vaccines through 
systemic immune regulation mechanisms [90]. The direct inhibitory effect of Tregs 
on DC function includes inhibiting the expression of costimulatory molecules (such 
as CD80 and CD86) on the surface of DCs through cell contact, thereby reducing the 
ability of DCs to activate effector T cells [91]. In addition, the immunosuppressive 
factors IL-10 and TGF-β secreted by Tregs can further weaken the antigen presenta-
tion efficiency of DCs, making it difficult to induce potent anti-tumor immune 
responses [92]. In terms of indirect mechanisms, Tregs regulate the immune balance 
of the tumor microenvironment, maintain high levels of immunosuppressive factors, 
and promote the function of myeloid-derived suppressor cells (MDSCs), thereby 
forming a synergistic suppression network and further weakening the efficacy of 
DC vaccines [93]. To overcome the immunosuppressive effects of Tregs, researchers 
are developing targeted treatments for Tregs, such as using low-dose chemotherapy 
to reduce the number of Tregs or combining immune checkpoint inhibitors (such 
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as anti-CTLA-4 antibodies) to relieve their suppressive effects [94]. The combined 
application of these strategies with DC vaccines is expected to improve the intensity 
and sustainability of anti-tumor immune responses [95].

5.4 Limitation of immune cell infiltration by the blood-brain barrier

The blood-brain barrier (BBB) is a major obstacle in the treatment of glioblastoma 
(GBM). Its structure is composed of tightly connected brain endothelial cells, a 
basement membrane, and astrocyte foot processes, which strictly restrict the entry 
of foreign substances and immune cells [96]. This barrier function has a significant 
impact on the efficacy of dendritic cell (DC)-based vaccines. In healthy tissue, 
the BBB effectively blocks the invasion of peripheral immune cells into the central 
nervous system. However, in GBM, although tumor growth and angiogenesis may 
lead to local disruption of the BBB, the infiltration of immune cells such as DCs and 
effector T cells is still significantly restricted [97]. Even if a DC vaccine is delivered 
via intravenous injection, the vast majority of DC will be kept out of the tumor by 
barriers [98]. To overcome this limitation, researchers have developed various strate-
gies, such as using carriers such as liposomes and nanoparticles to carry DCs or their 
secreted factors to penetrate the BBB [99]. In addition, direct injection of DC vaccines 
into the brain or meningeal area can also effectively bypass the barrier and increase 
the concentration of DC in the local tumor [100]. While breaking through the BBB 
barrier, these methods provide more possibilities for the application of DC vaccines in 
the treatment of GBM [101].

5.5 Microenvironment reprogramming and immunotherapy synergistic strategy

Microenvironment reprogramming is an important strategy to improve the 
therapeutic effect of glioblastoma (GBM). By changing its immunosuppressive 
microenvironment, the efficacy of vaccines based on dendritic cells (Dendritic Cells, 
DC) can be significantly enhanced [102]. The immunosuppressive microenvironment 
of GBM is mainly composed of regulatory T cells (Treg), myeloid-derived suppres-
sor cells (MDSC), and immunosuppressive factors (such as TGF-β, IL-10), etc., 
which together weaken the anti-tumor function of the immune system. Function. 
Microenvironmental reprogramming targeting these factors combined with DC vac-
cines can produce synergistic anti-tumor effects [103].

1. Targeting immunosuppressive factors

The use of drugs that inhibit key factors such as TGF-β, IL-10, or IDO can weak-
en the immunosuppressive effect of the GBM microenvironment. For example, 
TGF-β inhibitors not only enhance the antigen-presenting ability of DCs but 
also restore the activity of effector T cells (Teff) by blocking its signaling [104]. 
In addition, VEGF inhibitors can reduce the recruitment of immunosuppressive 
cells and promote DC differentiation and maturation [105].

2. Regulate myeloid-derived suppressor cells (MDSC) and regulatory T cells (Treg)

Low-dose chemotherapy (such as cyclophosphamide) has been shown to se-
lectively reduce the number of Tregs and MDSCs, weakening their inhibitory 
effects on DCs and effector T cells [68]. CXCR2 inhibitors targeting MDSCs 
significantly improved DC vaccine-induced immune responses by blocking their 
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migration pathways [106]. At the same time, immune checkpoint inhibitors 
(such as anti-PD-1/PD-L1 antibodies) further amplify the efficacy of DC  
vaccines by lifting the suppression of effector T cells by Tregs [107].

3. Combining oncolytic viruses and nanotechnology

Oncolytic viruses can not only directly kill tumor cells but also release danger 
signals and promote DC activation and antigen presentation functions [108]. At 
the same time, using nanoparticles or liposomes as carriers to deliver antigens 
and immune stimulants can improve the persistence and activity of DCs in the 
GBM microenvironment and enhance the immunogenicity of vaccines [109].

4. Combined with other immunotherapies

DC vaccines combined with CAR-T cell therapy or antibody drugs can produce 
multi-level immune responses. For example, T cells activated by DC vaccines can 
enhance the effect of CAR-T therapy, and antibody drugs (such as bispecific anti-
bodies) can further recruit effector T cells to the tumor site to form a synergistic 
anti-tumor effect [110].

Through the strategy of microenvironment reprogramming and combined immu-
notherapy, not only can the immunosuppression of the GBM microenvironment be 
overcome, but also the therapeutic efficiency of DC vaccines can be improved. This 
comprehensive treatment model brings new hope for the treatment of highly invasive 
tumors such as GBM and shows broad clinical application prospects.

6.  Challenges and unresolved issues

Dendritic cell (DC) vaccines have made significant progress in cancer immu-
notherapy, but they still face challenges that limit their widespread application, 
 especially in glioblastoma (GBM). These challenges span immunobiology, manu-
facturing, clinical efficacy, and patient-specific factors, requiring multidisciplinary 
solutions [111].

6.1 Immunosuppressive microenvironment of GBM

GBM has a highly immunosuppressive microenvironment, which is the main 
obstacle to the efficacy of DC vaccines. Regulatory T cells (Treg), myeloid-derived 
suppressor cells (MDSC), and immunosuppressive factors (such as TGF-β, IL-10, 
IDO) jointly weaken the function of DC and the activity of anti-tumor T cells [112]. 
In addition, tumor cells can change the acid-base balance of the local environment 
through metabolic regulation (such as lactate production), further suppressing the 
immune response [113]. These complex immune escape mechanisms make it difficult 
for a single DC vaccine to achieve optimal results in GBM treatment [88].

6.2 Limitations of the blood-brain barrier (BBB)

The blood-brain barrier is another major challenge in GBM treatment. Although 
DC vaccines can enter the patient’s body through a variety of delivery routes (such as 
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intravenous injection, intra-lymph node injection), their ability to penetrate the BBB 
to reach the tumor site is limited [101]. This barrier not only limits the efficiency of 
vaccine delivery but also affects the activity of effector T cells in the local tumor [114].

6.3 Complexity and quality control of DC vaccine preparation

The preparation process for DC vaccine is complex, requiring the isolation of 
monocytes from the patient’s peripheral blood and differentiation, maturation, and 
antigen loading in vitro [115]. The whole process is time-consuming, costly, and has 
large individual differences. In addition, the quality control of DC maturation status 
and antigen presentation ability remains a difficult point. The lack of standardized 
processes and unified quality assessment indicators makes it difficult to compare the 
results between different studies [116].

6.4 Individual differences among patients

The immune status and tumor heterogeneity between GBM patients are signifi-
cant, which affects the therapeutic effect of DC vaccine. For example, the tumor 
mutation load and antigen expression profile of different patients vary greatly, 
making it impossible for universal antigens to meet the needs of all patients [10]. 
In addition, some patients have poor responses to DC vaccines due to low immune 
system function or immunosuppressive treatment (such as steroids) [117].

6.5 Lack of efficacy evaluation and biomarkers

The indicators currently used to evaluate the efficacy of DC vaccines mainly 
include overall survival (OS) and progression-free survival (PFS), but these indica-
tors take a long time to obtain results and may be affected by other treatments [118]. 
In addition, the lack of reliable biomarkers to predict patients’ ability to respond to 
DC vaccines limits the monitoring of efficacy and the implementation of personal-
ized treatment [55]. However, some CD markers of PBL cells verified in GBM patients 
treated by different immunotherapies permit partially predicting patients’ response 
to immunotherapy vaccination, such as CD8 CD11b (−), CD28, or CD25 [119].

6.6 Limitations of monotherapy

DC vaccines have limited effectiveness as monotherapy, especially in tumors with 
complex immune escape mechanisms such as GBM. Although some patients showed 
prolonged survival, the overall response rate was low. This limitation suggests that 
DC vaccines need to be used in combination with other treatments (such as immune 
checkpoint inhibitors, chemoradiotherapy, or CAR-T cell therapy) to enhance their 
anti-tumor activity [120].

6.7 Inadequate scale and design of clinical trials

Most of the current clinical trials on DC vaccines are small in scale, and the results 
lack statistical significance. In addition, the selection of control groups and efficacy 
evaluation criteria in the trial design are inconsistent, which increases the difficulty 
of data interpretation [121]. These problems limit the possibility of DC vaccines being 
promoted and applied on a larger scale [122].



117

Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

6.8 Ethical and cost issues in preparation and application

The individualized preparation and clinical application of DC vaccines are costly, 
making them difficult to promote in areas with limited medical resources [123]. In 
addition, the preparation process involves the collection of patient tumor tissue and 
peripheral blood, which may raise ethical issues [29].

7.  Future development direction

The future of dendritic cell (DC) vaccines lies in achieving breakthroughs on 
multiple fronts, providing promising advances in glioblastoma (GBM) treatment. 
The rapid development of precision medicine will push DC vaccines toward per-
sonalization. High-throughput genetic sequencing and bioinformatics can identify 
tumor-specific neoantigens to develop tailored vaccines for individual patients [124]. 
Advanced gene editing technologies such as CRISPR-Cas9 will further enhance DC 
antigen presentation and immune activation, significantly improving therapeutic 
efficacy [125]. Delivery technologies will also advance, with smart carriers such as 
nanoparticles and bio-scaffolds improving vaccine permeability across the blood-
brain barrier (BBB) and extending DC retention in the body [126]. Combination 
therapy is expected to be a key direction in the future, as combining DC vaccines with 
immune checkpoint inhibitors, radiotherapy, chemotherapy, oncolytic viruses, or 
CAR-T cell therapy can produce synergistic anti-tumor effects [127]. Furthermore, 
reprogramming of the microenvironment—using small molecule inhibitors to target 
myeloid suppressor cells (MDSCs) and regulatory T cells (Tregs)—will optimize the 
local immunosuppressive milieu and enhance vaccine efficacy [128]. Standardized 
preparation protocols and evaluation systems will accelerate clinical translation. At 
the same time, cost control and automation in production will reduce barriers and 
enable global accessibility. With technological advancement and interdisciplinary col-
laboration, DC vaccines are expected to provide more precise, efficient, and generally 
applicable solutions for glioblastoma treatment [129].

