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Preface

Central nervous system (CNS) groups of tumours have no pathognomonic
presentation, however, they do present with clinical features such as increased
intracranial pressure, focal neurological deficits, or seizures (generalized or partial).
Recent advances in genetic testing have improved our understanding of brain
tumours and have been helpful in deciding management and follow-up strategies.
It is anticipated that life expectancy will increase and thus it will be important

to further define management protocols and identify potential targets for future
clinical trials to improve outcomes as well as the quality of life in patients with
brain tumours. Recent advances in genetic testing are continuously improving our
understanding of meningiomas and have been helpful in deciding management
and follow up strategies. It is further anticipated that an increase in life expectancy
shall further increase the incidence of symptomatic meningiomas and thus it will
be important to further define the management protocols and identify potential
targets for future clinical trials to improve outcomes, as well as the quality of life

in these patients. This book is a collection of high-quality research work on brain
tumours, including meningiomas, and their treatment.

Amit Agrawal

Professor,

Department of Neurosurgery,

All India Institute of Medical Sciences,
Bhopal, India






Chapter 1
An Overview of Brain Tumor

Manimekalai Pichaivel, Gayathri Anbumani,
Panneerselvam Theivendren and Muruganantham Gopal

Abstract

Brain tumor is an abnormal growth of mass of cells in (or) around the brain.
Brain tumors can be malignant (cancerous) or being non-cancerous. It is the most
common malignant primary intracranial tumors of central nervous system. Brain
tumor can affect brain function if they grow large enough to press on surrounding
nerves, blood vessels and tissues. Only one third of tumors formed in the brain are
formed as cancerous cells. Brain tumors release molecular information to the circu-
lation. Liquid biopsies collect and analyse tumor component in the body fluid and
there is an increasing interest in investigation of liquid biopsies as substitute from
tumor markers. Tumor-derived biomarkers include nucleic acids, proteins and
tumor-derived extracellular vesicles that accumulate in blood (or) cerebrospinal
fluid. Circulating biomarkers like O-6-methylguanine DNA methyl transferase,
epidermal growth factor, isocitrate dehydrogenase, circulating tumor cells, circu-
lating cell free micro RNAs, circulating extracellular vesicles plays and important
role in causing a cancer. Brain tumor can be treated by surgery, radiation therapy
(or) targeted therapy. Radiation therapy is often given afterwards. As a conse-
quence, the most recent review reviewed the present state of research with the
hopes of discovering a new brain tumor inhibitor that may be used to treat
advanced malignancies.

Keywords: brain tumor, bio-markers, circulating bio-marker, O-6-methylguanine
DNA methyl transferase

1. Introduction

A brain tumor is one of the most malignant tumors in humans. It accounts for
approximately 1.35% of all malignant neoplasm and 29.5% of cancer-related death
[1]. Brain and CNS tumors include tumors of the brain, cranial nerves, spinal
nerves, spinal cord, and the meninges. The tumor can be broadly classified as
malignant and non-malignant (or benign) tumors. The world health organization
(WHO) classification specifies a grading system ranging from grade, whereas,
grade III/IV are malignant or high grade [2]. A brain tumor is a diverse group of
neoplasm with different types of primary brain tumor (or) metastatic cancer. The
most common malignant brain tumors are glioblastoma that originates from glial
cells [3]. Metastatic brain tumors (MBTs) account for the majority of an intra-axial
brain tumors in adult patients. It is estimated that up to one-third of patients
diagnosed with a primary malignancy will develop central nervous system meta-
static lesions during their disease course [4]. Pediatric central nervous system
(CNS) tumors are the second most common childhood malignancy and the most
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common solid tumor in children [5]. Early diagnosis and treatment of brain tumors
are imperative to prevent permanent damage to the brain (or) death of the patient.
At the level of medical data analysis, the features election and classification process
are the ones intensively used to identify the patient data whether it is normal (or)
abnormal [6]. Once the tumor is detected under the microscope. It is often too late
for effective treatment prognosis in patients is correlated with the stage of disease at
the time of detection and therefore, it is important to find markers that allow the
early detection of the tumor. The treatment options for patients with brain metas-
tases include corticosteroids, surgery, chemotherapy, whole-brain radiation ther-
apy, and stereotactic radiosurgery [7]. A patient with a brain tumor suffers from a
significant problem called neurocognitive dysfunction. To diagnose the
neurocognitive dysfunction in the brain tumor needs new strategies for the early
initiation of appropriate neurocognitive rehabilitation. Raman spectroscopy tech-
nique is used for the differentiation of brain tumors. This leads to accurate identifi-
cation of two essential factors such as brain tumor boundary and the complete
resection of the tumor which is important for removal of glioma tumor in brain

surgery [8].