8.  Conclusion

Dendritic cell (DC)-based vaccines, as a cutting-edge technology for tumor 
immunotherapy, have shown great potential in the treatment of malignant tumors 
such as glioblastoma (GBM). Its unique antigen presentation ability makes DC an 
important bridge connecting innate immunity and adaptive immunity, providing a 
key pathway for activating specific T cell immune responses. However, the immuno-
suppressive microenvironment of GBM, the limitations of the blood-brain barrier, 
and the challenges of DC vaccine preparation and quality control still restrict the 
further improvement of its efficacy. Early clinical trials have demonstrated the safety 
of DC vaccines and their efficacy in some patients, but the overall response rate and 
sustainability of efficacy still need to be addressed by optimizing microenvironment 
remodeling strategies, improving delivery technologies, and combining treatment 
models. In the future, DC vaccines will develop in the direction of personalized, engi-
neered, and multimodal treatment. The integration of new antigen discovery technol-
ogy, gene editing technology, and intelligent delivery systems will further enhance 
the specificity and effectiveness of DC vaccines. At the same time, the application of 
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standardized preparation processes and biomarkers will help the clinical promotion 
and efficacy monitoring of vaccines. Through multidisciplinary collaboration, DC 
vaccines are expected to break through existing bottlenecks, provide more efficient 
and precise treatment options for GBM patients, and push cancer immunotherapy to 
new heights.

Acknowledgements

We gratefully acknowledge Yi Liu for the design of the figure.

Author contributions

Z.Z., M.L., and J.H. wrote the manuscript. J.H. reread and corrected the manu-
script and proposed and drew the figure. All authors have read and agreed to the 
published version of the manuscript.

Funding

Chongqing Young and Middle-aged Top Medical Talents Project.

Conflicts of interest

The authors declare no conflict of interest.



Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

119

Author details

Zuowen Zhang1, Mingchang Li2* and Jie Huang3,4*

1 Department of Neurology, Chongqing University Jiangjin Hospital, Chongqing, 
China

2 Department of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, 
China

3 Research Center for Stem Cell Engineering and Technology, Institute of Industrial 
Technology, Chongqing University and Beituo Qiming Biomedical Research Institute 
Ltd, Chongqing, China

4 CSTEAM Biotechnology LLC, Dublin, Ohio, USA

*Address all correspondence to: mingcli@whu.edu.cn and jhuang11_9@hotmail.com

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Glioblastoma – New Solutions for Brain Cancerogenesis

120

References

[1] Wei W et al. Glioblastoma 
multiforme (GBM): An overview of 
current therapies and mechanisms of 
resistance. Pharmacological Research. 
2022;171:105780. DOI: 10.1016/j.
phrs.2021.10578

[2] Lin H et al. Understanding the 
immunosuppressive microenvironment 
of glioma: Mechanistic insights and 
clinical perspectives. Journal of 
Hematology and Oncology. 2024;17:31. 
DOI: 10.1186/s13045-024-01544-7

[3] Zhang H, Chen J. Current status 
and future directions of cancer 
immunotherapy. Journal of Cancer. 
2018;9:1773-1781. DOI: 10.7150/jca.24577

[4] Batash R et al. Glioblastoma 
multiforme, diagnosis and treatment. 
Recent Literature Review. Current 
Medicinal Chemistry. 2017;24:3002-
3009. DOI: 10.2174/092986732 
4666170516123206

[5] McGranahan T et al. Current state 
of immunotherapy for treatment of 
glioblastoma. Current Treatment Options 
Oncology. 2019;20:24-29. DOI: 10.1007/
s11864-019-0619-4

[6] Sharpless N, Singer D. Progress and 
potential: The cancer moonshot. Cancer 
Cell. 2021;39:889-894. DOI: 10.1016/j.
ccell.2021.04.015

[7] Liu B et al. Exploring treatment 
options in cancer: Tumor treatment 
strategies. Signal Transduction 
and Targeted Therapy. 2024;9:175. 
DOI: 10.1038/s41392-024-01856-7

[8] Hilligen K, Ronchese F. Antigen 
presentation by dendritic cells and 
their instruction of CD4+ T helper 
cell responses. Cellular and Molecular 

Immunology. 2020;17:587-599. 
DOI: 10.1038/s41423-020-0465-0

[9] Perez C, De Palma M. Engineering 
dendritic cell vaccines to improve 
cancer immunotherapy. Nature 
Communications. 2019;10:5408. 
DOI: 10.1038/s41467-019-13368-y

[10] Liu Y et al. Immunotherapy for 
glioblastoma: Current state, challenges, 
and future perspectives. Cellular and 
Molecular Immunology. 2024;21:1354-
1375. DOI: 10.1038/s41423-024-01226-x

[11] McConnell HL, Mishra A. Cells 
of the blood-brain barrier: An 
overview of the neurovascular unit 
in health and disease. Methods of 
Molecular and Biology. 2022;2492:3-24. 
DOI: 10.1007/978-1-0716-2289-6_1

[12] Jifeng Y et al. Research progress 
on dendritic cell vaccines in cancer 
immunotherapy. Experimental 
Hematology and Oncology. 2022;11:3. 
DOI: 10.1186/s40164-022-00257-2

[13] Pasqualetti F, Zanotti S. 
Nonrandomised controlled trial in 
recurrent glioblastoma patients: The 
promise of autologous tumour lysate-
loaded dendritic cell vaccination. British 
Journal of Cancer. 2023;129:895-896. 
DOI: 10.1038/s41416-023-02194-1

[14] Datsi A, Sorg R. Dendritic cell 
vaccination of glioblastoma: Road 
to success or dead end. Frontiers 
in Immunology. 2021;12:770390. 
DOI: 10.3389/fimmu.2021.770390

[15] Del Prete A et al. Dendritic cell 
subsets in cancer immunity and tumor 
antigen sensing. Cellular and Molecular 
Immunology. 2023;20:432-447. 
DOI: 10.1038/s41423-023-00990-6



Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

121

[16] Suresh R, Mosser D. Pattern 
recognition receptors in innate 
immunity, host defense, and 
immunopathology. Advances in 
Physiology Education. 2013;37:284-291. 
DOI: 10.1152/advan.00058.2013

[17] Roche P, Furuta K. The ins and 
outs of MHC class II-mediated antigen 
processing and presentation. Nature 
Reviews Immunology. 2015;15:203-216. 
DOI: 10.1038/nri3818

[18] Wang Y et al. Dendritic cell biology 
and its role in tumor immunotherapy. 
Journal of Hematology and 
Oncology. 2020;13:107. DOI: 10.1186/
s13045-020-00939-6

[19] Bousso P. T-cell activation by 
dendritic cells in the lymph node: 
Lessons from the movies. Nature 
Reviews Immunology. 2008;8:675-684. 
DOI: 10.1038/nri2379

[20] Song L et al. The function of 
dendritic cells in modulating the host 
response. Molecular Oral Microbiology. 
2017;33:13-21. DOI: 10.1111/omi.12195

[21] Tai Y et al. The role of dendritic 
cells in cancer immunity and 
therapeutic strategies. International 
Immunopharmacology. 2024;128:111548. 
DOI: 10.1016/j.intimp.2024.111548

[22] Li L et al. Effects of immune cells 
and cytokines on inflammation and 
immunosuppression in the tumor 
microenvironment. International 
Immunopharmacology. 2020;88:106939. 
DOI: 10.1016/j.intimp.2020.106939

[23] Calmeiro J et al. Dendritic cell 
vaccines for cancer immunotherapy: 
The role of human conventional type 
1 dendritic cells. Pharmaceutics. 
2020;12:158. DOI: 10.3390/
pharmaceutics12020158

[24] Zhao Y et al. Cancer vaccines: 
Antigen selection strategy. 
Vaccines. 2021;9:85. DOI: 10.3390/
vaccines9020085

[25] Li J et al. Tumor-associated antigens 
(TAAs) for the serological diagnosis of 
osteosarcoma. Frontiers in Immunology. 
2021;12:665106. DOI: 10.3389/
fimmu.2021.665106

[26] Xie N et al. Neoantigens: 
Promising targets for cancer therapy. 
Signal Transduction and Targeted 
Therapy. 2023;8:9. DOI: 10.1038/
s41392-022-01270-x

[27] Diao L, Liu M. Rethinking antigen 
source: Cancer vaccines based on whole 
tumor cell/tissue lysate or whole tumor 
cell. Advanced Science. 2023;10:2300121. 
DOI: 10.1002/advs.202300121

[28] Teplensky M et al. Multi-antigen 
spherical nucleic acid cancer vaccines. 
Nature Biomedical Engineering. 
2023;7:911-927. DOI: 10.1038/
s41551-022-01000-2

[29] Fan T et al. Therapeutic cancer 
vaccines: Advancements, challenges 
and prospects. Signal Transduction 
and Targeted Therapy. 2023;8:450. 
DOI: 10.1038/s41392-023-01674-3

[30] Weimershaus M, Endert P. 
Preparation of dendritic cells 
by in vitro cultures. Methods in 
Molecular Biology. 2013;960:351-357. 
DOI: 10.1007/978-1-62703-218-6_25

[31] Meital L et al. A simple and effective 
method for the isolation and culture 
of human monocytes from small 
volumes of peripheral blood. Journal of 
Immunological Methods. 2019;472:75-78. 
DOI: 10.1016/j.jim.2019.04.005

[32] Meskini M et al. A protocol to isolate 
and characterize pure monocytes and 



Glioblastoma – New Solutions for Brain Cancerogenesis

122

generate monocyte-derived dendritic 
cells through FBS-coated flasks. 
Scientific Reports. 2024;14:23956. 
DOI: 10.1038/s41598-024-75376-3

[33] Bhattacharya P et al. GM-CSF: An 
immune modulatory cytokine that 
can suppress autoimmunity. Cytokine. 
2015;75:261-271. DOI: 10.1016/j.
cyto.2015.05.030

[34] de Winde C et al. Molecular 
mechanisms of dendritic cell migration 
in immunity and cancer. Medical 
Microbiology and Immunology. 
2020;209:515-529. DOI: 10.1007/
s00430-020-00680-4

[35] Alloatti A et al. Dendritic cell 
maturation and cross-presentation: 
Timing matters. Immunological Reviews. 
2016;272:97-108. DOI: 10.1111/imr.12432

[36] Bonehill A et al. Single-step antigen 
loading and activation of dendritic 
cells by mRNA electroporation for the 
purpose of therapeutic vaccination 
in melanoma patients. Clinical 
Cancer Research. 2009;15:3366-3375. 
DOI: 10.1158/1078-0432.ccr-08-2982

[37] Alsaiari S et al. CRISPR–Cas9 
delivery strategies for the modulation 
of immune and non-immune cells. 
Nature Reviews Materials. 2024;1561:6. 
DOI: 10.1038/s41578-024-00725-7

[38] Liu J et al. Dendritic cell migration 
in inflammation and immunity. 
Cellular and Molecular Immunology. 
2021;18:2461-2471. DOI: 10.1038/
s41423-021-00726-4

[39] Turnis M, Rooney C. Enhancement 
of dendritic cells as vaccines for cancer. 
Immunotherapy. 2010;2:847-862. 
DOI: 10.2217/imt.10.56

[40] Benteyn D et al. Single-step antigen 
loading and maturation of dendritic 

cells through mRNA electroporation of 
a tumor-associated antigen and a TriMix 
of costimulatory molecules. Methods 
in Molecular Biology. 2014;1139:3-15. 
DOI: 10.1007/978-1-4939-0345-0_1

[41] Fus-Kujawa A et al. An overview 
of methods and tools for transfection 
of eukaryotic cells in vitro. Frontiers 
in Bioengineering and Biotechnology. 
2021;9:701031. DOI: 10.3389/
fbioe.2021.701031

[42] Mitchell D, Nair S. RNA-transfected 
dendritic cells in cancer immunotherapy. 
The Journal of Clinical Investigation. 
2000;106:1065-1069. DOI: 10.1172/
JCI11405

[43] Kotnik T et al. Membrane 
electroporation and 
electropermeabilization: Mechanisms 
and models. Annual Review of 
Biophysics. 2019;48:63-91. DOI: 10.1146/
annurev-biophys-052118-115451

[44] Gast C et al. Cell fusion potentiates 
tumor heterogeneity and reveals 
circulating hybrid cells that correlate 
with stage and survival. Science 
Advances. 2018;4:eaat7828. DOI: 10.1126/
sciadv.aat7828. eCollection 2018 Sep

[45] de Kodel H et al. Liposomes and 
niosomes: New trends and applications 
in the delivery of bioactive agents 
for cancer therapy. International 
Journal of Pharmaceutics. 2025;668:5. 
DOI: 10.1016/j.ijpharm.2024.124994

[46] Wilhelm J et al. Antigen folding 
improves loading efficiency and 
antitumor efficacy of PC7A nanoparticle 
vaccine. Journal of Controlled Release. 
2021;329:353-360. DOI: 10.1016/j.
jconrel.2020.11.056

[47] Macri C et al. Targeting dendritic 
cells: A promising strategy to improve 
vaccine effectiveness. Clinical and 



Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

123

Translational Immunology. 2016;5:e66. 
DOI: 10.1038/cti.2016.6

[48] Wang J et al. Choice of nanovaccine 
delivery mode has profound 
impacts on the intralymph node 
spatiotemporal distribution and 
immunotherapy efficacy. Advanced 
Science. 2020;7:2001108. DOI: 10.1002/
advs.202001108

[49] Chen Y et al. Engineering 
strategies for lymph node targeted 
immune activation. Accounts of 
Chemical Research. 2020;53:2055-2067. 
DOI: 10.1021/acs.accounts.0c00260

[50] Gessler D et al. Intravenous infusion 
of AAV for widespread gene delivery 
to the nervous system. Methods in 
Nolecular Biology. 2019;1950:143-163. 
DOI: 10.1007/978-1-4939-9139-6_8

[51] Dong X. Current strategies for brain 
drug delivery. Theranostics. 2018;8:1481-
1493. DOI: 10.7150/thno.21254

[52] Sprooten J et al. Trial watch: 
Dendritic cell vaccination 
for cancer immunotherapy. 
Oncoimmunology. 2019;8:e1638212. 
DOI: 10.1080/2162402X.2019.1638212

[53] Han L et al. Hitchhiking on 
controlled-release drug delivery systems: 
Opportunities and challenges for cancer 
vaccines. Frontiers in Pharmacology. 
2021;12:679602. DOI: 10.3389/
fphar.2021.679602

[54] Fatemeh Salahpour Anarjan. Active 
targeting drug delivery nanocarriers: 
Ligands. Nano-Structures and Nano-
Objects. 2019;19:100370. DOI: 10.1016/j.
nanoso.2019.100370

[55] Laureano R et al. Trial watch: 
Dendritic cell (DC)-based 
immunotherapy for cancer. 
Oncoimmunology. 2022;11:2096363. 
DOI: 10.1080/2162402X.2022.2096363

[56] Huttner A et al. Safety, 
immunogenicity, and preliminary 
clinical efficacy of a vaccine against 
extraintestinal pathogenic Escherichia 
coli in women with a history of 
recurrent urinary tract infection: A 
randomised, single-blind, placebo-
controlled phase 1b trial. Lancet Infect 
Disease. 2017;17:528-537. DOI: 10.1016/
S1473-3099(17)30108-1

[57] Linda X et al. Current 
vaccine trials in glioblastoma: A 
review. Journal of Immunology 
Research. 2014;2014:796856. 
DOI: 10.1155/2014/796856

[58] Zhang X et al. Engineered tumor 
cell-derived vaccines against cancer: The 
art of combating poison with poison. 
Bioactive Materials. 2022;22:491-517. 
DOI: 10.1016/j.bioactmat.2022.10.016

[59] Taefehshokr S et al. Cancer 
immunotherapy: Challenges and 
limitations. Pathology - Research 
and Practice. 2022;229:153723. 
DOI: 10.1016/j.prp.2021.153723

[60] Mackley M et al. Revisiting risk 
and benefit in early oncology trials 
in the era of precision medicine: A 
systematic review and meta-analysis 
of phase I trials of targeted single-
agent anticancer therapies. Precision 
Oncology. 2021;5:00214. DOI: 10.1200/
PO.20.00214

[61] Najafi S, Mortezaee K. Advances 
in dendritic cell vaccination 
therapy of cancer. Biomedicine and 
Pharmacotherapy. 2023;164:114954. 
DOI: 10.1016/j.biopha.2023.114954

[62] Driscoll J, Rixe O. Overall survival: 
Still the gold standard: Why overall 
survival remains the definitive end 
point in cancer clinical trials. Cancer 
Journal. 2009;15:401-405. DOI: 10.1097/
PPO.0b013e3181bdc2e0



Glioblastoma – New Solutions for Brain Cancerogenesis

124

[63] Korn R, Crowley J. Overview: 
Progression-free survival as an endpoint 
in clinical trials with solid tumors. 
Clinical Cancer Research. 2013;19:2607-
2612. DOI: 10.1158/1078-0432.
CCR-12-2934

[64] Gonzalez H et al. Roles of the 
immune system in cancer: From tumor 
initiation to metastatic progression. 
Genes Development. 2018;32:1267-1284. 
DOI: 10.1101/gad.314617.118

[65] Wei W et al. Glioblastoma 
multiforme (GBM): An overview of 
current therapies and mechanisms of 
resistance. Pharmacology Reseach. 
2021;171:105780. DOI: 10.1016/j.
phrs.2021.105780

[66] Gulijk M et al. Combination 
strategies to optimize efficacy of 
dendritic cell-based immunotherapy. 
Frontiers in Immunology. 2018;9:2759. 
DOI: 10.3389/fimmu.2018.02759

[67] Li Q et al. Radiotherapy/
chemotherapy-immunotherapy 
for cancer management: From 
mechanisms to clinical implications. 
Oxidative Medicine and Cellular 
Longevity. 2023;2023:7530794. 
DOI: 10.1155/2023/7530794

[68] Ahlmann M et al. The effect of 
cyclophosphamide on the immune 
system: Implications for clinical cancer 
therapy. Cancer Chemotherapy and 
Pharmacology. 2016;78:661-671. 
DOI: 10.1007/s00280-016-3152-1

[69] Walsh R et al. Immune checkpoint 
inhibitor combinations—Current 
and emerging strategies. British 
Journal of Cancer. 2023;128:1415-1417. 
DOI: 10.1038/s41416-023-02181-6

[70] Zhang L et al. Chemotherapy 
reinforces anti-tumor immune response 
and enhances clinical efficacy of immune 

checkpoint inhibitors. Frontiers in 
Oncology. 2022;12:939249. DOI: 10.3389/
fonc.2022.939249

[71] Chang-Myung O et al. Combination 
immunotherapy using oncolytic virus for 
the treatment of advanced solid tumors. 
International Journal of Molecular 
Sciences. 2020;21:7743. DOI: 10.3390/
ijms21207743

[72] Zhang M et al. DC vaccine enhances 
CAR-T cell antitumor activity by 
overcoming T cell exhaustion and 
promoting T cell infiltration in solid 
tumors. Clinical and Translational 
Oncology. 2023;25:2972-2982. 
DOI: 10.1007/s12094-023-03161-1

[73] Mangani D et al. The network 
of immunosuppressive pathways 
in glioblastoma. Biochemical 
Pharmacology. 2017;130:1-9. 
DOI: 10.1016/j.bcp.2016.12.011

[74] Mestrallet G et al. Strategies to 
overcome DC dysregulation in the 
tumor microenvironment. Frontiers 
in Immunology. 2022;13:980709. 
DOI: 10.3389/fimmu.2022.980709

[75] Shibuya M. Vascular endothelial 
growth factor (VEGF) and its receptor 
(VEGFR) signaling in angiogenesis. 
Genes and Cancer. 2011;2:1097-1105. 
DOI: 10.1177/1947601911423031

[76] Wang Y et al. Lactate metabolism 
and histone lactylation in the central 
nervous system disorders: Impacts 
and molecular mechanisms. Journal 
of Neuroinflammation. 2024;21:308. 
DOI: 10.1186/s12974-024-03303-4

[77] Olivier C et al. Drug resistance in 
glioblastoma: The two faces of oxidative 
stress. Frontiers in Molecular Biosciences. 
2021;7:620677. DOI: 10.3389/
fmolb.2020.620677



Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

125

[78] Batista-Duharte A et al. Immune 
checkpoint inhibitors for vaccine 
improvements: Current status and 
new approaches. Pharmaceutics. 
2022;14:1721. DOI: 10.3390/
pharmaceutics14081721

[79] Ding J et al. The performance and 
perspectives of dendritic cell vaccines 
modified by immune checkpoint 
inhibitors or stimulants. Biochimica et 
Biophysica Acta - Reviews on Cancer. 
2022;1877:188763. DOI: 10.1016/j.
bbcan.2022.188763

[80] Tai Y et al. Molecular mechanisms 
of T cells activation by dendritic cells 
in autoimmune diseases. Frontiers in 
Pharmacology. 2018;9:642. DOI: 10.3389/
fphar.2018.00642

[81] Gabrilovich D et al. Vascular 
endothelial growth factor inhibits the 
development of dendritic cells and 
dramatically affects the differentiation of 
multiple hematopoietic lineages in vivo. 
Blood. 1998;92:4150-4166. DOI: 10.1182/
blood.V92.11.4150

[82] Li L et al. Myeloid-derived 
suppressor cells: Key immunosuppressive 
regulators and therapeutic targets 
in cancer. Pathology - Research 
and Practice. 2023;248:154711. 
DOI: 10.1016/j.prp.2023.154711

[83] Mellor A, Munn D. Ido expression by 
dendritic cells: Tolerance and tryptophan 
catabolism. Nature Reviews Immunology. 
2004;4:762-774. DOI: 10.1038/nri1457

[84] Maldonado R, von Andrian U. 
How tolerogenic dendritic 
cells induce regulatory T cells. 
Advances in Immunology. 
2010;108:111-165. DOI: 10.1016/
B978-0-12-380995-7.00004-5

[85] Butterfield L et al. Multiple antigen-
engineered DC vaccines with or without 

IFNα to promote antitumor immunity in 
melanoma. Journal for Immuno Therapy 
of Cancer. 2019;7:113. DOI: 10.1186/
s40425-019-0552-x

[86] Wang D et al. Efficacy of 
intracellular immune checkpoint-
silenced DC vaccine. JCI Insight. 
2018;3:e98368. DOI: 10.1172/jci.
insight.98368

[87] Lee-Chang C et al. Myeloid-
derived suppressive cells promote B 
cell-mediated immunosuppression via 
transfer of PD-L1 in glioblastoma. Cancer 
Immunology Research. 2019;7:1928-1943. 
DOI: 10.1158/2326-6066.CIR-19-0240

[88] Xiong Z et al. Glioblastoma vaccines: 
Past, present, and opportunities. 
eBioMedicine. 2024;100:104963. 
DOI: 10.1016/j.ebiom.2023.104963

[89] Mbongue J et al. The role of 
indoleamine 2, 3-dioxygenase in 
immune suppression and autoimmunity. 
Vaccine. 2015;3:703-729. DOI: 10.3390/
vaccines3030703

[90] Berod L et al. Tregs in infection 
and vaccinology: Heroes or traitors? 
Microbial Biotechnology. 2012;5:260-269. 
DOI: 10.1111/j.1751-7915.2011.00299.x

[91] Nedoszytko B et al. The role of 
regulatory T cells and genes involved in 
their differentiation in pathogenesis of 
selected inflammatory and neoplastic 
skin diseases. Part I: Treg properties 
and functions. Postepy Dermatology 
and Alergology. 2017;34:285-294. 
DOI: 10.5114/ada.2017.69305

[92] Shimabukuo-Vornhagen A et al. 
The immunosuppressive factors IL-10, 
TGF-β, and VEGF do not affect the 
antigen-presenting function of CD40-
activated B cells. Journal of Experimental 
and Clinical Cancer Research. 2012;31:47. 
DOI: 10.1186/1756-9966-31-47



Glioblastoma – New Solutions for Brain Cancerogenesis

126

[93] Sanchez-Leon ML et al. The effects 
of dendritic cell-based vaccines in the 
tumor microenvironment: Impact 
on myeloid-derived suppressor 
cells. Frontiers in Immunology. 
2022;13:1050484. DOI: 10.3389/
fimmu.2022.1050484

[94] Lax B et al. Both intratumoral 
regulatory T cell depletion and CTLA-4 
antagonism are required for maximum 
efficacy of anti-CTLA-4 antibodies. 
PNAS. 2023;120:e2300895120. 
DOI: 10.1073/pnas.2300895120

[95] Chunmei F et al. DC-based 
vaccines for cancer immunotherapy. 
Vaccine. 2020;8:706. DOI: 10.3390/
vaccines8040706

[96] Sarkaria J et al. Is the blood-
brain barrier really disrupted in all 
glioblastomas? A critical assessment of 
existing clinical data. Neuro-Oncology. 
2018;20:184-191. DOI: 10.1093/neuonc/
nox175

[97] Lanzavecchia A, Sallusto F. 
Regulation of T cell immunity by 
dendritic cells. Cell. 2001;106:263-266. 
DOI: 10.1016/S0092-8674(01)00455-X

[98] Huang M et al. Mucosal vaccine 
delivery: A focus on the breakthrough 
of specific barriers. Acta Pharmaceutica 
Sinica B. 2022;12:3456-3474. 
DOI: 10.1016/j.apsb.2022.07.002

[99] Zhou Y et al. Crossing the blood-
brain barrier with nanoparticles. Journal 
of Controlled Release. 2018;270:290-303. 
DOI: 10.1016/j.jconrel.2017.12.015

[100] Wheeler C, Black K. DCVax-
brain and DC vaccines in the 
treatment of GBM. Expert Opinion on 
Investigational Drugs. 2009;18:509-519. 
DOI: 10.1517/13543780902841951

[101] Van Gool S et al. Dendritic cell 
vaccination for glioblastoma multiforme 

patients: Has a new milestone been 
reached? Translational Cancer Research. 
2023;12:2224-2228. DOI: 10.21037/
tcr-23-603

[102] Dejaegher J et al. Dendritic cell 
vaccination for glioblastoma multiforme: 
Review with focus on predictive factors 
for treatment response. ImmunoTargets 
and Therapy. 2014;3:55-66. DOI: 10.2147/
ITT.S40121

[103] Nagaoka K et al. Dendritic cell 
vaccine induces antigen-specific 
CD8+ T cells that are metabolically 
distinct from those of peptide 
vaccine and is well-combined 
with PD-1 checkpoint blockade. 
Oncoimmunology. 2017;7:e1395124. 
DOI: 10.1080/2162402X.2017.1395124

[104] Liu H et al. Therapeutic strategies 
of glioblastoma (GBM): The current 
advances in the molecular targets and 
bioactive small molecule compounds. 
Acta Pharmaceutica Sinica B. 
2022;12:1781-1804. DOI: 10.1016/j.
apsb.2021.12.019

[105] Yang J et al. Targeting VEGF/
VEGFR to modulate antitumor 
immunity. Frontiers in Immunology. 
2018;9:978. DOI: 10.3389/
fimmu.2018.00978

[106] Bullock K, Richmond A. 
Suppressing MDSC recruitment to 
the tumor microenvironment by 
antagonizing CXCR2 to enhance 
the efficacy of immunotherapy. 
Cancers. 2021;13:6293. DOI: 10.3390/
cancers13246293

[107] Qin D et al. Targeting tumor-
infiltrating tregs for improved antitumor 
responses. Frontiers in Immunology. 
2024;15:1325946. DOI: 10.3389/
fimmu.2024.1325946

[108] Kim Y et al. Dendritic cells in 
oncolytic virus-based anti-cancer 



Dendritic Cell-Based Glioblastoma Vaccines: Advances and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009185

127

therapy. Viruses. 2015;7:6506-6525. 
DOI: 10.3390/v7122953

[109] Zhao C et al. Lipid-based 
nanoparticles to address the 
limitations of GBM therapy by 
overcoming the blood-brain barrier, 
targeting glioblastoma stem cells, and 
counteracting the immunosuppressive 
tumor microenvironment. Biomedicine 
and Pharmacotherapy. 2024;171:116113. 
DOI: 10.1016/j.biopha.2023.116113

[110] Sanfang T et al. Dendritic cell 
vaccines extend CD19 CAR-T cell 
persistence and improve the outcomes 
in refractory/relapsed adult B-ALL. 
Blood. 2023;142:3488. DOI: 10.1182/
blood-2023-186308

[111] Li L et al. Dendritic cell vaccines 
for glioblastoma fail to complete clinical 
translation: Bottlenecks and potential 
countermeasures. International 
Immunopharmacology. 2022;109:108929. 
DOI: 10.1016/j.intimp.2022.108929

[112] Lin Y-J et al. The role of myeloid cells 
in GBM immunosuppression. Frontiers 
in Immunology. 2022;13:887781. 
DOI: 10.3389/fimmu.2022.887781

[113] Becker H et al. Transport 
metabolons and acid/base balance 
in tumor cells. Cancers. 2020;12:899. 
DOI: 10.3390/cancers12040899

[114] Di W et al. The blood–brain barrier: 
Structure, regulation and drug delivery. 
Signal Transduction and Targeted 
Therapy. 2023;8:217. DOI: 10.1038/
s41392-023-01481-w

[115] Lee K-W et al. Dendritic cell 
vaccines: A shift from conventional 
approach to new generations. Cells. 
2023;12:2147. DOI: 10.3390/cells12172147

[116] Zhou Q et al. Mature dendritic cell 
derived from cryopreserved immature 

dendritic cell shows impaired homing 
ability and reduced anti-viral therapeutic 
effects. Scientific Reports. 2016;6:39071. 
DOI: 10.1038/srep39071

[117] Jan C-I et al. Predictors of response 
to autologous dendritic cell therapy in 
glioblastoma multiforme. Frontiers in 
Immunology. 2018;9:727. DOI: 10.3389/
fimmu.2018.00727

[118] Cozzi S et al. Delayed effect of 
dendritic cells vaccination on survival 
in glioblastoma: A systematic review 
and meta-analysis. Current Oncology. 
2022;29:881-891. DOI: 10.3390/
curroncol29020075

[119] Quintero G et al. Glioblastoma -  
Application of gene therapy during 
a quarter of a century: Anti - Gene 
IGF-I strategy. Acta Scientific Cancer 
Biology. 2019;4:38-45. DOI: 10.31080/
ASCB.2020.04

[120] Sadeghzadeh M et al. Dendritic cell 
therapy in cancer treatment; the state-of-
the-art. Life Sciences. 2020;254:117580. 
DOI: 10.1016/j.lfs.2020.117580

[121] Saadeldin MK et al. Dendritic cell 
vaccine immunotherapy; the beginning 
of the end of cancer and COVID-19. 
A hypothesis. Medical Hypotheses. 
2020;146:110365. DOI: 10.1016/j.
mehy.2020.110365

[122] Tang L et al. Personalized 
neoantigen-pulsed DC vaccines: 
Advances in clinical applications. 
Frontiers in Oncology. 2021;11:701777. 
DOI: 10.3389/fonc.2021.701777

[123] Gilboa E. DC-based cancer vaccines. 
The Journal of Clinical Investigation. 
2007;117:1195-1203. DOI: 10.1172/
JCI31205

[124] Mastelic-Gavillet B et al. 
Personalized dendritic cell 



Glioblastoma – New Solutions for Brain Cancerogenesis

128

vaccines—Recent breakthroughs and 
encouraging clinical results. Frontiers in 
Immunology. 2019;10:766. DOI: 10.3389/
fimmu.2019.00766

[125] Shi H et al. CRISPR screens for 
functional interrogation of immunity. 
Nature Reviews Immunology. 
2022;23:363-380. DOI: 10.1038/
s41577-022-00802-4

[126] Mulvihill J et al. Drug delivery 
across the blood-brain barrier: Recent 
advances in the use of nanocarriers. 
Nanomedicine. 2020;15:205-214. 
DOI: 10.2217/nnm-2019-0367

[127] Rezaei R et al. Combination therapy 
with CAR T cells and oncolytic viruses: 
A new era in cancer immunotherapy. 
Cancer Gene Therapy. 2021;29:647-660. 
DOI: 10.1038/s41417-021-00359-9

[128] Qi Y et al. Targeted modulation of 
myeloid-derived suppressor cells in the 
tumor microenvironment: Implications 
for cancer therapy. Biomedicine and 
Pharmacotherapy. 2024;180:117590. 
DOI: 10.1016/j.biopha.2024.117590

[129] Nava S et al. Safe and reproducible 
preparation of functional dendritic cells 
for immunotherapy in glioblastoma 
patients. Stem Cells Translational 
Medicine. 2015;4:1164-1172. 
DOI: 10.5966/sctm.2015-0091



129

Chapter 6

Glioblastoma Management in the 
Post-COVID-19 Era: Challenges, 
Strategies, and Adaptations
Xiaohui Ren and Ling Qin

Abstract

The COVID-19 pandemic significantly disrupted glioblastoma (GBM) manage-
ment, affecting its pathophysiology, diagnosis, treatment, and prognosis. GBM, an 
aggressive brain tumor with poor survival rates, presented unique vulnerabilities 
during the pandemic due to its rapid progression and patients’ compromised immu-
nity. SARS-CoV-2 may also influence GBM progression by binding to overexpressed 
receptors on glioblastoma cells, potentially activating oncogenic pathways. This 
interaction highlights the potential for COVID-19 to exacerbate tumor aggressiveness. 
Diagnostic delays resulted in increased tumor volumes, while treatment pathways 
adapted with minimally invasive surgeries, hypofractionated radiotherapy, and tele-
medicine to ensure continuity of care. Despite these innovations, survival outcomes 
varied globally, with centers adopting flexible protocols reporting fewer adverse 
impacts. Vaccination emerged as a critical tool, with prioritization for GBM patients 
and minimal adverse effects, providing protection against severe COVID-19. This 
paper explores the multifaceted impact of COVID-19 on GBM, detailing disruptions 
and strategies that paved the way for resilient neuro-oncological care during and after 
the pandemic.

Keywords: glioblastoma, COVID-19 pandemic, treatment, telemedicine, vaccination

1.  Introduction

Glioblastoma multiforme (GBM) is recognized as one of the most common pri-
mary brain malignant tumors in adults, accounting for 60–70% of high-grade gliomas 
[1]. The 5-year survival rate of GBM is only approximately 5%, and the risk of mortal-
ity in GBM patients may be even higher in the setting of the COVID-19 pandemic 
[1, 2]. Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), has accumulated 704,753,890 confirmed 
cases globally until April 2024 (https://www.worldometers.info/coronavirus/). Given 
the susceptibility to SARS-CoV-2, most people around the world are considered to be 
reinfected by SARS-CoV-2 (Omicron variant) pandemic [3]. The ongoing COVID-19 
pandemic continues to pose significant risks, particularly for vulnerable population 
globally. Efforts to control the pandemic have led to substantial restrictions on daily 
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lift, raising concerns about mental health challenges. According to the U.S. Centers 
for Disease Control and Prevention, “individuals with certain underlying medi-
cal conditions face an increased risk of developing severe illness from COVID-19.” 
Patients with GBM due to reduced immune function and weakened systemic immune 
system owing to antitumor treatments like radiation, chemotherapy, or surgery 
[4–6], are more likely to contract SARS-CoV-2 compared to those without tumors. 
The mentioned antitumor treatments permit, although only partially, to maintain the 
immune response.

The lungs are widely recognized as the primary site of SARS-CoV-2 infection; 
however, some studies suggest that the virus may also invade the central nervous 
system (CNS), leading to neurological disorders such as headache, dizziness, and 
impaired consciousness as well as cranial nerve-related symptoms [7]. Additionally, 
cognitive impairments, usually termed “brain fog”, are common among individu-
als with long-term COVID-19 symptoms and represent one of the most frequently 
reported post-infection sequelae [8, 9]. Evidence increasingly confirms SARS-CoV-2’s 
involvement in the CNS with severe neurological symptoms occurring in 36.4% of 
affected patients [10].

2.  The mechanism of SARS-CoV2 entry into CNS

The potential mechanism of the neurological symptoms associated with COVID-
19 has been controversial until the strong evidence of COVID-19 neuro-invasion and 
neurovirulence supported by SARS-CoV-2 RNA appearance in cerebrospinal fluid 
and brain autopsy tissue [11]. SARS-CoV-2 may reach and impact the CNS through 
various pathways, including the olfactory route, axonal retrograde transport or 
interactions with the blood-brain barrier (BBB) or blood-cerebrospinal fluid (CSF) 
barrier [12, 13]. The BBB, consisting of tight junctions between adjacent endothelial 
cells, is essential in limiting paracellular viral movement and is recognized as a major 
pathway for coronavirus to access the CNS [13]. Importantly, SARS-CoV-2 RNA has 
been detected in various brain regions, such as cortical neurons, olfactory nerve, 
frontal lobe and brainstem [14–16]. It is also widely known that glial and neuronal 
cells express ACE2 on their surface, supplying a potential target for COVID-19 
infection [17]. SARS-CoV2 enters host cells via spike (S) proteins. After binding to 
the angiotensin-converting enzyme 2 (ACE2) on target cells, the S protein is cleaved 
into S1 and S2 by TMPRSS2 and host cell proteases such as cathepsin L (CTSL) [18], 
which facilitates viral entry into the cell via membrane fusion and endocytosis. This 
cleavage of S protein is critical for viral activation and subsequent infection [19, 20]. 
Interestingly, although ACE2 and TMPRSS2 have been considered as the two widely 
accepted receptors during SARS-CoV-2 cell entry, it has also been reported to be 
relatively low in endothelial cells of human brain in some studies [21, 22]. The coro-
navirus receptors Alanyl aminopeptidase (ANPEP), Tyrosine-protein kinase receptor 
UFO (AXL), and Glutamyl Aminopeptidase (ENPEP) were detected in the olfactory 
region and endothelial cells of human brain, indicating that SARS-CoV-2 cell entry in 
human brain might require these three receptors rather than only rely on ACE2 and 
TMPRSS2.

Additionally, the structural damage to the BBB among brain tumor patients 
elicits the SARS-CoV-2 infection to the CNS. A Q-albumin index >0.008 g/dl always 
indicates BBB dysfunction and has been proven in specific brain tuomor [23]. 
Brain tumors can compromise the integrity of the BBB by secreting proinflammatory 
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mediators, vasoactive cytokines, and growth factors, which can influence tight junc-
tions and enhance permeability [23, 24]. Numerous studies have shown downregula-
tion of tight junction protein expression of BBB in specific brain tumors, including 
astrocytomas and glioblastoma multiforme [24].

3.  The evidence of direct deleterious role of COVID-19 on GBM

In glioma tissue extracted from a COVID-19 patients, ACE2 expression was found 
to be higher in GBM compared to the surrounding GBM-adjacent tissue [25]. The 
glioma tissues derived from patients who has experienced COVID-19 months before 
surgery also show that SARS-CoV-2 entry factors are expressed in glioma tissues [26]. 
Besides these known facts above, glioma cells possess surface receptors such as epi-
dermal growth factor receptors (EGFR), vascular endothelial growth factor receptors 
(VEGFR) and hepatocyte growth factor receptors (HGFR/c-MET), all of which play 
crucial roles in tumor progression and invasion [27]. It has been established that the 
viral S protein molecule can bind to the other overexpressed receptor molecules in 
glioma cells, including epidermal growth factor receptors (EGFR) and vascular endo-
thelial growth factor receptors (VEGFR). Notably, the COVID-19 S protein exhibits 
a binding affinity for EGFR, VEGFR and c-MET receptor proteins, comparable to its 
affinity for ACE2. The high affinity of viral S protein toward EGFR and VEGFR tends 
to propose a path to investigate the glioma oncogenesis role of COVID-19 [28]. Insulin-
like growth factor-I (IGF-I), which is the principal growth factor of cancer develop-
ment [29], could affect glioma progression as well [30, 31]. The capability of these 
receptors to activate downstream signaling pathways that involved in oncogenesis 
highlights their potential as promising targets for molecular therapeutic interventions.

Otherwise, immunohistochemical staining of the GBM tissue showed that both 
the mRNA and the protein levels of ANPEP and ENPEP were significantly increased 
compared to normal brain tissue in GBM [32]. The presence of ANPEP and ENPEP 
in endothelial cells of the BBB facilitates the possibility of SARS-CoV-2 cell entry into 
the brain. Protein-protein docking studies suggest that ANPEP or ENPEP could bind 
to the receptor binding domain (RBD) of the virus, potentially aiding in SARS-CoV-2 
infection and increasing the susceptibility of GBM to the virus. Notably, GBM cell 
lines derived from recurrent glioblastoma exhibit higher malignancy and elevated 
mRNA levels of ANPEP and ENPEP, further supporting their possible oncogenic roles 
in GBM. Additionally, ANPEP and ENPEP expression levels were showed to increase 
with age and correlate with poor prognosis [32]. A protein interaction network analy-
sis revealed that ANPEP, ENPEP, and ACE2 can form a protein complex, suggesting 
that ANPEP and ENPEP may contribute directly to SARS-CoV-2 communication in 
brain, alongside ACE2. However, further investigation is needed to understand how 
ACE2 and other coronavirus receptors influence the pathogenicity of GBM and how 
SARS-CoV-2 infection impacts the clinical outcomes of GBM patients.

4.  The impact on diagnosis, treatment and prognosis of glioblastoma 
during COVID-19

The COVID-19 pandemic caused significant disruptions in the timely diagnosis 
and treatment of glioblastoma (GBM). In the setting of brain cancer, a 16% reduction 
in the diagnosis of new cases was observed. Analysis of data from the Patient Register 
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revealed a 6% overall decline in the number of newly diagnosed cancer cases from 
March to December 2020 compared to the corresponding period in 2019 [33]. Missed 
diagnoses were estimated at 70 cases in 2020 due to healthcare disruptions in Belgium. 
Additionally, patients presenting with WHO performance scores indicating severe symp-
toms increased by 10%, suggesting delayed presentations [34]. These delays or missing 
status impacted tumor size, treatment pathways and, in some cases, survival outcomes. 
The increased tumor volumes before diagnosis had been demonstrated. In a study of 236 
neuro-oncology patients in Germany, median GBM tumor volume at the time of diagno-
sis rose from 15.7 cm3 pre-COVID-19 to 21.7 cm3 during COVID-19 [35]. In Belgium, the 
age-standardized incidence rate for malignant brain tumors dropped by 8% in 2020 for 
patients aged 50 and older. A significant decline of 37% was noted in April 2020 during 
the first COVID-19 wave [34]. This decline was attributed to the cancelation of routine 
appointments and imaging services, as well as patients avoiding hospitals due to fear of 
COVID-19 exposure. The median time from symptom onset to imaging was extended, 
although specific delays varied across studies. Diagnostic imaging services, particularly 
MRIs, were deprioritized in favor of emergency procedures during COVID-19 surges. 
This delay in imaging pushed back critical diagnostic steps for GBM, which often 
progresses rapidly [34]. In Canada, delays in surgical interventions resulted in a higher 
reliance on biopsies (21.5% during COVID-19 vs. 12.9% pre-COVID-19, p = 0.037) 
and fewer gross total resections (36.7% during COVID-19 vs. 56.5% pre-COVID-19, 
p < 0.05) [36]. Fewer patients underwent aggressive surgical resection during COVID, 
with an increased reliance on biopsy-only interventions. A similar trend was observed in 
Germany, where diagnostic or limited surgical interventions became more common as 
elective surgeries were deprioritized [35]. Otherwise, the time from surgery to oncology 
consultation and the initiation of radiation therapy remained consistent at about 6 weeks 
[35]. Hypo-fractionated radiotherapy regimens were increasingly used to reduce the 
frequency of hospital visits. In Canada, the proportion of patients treated with palliative 
radiotherapy rose from 9.4% pre-COVID-19 to 15.2% during the pandemic [36]. As the 
comprehensive therapy had been proven to be the most critical determinant of GBM sur-
vival [37], the proportion of GBM patients receiving combined surgery, chemotherapy, 
and radiotherapy fell, directly impacting survival.

COVID-19-positive GBM patients had a 2.18 times higher risk of mortality and 
a 0.43 odds ratio of receiving surgery compared to non-infected counterparts [38]. 
However, in the Surveillance, Epidemiology, and End Results (SEER) cohort (USA), 
survival outcomes of GBM patients did not show significant differences between the 
pre-COVID-19 (2018–2019) and COVID-19 periods (2020), with median survival 
times remaining consistent. This highlights the resilience of specialized centers in 
mitigating the pandemic’s effects [37]. Another neuro-oncological care center in 
USA during the COVID-19 pandemic had also not showed adverse patient outcomes 
[39]. This suggests that adaptive physician-led changes were successful. In contrast, 
two-year observed survival (OS) for malignant brain tumors in Belgium decreased by 
4% in 2020 compared to 2015–2018, with some recovery evident by mid-2020 [34]. 
The controversy on prognosis of GBM reflected the heterogeneous clinic conditions 
during the GBM diagnosis and treatment.

5.  The impact of COVID-19 pandemic on neurosurgery clinic scenarios

The COVID-19 had tremendously impacted various aspects of neurosurgery, 
disrupting traditional workflows, decision-making, patient management and even 
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clinical trials across the world. The healthcare resources had been compelled to 
reallocate and adjust timely to avoid infection, prioritizing COVID-19 treatment 
while limiting access to neurosurgical procedures. The management of brain tumors 
underwent substantial modifications. Elective surgeries were widely deferred to 
preserve intensive care unit (ICU) capacity and protect both patients and staff 
from potential virus exposure. In the United Kingdom, COVID-19 significantly 
affected patients needing surgery for malignant brain tumors, leading them to opt 
for alternative treatments or in most cases forgo surgery or any treatment altogether 
[40]. At Mount Sinai in New York, elective neurosurgical operations were widely 
deferred, focusing only on urgent cases due to resource constraints such as ICU beds 
and personal protective equipment (PPE) [41]. This was a common phenomenon 
observed in other institutions. In Poland, a study revealed a 10.5% decrease in the 
total number of brain tumor surgeries in 2020 compared to previous years, with elec-
tive procedures significantly more affected than acute ones [42]. Similar trends were 
observed in Germany, where hospital admissions for brain tumor care dropped from 
8.2 daily cases pre-pandemic to 7.3 during the pandemic, and the average length of 
stay also decreased from 10.2 days (pre-pandemic) to 9.5 days during the pandemic., 
reflecting reduced access to healthcare [43]. Other aspects of neuro-oncology clinical 
activities particularly encountered the strain, as multidisciplinary tumor boards 
faced challenges in maintaining continuity of timely care. Clinical trials and inves-
tigational treatments were also heavily impacted globally, with over 60% of trials 
suspended during the peak of the pandemic. The global survey had showed that 67% 
of practitioners suspended clinical trials, including 62% suspending Phase III trials 
[44]. This disruption significantly impacted access to investigational therapies and 
the pace of research.

Nevertheless, some regions, such as Normandy in France, maintained consistent 
tumor board activities, even increasing the proportion of surgical resections the 
proportion of tumor resections increased to 81.4% (n = 79/174) during lockdowns, 
compared to 64.5% (n = 408/1366) during non-lockdown periods [45]. At the 
University of California San Diego, neurosurgery experienced only a slight reduc-
tion in operative volume while consistently meeting critical neurosurgical demands 
[46]. German data also showed a moderate rise in the rate of brain tumor resection. 
Meanwhile, frailty among neurosurgical patients also shifted, with German data 
showing a reduction in frailty scores during the pandemic. This may be attributed 
to prioritization of less frail patients for limited surgical slots, leading to the rate of 
brain tumor resections increased from 29.9% in pre-pandemic to 36.6% during the 
pandemic [43].

In the realm of specific surgeries like pituitary tumor resections, trans-sphenoidal 
approaches were largely avoided due to high viral transmission risks. An increased 
risk of contagion among ear, nose and throat surgeons has been revealed in China 
[47, 48]. This compelled patients to suspend trans-sphenoidal neurosurgery for 
lesions in the pituitary fossa and anterior skull base. In Australia, the number 
of trans-sphenoidal surgeries for pituitary tumors sharply declined as a result. 
Alternative approaches, such as craniotomies, had been considered for the most 
urgent cases despite their higher risk profile [49].

These disruptions highlight the need for adaptable systems and innovative strate-
gies, such as telemedicine and adjusted treatment protocols, to ensure the resilience of 
neurosurgical care in the face of global health crises [50, 51]. The pandemic under-
scored the critical balance between managing infectious disease crises and maintain-
ing essential non-COVID healthcare services.
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6.  GBM treatment strategy under the long-term stress of COVID-19

The management of glioblastoma (GBM) during and post-COVID-19 pan-
demic has undergone significant adaptation to balance effective treatment with 
resource constraints and infection control. The comprehensive exploration of 
GBM treatment strategies based on the previous experiences has been described 
here. Concerning surgical treatment strategy, surgeries for GBM during the pan-
demic were prioritized based on urgency. Elective surgeries were postponed, and 
essential surgeries for patients with severe neurological deficits or life-threatening 
conditions, such as significant mass effect, were expedited. Emergency cases were 
performed within 24–48 hours, with enhanced personal protective equipment 
(PPE) for all staff. Semi-urgent cases were delayed by 2–4 weeks when the opera-
tion was safely feasible [52, 53]. At Mount Sinai in New York, only urgent surgeries 
proceeded, with a focus on gross total resections whenever possible to maximize 
survival benefits [41]. In Italy, the “Hub and Spoke” model centralized surgeries 
to specific COVID-free hospitals, ensuring safety and continuity of care for GBM 
patients. This model enabled 67 surgeries in 3 weeks, demonstrating the efficiency 
of centralized care [54]. Moreover, minimally invasive surgical approaches were 
preferred to reduce ICU stay and postoperative complications. A center in Santa 
Monica, California, implemented a streamlined protocol emphasizing minimally 
invasive craniotomies and endonasal surgeries, reducing ICU utilization from 54 
to 29% [55]. Awake craniotomies became a key technique in some institutions, 
allowing for outpatient or limited inpatient monitoring, minimizing resource use 
[55–57]. Finally, when resources were constrained, diagnostic biopsies were some-
times chosen over extensive resections. A case study during the pandemic showed 
that a stereotactic biopsy was performed instead of a craniotomy for a 75-year-old 
GBM patient with multiple comorbidities to reduce the risk of ICU admission 
and facilitate immediate adjuvant therapy [41]. Other modified protocols, such 
as rapid preoperative COVID-19 testing, strict zoning in operating theaters, and 
early discharge planning, minimized patient exposure [52].

With regards to radiotherapy strategy, hypofractionated radiotherapy regimens 
were widely adopted in order to reduce hospital visits and potential exposure to 
COVID-19. Older or frail patients received 40 Gy in 15 fractions instead of the 
standard 60 Gy in 30 fractions. This shorter regimen demonstrated similar outcomes 
for elderly GBM patients. A study highlighted the use of 25 Gy in five fractions for 
palliative cases with relatively small volume disease, ensuring timely care while 
minimizing hospital visits [58]. Besides that, radiation centers implemented rigorous 
infection control protocols, including pre-treatment COVID-19 testing, daily screen 
for symptoms and reduction patient contact in waiting areas [59].

Chemotherapy regimens were tailored to reduce immunosuppression risks and 
hospital visits. Temozolomide (TMZ) continued to be the cornerstone of GBM 
chemotherapy. However, its use was carefully evaluated for patients without methyl-
ated methylguanine-DNA-methyltransferase (MGMT) promoters, given their lower 
responsiveness. TMZ was avoided in unmethylated cases when risks outweighed ben-
efits [60]. Oral chemotherapy agents were preferred to minimize the need for infusion 
visits. In cases where radiotherapy was delayed, chemotherapy was used as a bridging 
therapy to control tumor progression until definitive radiotherapy could be initiated 
[58]. Chemotherapy toxicities were monitored through telemedicine to reduce clinic 
visits, with conservative dosing strategies employed to prevent hospitalizations [59].
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As for tumor treating fields (TTFields), it provided a portable, home-use alterna-
tive, requiring minimal hospital visits. This therapy showed no known immunosup-
pressive effects and maintained efficacy when combined with TMZ [61]. Device setup 
and troubleshooting were conducted through telemedicine. Monthly device check-ins 
transitioned to virtual platforms, reducing patient-provider physical interac-
tions [61].

The treatment of GBM during and after COVID-19 features flexibility, innova-
tion, and a commitment to patient safety. The integration of reasonable surgery, oral 
chemotherapy, shorter radiotherapy courses, telemedicine and home-based therapies 
like TTFields ensures that GBM patients continue to receive high-quality care despite 
ongoing healthcare challenges in the future. These strategies not only mitigate 
pandemic-related risks but also pave the way for more efficient and patient-centered 
neuro-oncological care in the post-COVID ear. The comprehensive counseling 
emphasized infection prevention and home-based symptom management. For termi-
nal cases or high-risk patients, care plans focused on palliation, avoiding aggressive 
interventions unless necessary.

7.  The role of telemedicine in GBM management during and 
post-COVID-19

Multidisciplinary collaboration vital responsible artificial intelligence (AI) solu-
tions against COVID-19 itself or its related clinical issues has been widely used during 
pandemic [62]. The AI interplay tool leverages COVID-19-related information from 
social media to protect vulnerable patients timely. Besides that, the telemedicine, 
which partially or totally employs AI, has emerged as a pivotal tool in managing GBM 
patients during and after the COVID-19 pandemic, ensuring continuity of care while 
minimizing infection risks and travel burdens. At large institutions, telemedicine 
replaced nearly 70% of in-person follow-ups during the pandemic’s peak, helping 
recover patient volumes that had dropped by over 50% due to site closures. The vir-
tual consultations for chemotherapy monitoring, consent, and follow-up were widely 
used for 58.17% of GBM patients in a study at the University of Miami. The urgent 
symptom evaluations for complications, such as seizures or edema, avoid emergency 
room visits unless absolutely necessary [63, 64]. Those procedures above ensure the 
continuity of GBM patients’ care. In order to supply patient-centered care, patients 
living 100–200 miles from the treating center can chose telemedicine for 80% of their 
follow-ups, reducing travel costs and logistical burdens. Vulnerable or older patients 
particularly benefited, with over 60% opting for telemedicine due to reduced expo-
sure to hospital-acquired infections. Besides that, the platforms integrated interpret-
ers and caregiver support, enhancing accessibility for diverse patient populations. 
Telemedicine virtual platform has also facilitated other neuro-oncology practices, 
such as multidisciplinary care, postoperative and follow-up care, medical education 
and clinical trial consent as well [65].

Telemedicine has transformed GBM management by increasing access, reducing 
patient burden, and maintaining high standards of care. While challenges like tech-
nological limitations and reimbursement policies remain, the integration of virtual 
platforms and innovative tools will continue to enhance neuro-oncology practices. 
This model represents a sustainable approach to delivering patient-centered care in 
the post-pandemic era.
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8.  The impact of COVID-19 vaccination on GBM management

Vaccination against COVID-19 had proven crucial for GBM patients during the 
pandemic, providing essential protection for an already vulnerable population. GBM 
patients, particularly those undergoing chemotherapy, faced heightened risks of severe 
COVID-19 due to compromised immunity. Governments prioritized these patients for 
early vaccination. In an international survey, 55.2% of brain tumor patients were priori-
tized by their government. The brain tumor was also the most common reason reported 
in the survey for prioritization to receive the COVID-19 vaccine (30.8%), followed by 
age (16.4%), and other medical conditions (9.5%) [66]. Concerning GBM, about 26.4% 
of GBM patients were on active treatment (chemotherapy, radiotherapy, or combination 
therapies) when they got vaccinated, highlighting the focus on concurrent care and 
immune protection. The low adverse event rates made COVID-19 vaccination popular 
among brain tumor patients. In a study of 102 brain tumor patients, no severe adverse 
events like anaphylaxis were observed. Mild reactions included fatigue (3%), fever (3%), 
and local injection site pain (2.9%), resolving within few days. The vaccines did not 
affect GBM disease progression or outcomes, boosting their use during tumor active 
treatment [67]. Vaccination was recommended during stable periods of the tumor 
treatment cycle to maximize immune response. The interval between chemotherapy 
and vaccination was tailored (1–28 days) to reduce interactions. High Seroconversion 
Rates (90%, n = 102) were showed in solid tumor patients, including GBM cases, even 
under active treatment. Only four vaccinated GBM patients (3.9%, n = 102) contracted 
COVID-19 without symptoms, compared to 50% infection rates in unvaccinated GBM 
patients [67]. Meanwhile 89.9% of caregivers were vaccinated, reducing the risk of 
transmission to GBM patients and allowing caregivers to safely accompany patients to 
appointments [66]. With minimal adverse effects, significant protection from severe 
disease, and seamless integration into existing treatment protocols, vaccination strate-
gies have effectively mitigated risks for this vulnerable population.

9.  Conclusion

The COVID-19 pandemic imposed unprecedented challenges on glioblastoma 
management, from pathophysiology, delayed diagnoses to altered treatment pro-
tocols. Diagnostic delays increased tumor volumes, and healthcare resources were 
reallocated to manage the crisis, limiting access to essential neuro-oncological care. 
Innovations such as telemedicine, hypofractionated radiotherapy, and minimally 
invasive surgical techniques mitigated some of these disruptions, ensuring patient 
safety and continuity of care. Vaccination played a pivotal role, providing significant 
protection to immunocompromised GBM patients and reducing COVID-19-related 
complications. The resilience and adaptability demonstrated by healthcare systems 
underscore the need for integrated approaches and innovative care models in manag-
ing GBM during global health crises. These experiences provide a framework for 
enhancing patient-centered neuro-oncology care in a post-pandemic world.

Funding

This work was supported by Capital’s Funds for Health Improvement and Research 
(2022-2-1072).



Glioblastoma Management in the Post-COVID-19 Era: Challenges, Strategies, and Adaptations
DOI: http://dx.doi.org/10.5772/intechopen.1008795

137

Author details

Xiaohui Ren1 and Ling Qin2*

1 Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, 
Beijing, China

2 Department of Infectious Diseases, Peking Union Medical College Hospital, Chinese 
Academy of Medical Science and Peking Union Medical College, Beijing, China

*Address all correspondence to: qinlingpumch@126.com

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Glioblastoma – New Solutions for Brain Cancerogenesis

138

References

[1] Ostrom QT, Cote DJ, Ascha M, et al. 
Adult glioma incidence and survival by 
race or ethnicity in the United States 
from 2000 to 2014. JAMA Oncology. 
2018;4:1254-1262

[2] Varnai C, Palles C, Arnold R, 
et al. Mortality among adults with 
cancer undergoing chemotherapy or 
immunotherapy and infected with 
COVID-19. JAMA Network Open. 
2022;5:e220130

[3] Zhou CM, Qin XR, Yan LN, et al. 
Global trends in COVID-19. Infectious 
Medicine. 2022;1:31-39

[4] Kumari S, Gupta R, Ambasta RK, 
Kumar P. Multiple therapeutic 
approaches of glioblastoma multiforme: 
From terminal to therapy. Biochimica 
Et Biophysica Acta. Reviews on Cancer. 
2023;1878:188913

[5] Chandrasekar G, Bansal VS, 
Panigrahi M, Kitambi SS. An overview 
of targets and therapies for glioblastoma 
multiforme. Journal of Cancer Research 
and Therapeutics. 2022;18:591-598

[6] Molinaro AM, Hervey-Jumper S, 
Morshed RA, et al. Association of 
maximal extent of resection of contrast-
enhanced and non-contrast-enhanced 
tumor with survival within molecular 
subgroups of patients with newly 
diagnosed glioblastoma. JAMA Oncology. 
2020;6:495-503

[7] Amruta N, Chastain WH, 
Paz M, et al. SARS-CoV-2 mediated 
neuroinflammation and the impact of 
COVID-19 in neurological disorders. 
Cytokine & Growth Factor Reviews. 
2021;58:1-15

[8] Greene C, Connolly R, Brennan D, 
et al. Blood-brain barrier disruption 

and sustained systemic inflammation 
in individuals with long COVID-
associated cognitive impairment. Nature 
Neuroscience. 2024;27:421-432

[9] Soriano JB, Murthy S, Marshall JC, 
et al. A clinical case definition of 
post-COVID-19 condition by a Delphi 
consensus. The Lancet Infectious 
Diseases. 2022;22:e102-e1e7

[10] Mao L, Jin H, Wang M, et al. 
Neurologic manifestations of 
hospitalized patients with coronavirus 
disease 2019 in Wuhan, China. JAMA 
Neurology. 2020;77:683-690

[11] Stein SR, Ramelli SC, Grazioli A, 
et al. SARS-CoV-2 infection and 
persistence in the human body and brain 
at autopsy. Nature. 2022;612:758-763

[12] Meinhardt J, Radke J, Dittmayer C, 
et al. Olfactory transmucosal SARS-
CoV-2 invasion as a port of central 
nervous system entry in individuals 
with COVID-19. Nature Neuroscience. 
2021;24:168-175

[13] Zhang L, Zhou L, Bao L, et al. SARS-
CoV-2 crosses the blood-brain barrier 
accompanied with basement membrane 
disruption without tight junctions 
alteration. Signal Transduction and 
Targeted Therapy. 2021;6:337

[14] Song E, Zhang C, Israelow B, et al. 
Neuroinvasion of SARS-CoV-2 in 
human and mouse brain. The Journal of 
Experimental Medicine. 2021;218:1-18

[15] Bulfamante G, Chiumello D, 
Canevini MP, et al. First ultrastructural 
autoptic findings of SARS-
Cov-2 in olfactory pathways and 
brainstem. Minerva Anestesiologica. 
2020;86:678-679



Glioblastoma Management in the Post-COVID-19 Era: Challenges, Strategies, and Adaptations
DOI: http://dx.doi.org/10.5772/intechopen.1008795

139

[16] Paniz-Mondolfi A, Bryce C, 
Grimes Z, et al. Central nervous system 
involvement by severe acute respiratory 
syndrome coronavirus-2 (SARS-
CoV-2). Journal of Medical Virology. 
2020;92:699-702

[17] Baig AM, Khaleeq A, Ali U, Syeda H. 
Evidence of the COVID-19 virus 
targeting the CNS: Tissue distribution, 
host-virus interaction, and proposed 
neurotropic mechanisms. ACS Chemical 
Neuroscience. 2020;11:995-998

[18] Hou Y, Zhao J, Martin W, et al. New 
insights into genetic susceptibility of 
COVID-19: An ACE2 and TMPRSS2 
polymorphism analysis. BMC Medicine. 
2020;18:216

[19] Hoffmann M, Kleine-Weber H, 
Schroeder S, et al. SARS-CoV-2 cell entry 
depends on ACE2 and TMPRSS2 and is 
blocked by a clinically proven protease 
inhibitor. Cell. 2020;181(271-80):e8

[20] Gemmati D, Bramanti B, Serino ML, 
et al. COVID-19 and individual genetic 
susceptibility/receptivity: Role of ACE1/
ACE2 genes, immunity, inflammation 
and coagulation. Might the double 
X-chromosome in females Be protective 
against SARS-CoV-2 compared to 
the single X-chromosome in males? 
International Journal of Molecular 
Sciences. 2020;21:1-23

[21] Chen R, Wang K, Yu J, et al. The 
spatial and cell-type distribution of 
SARS-CoV-2 receptor ACE2 in the 
human and mouse brains. Frontiers in 
Neurology. 2020;11:573095

[22] Lowes H, Robertson F, Pyle A, 
et al. The human coronavirus receptor 
ANPEP (CD13) is overexpressed in 
Parkinson's disease. Movement Disorders. 
2020;35:2134-2136

[23] Rodriguez-Morales J, Guartazaca-
Guerrero S, Rizo-Tellez SA, et al. 

Blood-brain barrier damage is pivotal 
for SARS-CoV-2 infection to the 
central nervous system. Experimental 
Neurobiology. 2022;31:270-276

[24] Lee SW, Kim WJ, Park JA, et al. 
Blood-brain barrier interfaces and brain 
tumors. Archives of Pharmacal Research. 
2006;29:265-275

[25] Lei J, Liu Y, Xie T, et al. Evidence for 
residual SARS-CoV-2 in glioblastoma 
tissue of a convalescent patient. 
Neuroreport. 2021;32:771-775

[26] Hu H, Wang C, Tao R, et al. 
Evidences of neurological injury caused 
by COVID-19 from glioma tissues and 
glioma organoids. CNS Neuroscience and 
Therapeutics. 2024;30:e14822

[27] Pearson JRD, Regad T. Targeting 
cellular pathways in glioblastoma 
multiforme. Signal Transduction and 
Targeted Therapy. 2017;2:17040

[28] Khan I, Hatiboglu MA. Can 
COVID-19 induce glioma tumorogenesis 
through binding cell receptors? Medical 
Hypotheses. 2020;144:110009

[29] Pollak MN, Schernhammer ES, 
Hankinson SE. Insulin-like growth 
factors and neoplasia. Nature Reviews. 
Cancer. 2004;4:505-518

[30] Zumkeller W. IGFs and IGF-binding 
proteins as diagnostic markers and 
biological modulators in brain tumors. 
Expert Review of Molecular Diagnostics. 
2002;2:473-477

[31] Trojan J, Cloix JF, Ardourel MY, et al. 
Insulin-like growth factor type I biology 
and targeting in malignant gliomas. 
Neuroscience. 2007;145:795-811

[32] Chen A, Zhao W, Li X, et al. 
Comprehensive oncogenic features of 
coronavirus receptors in glioblastoma 



Glioblastoma – New Solutions for Brain Cancerogenesis

140

multiforme. Frontiers in Immunology. 
2022;13:840785

[33] Skovlund CW, Friis S, Christensen J, 
et al. Drop in cancer diagnosis during 
the COVID-19 pandemic in Denmark: 
Assessment of impact during 2020. Acta 
Oncologica. 2022;61:658-661

[34] Tambuyzer T, Vanhauwaert D, 
Boterberg T, et al. Impact of the COVID-
19 pandemic on incidence and observed 
survival of malignant brain tumors in 
Belgium. Cancers (Basel). 2023;16:1-11

[35] Karamani L, McLean AL, Kamp MA, 
et al. Tumor size, treatment patterns, 
and survival in neuro-oncology patients 
before and during the COVID-19 
pandemic. Neurosurgical Review. 
2023;46:226

[36] Chahal M, Aljawi G, Harrison R, 
et al. Treatment patterns and outcomes 
of patients with grade 4 glioma treated 
with radiation during the COVID-19 
pandemic. Current Oncology (Toronto, 
Ont). 2023;30:3091-3101

[37] Qin L, Li H, Zheng D, et al. 
Glioblastoma patients' survival and 
its relevant risk factors during the 
pre-COVID-19 and post-COVID-19 
pandemic: Real-world cohort study in the 
USA and China. International Journal of 
Surgery. 2024;110:2939-2949

[38] Liu KQ, Dallas J, Wenger TA, et al. 
Coronavirus disease-19 is associated 
with decreased treatment access and 
worsened outcomes in malignant brain 
tumor patients. Surgical Neurology 
International. 2023;14:292

[39] Norman S, Ramos A, Giantini 
Larsen AM, et al. Impact of the COVID-
19 pandemic on neuro-oncology 
outcomes. Journal of Neuro-Oncology. 
2021;154:375-381

[40] Price SJ, Joannides A, Plaha P, 
et al. Impact of COVID-19 pandemic 
on surgical neuro-oncology multi-
disciplinary team decision making: A 
national survey (COVID-CNSMDT 
study). BMJ Open. 2020;10:e040898

[41] Kessler RA, Zimering J, Gilligan J, 
et al. Neurosurgical management of brain 
and spine tumors in the COVID-19 era: 
An institutional experience from the 
epicenter of the pandemic. Journal of 
Neuro-Oncology. 2020;148:211-219

[42] Szarek D, Miekisiak G, Szmuda T, 
et al. The impact of the COVID-
19 pandemic on the number of 
brain tumor surgeries in Poland: A 
national database study. Advances in 
Clinical and Experimental Medicine. 
2023;32:1299-1309

[43] Hong B, Allam A, Heese O, et al. 
Trends in frailty in brain tumor care 
during the COVID-19 pandemic in 
a nationwide hospital network in 
Germany. European Geriatric Medicine. 
2023;14:1383-1391

[44] Mrugala MM, Ostrom QT, 
Pressley SM, et al. The state of neuro-
oncology during the COVID-19 
pandemic: A worldwide assessment. 
Neuro-Oncology Advances. 
2021;3:vdab035

[45] Lacaud M, Leclerc A, Marguet F, 
et al. Impact of Covid-19 pandemic 
on neuro-oncology multidisciplinary 
tumor board in the pre-vaccine era: The 
Normandy experience. Neuro-Chirurgie. 
2023;69:101429

[46] Wali AR, Ryba BE, Kang K, et al. 
Impact of COVID-19 on a neurosurgical 
service: Lessons from the University 
of California San Diego. World 
Neurosurgery. 2021;148:e172-ee81

[47] Zou L, Ruan F, Huang M, et al. 
SARS-CoV-2 viral load in upper 



Glioblastoma Management in the Post-COVID-19 Era: Challenges, Strategies, and Adaptations
DOI: http://dx.doi.org/10.5772/intechopen.1008795

141

respiratory specimens of infected 
patients. The New England Journal of 
Medicine. 2020;382:1177-1179

[48] Lu D, Wang H, Yu R, et al. Integrated 
infection control strategy to minimize 
nosocomial infection of coronavirus 
disease 2019 among ENT healthcare 
workers. The Journal of Hospital 
Infection. 2020;104:454-455

[49] Mitchell RA, King JAJ, 
Goldschlager T, Wang YY. Impact of 
COVID-19 on pituitary surgery. ANZ 
Journal of Surgery. 2020;90:963-964

[50] Batistella GNR, Santos AJ, 
Paiva Neto MA, et al. Approaching 
glioblastoma during COVID-19 
pandemic: Current recommendations 
and considerations in Brazil. Arquivos de 
Neuro-Psiquiatria. 2021;79:167-172

[51] Razak A, Sloan G, Sebastian J, et al. 
Awake craniotomy in the COVID-19 era 
- technical tips and feasibility. Journal of 
Clinical Neuroscience. 2020;82:49-51

[52] Zacharia BE, Eichberg DG, Ivan ME, 
et al. Letter: Surgical management of 
brain tumor patients in the COVID-19 
era. Neurosurgery. 2020;87:E197-E200

[53] Kim MS, Go SI, Wee CW, et al. The 
Korean Society for Neuro-Oncology 
(KSNO) guideline for the management 
of brain tumor patients during the crisis 
period: A consensus recommendation 
using the Delphi method (version 
2023.1). Brain Tumor Research and 
Treatment. 2023;11:123-132

[54] Perin A, Servadei F, DiMeco F, 
et al. May we deliver neuro-oncology in 
difficult times (e.g. COVID-19)? Journal 
of Neuro-Oncology. 2020;148:203-205

[55] Mallari RJ, Avery MB, Corlin A, 
et al. Streamlining brain tumor surgery 
care during the COVID-19 pandemic: 

A case-control study. PLoS One. 
2021;16:e0254958

[56] Weller M, Preusser M. How we treat 
patients with brain tumour during the 
COVID-19 pandemic. ESMO Open. 
2020;4:e000789

[57] Amoo M, Horan J, Gilmartin B, 
et al. The provision of neuro-oncology 
and glioma neurosurgery during the 
SARS-CoV-2 pandemic: A single national 
tertiary centre experience. Irish Journal 
of Medical Science. 2021;190:905-911

[58] Bernhardt D, Wick W, Weiss SE, 
et al. Neuro-oncology management 
during the COVID-19 pandemic with a 
focus on WHO grade III and IV gliomas. 
Neuro-Oncology. 2020;22:928-935

[59] Mohile NA, Blakeley JO, 
Gatson NTN, et al. Urgent considerations 
for the neuro-oncologic treatment 
of patients with gliomas during the 
COVID-19 pandemic. Neuro-Oncology. 
2020;22:912-917

[60] Hajikarimloo B, Fahim F, Sabbagh 
Alvani M, et al. Management of 
glioblastoma multiforme during the 
severe acute respiratory syndrome 
coronavirus 2 pandemic: A review of 
the literature. World Neurosurgery. 
2023;178:87-92

[61] Gatson NTN, Barnholtz-Sloan J, 
Drappatz J, et al. Tumor treating fields 
for glioblastoma therapy during the 
COVID-19 pandemic. Frontiers in 
Oncology. 2021;11:679702

[62] Lv C, Guo W, Yin X, et al. Innovative 
applications of artificial intelligence 
during the COVID-19 pandemic. 
Infectious Medicine (Beijing). 
2024;3:100095

[63] Roth P. Neuro-oncology practice 
in 2021: Covid-19, telemedicine, and 



Glioblastoma – New Solutions for Brain Cancerogenesis

142

beyond. Neurooncology Practice. 
2021;8:107-108

[64] Morell AA, Patel NV, Eatz TA, et al. 
Safety of the utilization of telemedicine 
for brain tumor neurosurgery follow-up. 
Neurooncology Practice. 2023;10:97-103

[65] Strowd RE, Dunbar EM, Gan HK, 
et al. Practical guidance for telemedicine 
use in neuro-oncology. Neurooncology 
Practice. 2022;9:91-104

[66] Voisin MR, Oliver K, Farrimond S, 
et al. Brain tumor patients and COVID-
19 vaccines: Results of an international 
survey. Neuro-Oncology Advances. 
2022;4:vdac063

[67] Tanzilli A, Pace A, Ciliberto G, et al. 
COV-BT ire study: Safety and efficacy 
of the BNT162b2 mRNA COVID-19 
vaccine in patients with brain tumors. 
Neurological Sciences: Official Journal 
of the Italian Neurological Society 
and of the Italian Society of Clinical 
Neurophysiology. 2022;43:3519-3522





IntechOpen Series  
Oncology, Volume 7

Glioblastoma 
New Solutions for Brain Cancerogenesis

Edited by Jerzy Trojan

Edited by Jerzy Trojan
Glioblastoma multiforme, the most malignant type of brain tumour (with an incidence 
of 4–8 cases per 100,000 people), typically results in a fatal outcome, with an average 

survival time of about one year. The pathogenesis involves tumour development 
through various genetic pathways and the abnormal deregulation of growth factors, 

particularly IGF-I, eGFR, and PDGF. Current therapeutic strategies—including 
surgery, radiation, and chemotherapy—can extend survival to around 14 months, 

occasionally up to 18 months. More recent advancements in therapy, especially cancer 
gene therapy (e. g., anti-IGF-I approaches) and immunotherapy (e. g., CAR-T and 

checkpoint inhibitor therapies), have further increased survival times to approximately 
two years. Despite these promising developments, the fight against glioblastoma is 

ongoing and continues to require extensive research in both diagnostics and treatment. 
Examples of these efforts are highlighted throughout this book. The chapters 

emphasize the critical role of microsurgery in maintaining patient safety. In terms of 
innovative diagnostics, early tumour detection and precise monitoring are increasingly 
supported by the use of Raman spectroscopy combined with liquid biopsy. Advances in 
immunotherapy are also explored, including explanations of their mechanisms and the 
development of new vaccines, particularly those prepared using dendritic cells. Finally, 

considering the ongoing relevance of the COVID-19 pandemic, the book includes an 
important discussion on managing glioblastoma during this global health crisis.

Published in London, UK 

©  2025 IntechOpen 
©  Jezperklauzen / iStock

ISBN 978-1-83634-431-5

Thomas J. FitzGerald, Oncology Series Editor
ISSN  3049-8864

G
lioblastom

a - N
ew

 Solutions for Brain C
ancerogenesis

ISBN 978-1-83634-432-2


	Glioblastoma - New Solutions for Brain Cancerogenesi
	Contents
	Preface
	Section 1
Location and Surgery of Tumour
	Chapter1
Glioblastoma’s Infrequent Locations and SynchronousTumors
	Chapter2
Identifying Glioma Margins Rapidly during Microsurgery via Microendoscope Systems: History and Prospects

	Section 2
Diagnostic of Tumour
	Chapter3
Innovative Diagnostic Approaches in Glioblastoma: The Role of Raman Spectroscopy and Liquid Biopsy

	Section 3
Therapy of Tumour
	Chapter4
Astrocytes in GlioblastomaTherapy: A Novel Approach toTargeting Tumor Microenvironment
	Chapter5
Dendritic Cell-Based GlioblastomaVaccines: Advances and Challenges
	Chapter6
Glioblastoma Management in the Post-COVID-19 Era: Challenges, Strategies, and Adaptations