2. Pathophysiology

In the 19th century, Stephen Paget postulated the “seed and soil” hypothesis,
which considers that metastatic growth depends on cancer cells (the seed) interac-
tions with and affinity for specific distant organ tissues (the soil). Paget’s assertion
that a nutritional microenvironment is imperative for metastatic cells to grow in
distant tissues is supported by conceptual frameworks of contemporary cancer
research [9]. A more advanced understanding of the complex and multifactorial
mechanisms of metastasis formation consists of three premises: first, the existence of
tumor heterogeneity, including morphologically- and phenotypically-distinct profiles
of cancer cells with different proliferative, angiogenic, invasive, and metastatic char-
acteristics; second, a metastatic process that is selective for tumor cells that accom-
plish all the key steps of the metastatic cascade; and third, the metastatic potential of
a tumor, which depends on multiple, reciprocal interactions between the primary
tumor and the tumor microenvironment, as well as homeostatic mechanisms [10].
This reciprocal cross-talk determines tumor progression and the potential for meta-
static growth. As in the periphery, a brain tumor’s microenvironment plays a critical
role in metastatic colonization of the brain; but the outgrowth of tumor cells to the
brain depend on specific behaviors of the tumor cells and conditions in the brain
tumor microenvironment. In the literature, at least three microenvironments have
been considered involved in brain metastasis formation: the perivascular niche, the
brain parenchyma, and the cerebrospinal fluid also termed the leptomeningeal niche
[11]. As the brain tumor grows it creates pressure on and changes the function of
surrounding cells and it leads to symptoms. Most cases of Brain Tumor travel by
hematogenous spread and occur most often at the gray-white matter junction [4].
The markers involved in the brain tumor are as follows:

A. Circulating tumor cells
B. O-6 methylguanine-DNA mutations
C. Epidermal growth factor receptor

D.Isocitrate dehydrogenase
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E. Circulating free DNA
F. Circulating proteins
G.Tumor protein39.
H.Tumor protein 53.

A. Circulating tumor cells

Circulating tumor cells (CTCs) are cells that are shed from primary or
metastatic tumors in the body fluids, including blond, cerebrospinal fluid, and
urine. CTCs determine the ability of epithelial tumor cells to metastasize [12].
These different types of potential biomarkers in the blood can be present in
cell-free forms, attached to lipid or protein structures, or delivered by
circulating extracellular vesicles or platelets [13]. CTCs are also used in the
monitoring of glioblastoma patients. The level of CTCs detected after
chemotherapy is significantly lower compared to their level before the
treatment, which may provide invaluable insight in differentiating tumor
progression from radiation necrosis [14, 15].

B. O-6 methylguanine-DNA methyltransferase mutations (MGMT)

The gene encoding O-6-methylguanine DNA methyltransferase (MGMT) is
found on chromosome 10926 [4]. By methylating DNA base pairs, alkylating
chemotherapeutic drugs such as temozolomide impair DNA replication.
Active MGMT reverses the effect of temozolomide, enabling normal DNA
replication to occur within a tumor [16]. O-6-methyl transferase DNA
methyltransferase contributes to DNA repair by reversing DNA alkylation and
eliminating the guanine-alkyl group, therefore preventing apoptosis. MGMT
has recently been established as a biomarker for tumor diagnosis [17].
Methylation promotes the gene code for MGMT in glioblastoma and is the
genetic fingerprint with the greatest influence on clinical practice. The
presence of O-6-methylguanine-DNA methyltransferase (MGMT) suggests
that the current standard of treatment, adjuvant chemoradiotherapy with the
alkylating drug temozolomide, is more effective [18-20].

C. Epidermal growth factor receptor

Most signaling pathways and physiological responses, including migration,
proliferation, survival, and tumor development, are activated by the
epidermal growth factor receptor (EGFR). EGF, TGF-, heparin-binding
epidermal growth factor-like factor (HB-EGF), amphiregulin (AR),
betacellulin (BTC), neuregulins (NRGs), also known as neuregulin; neu
differentiation factors; glial growth factors; acetylcholine receptor inducing
activity; and epiregulin are all members of the EGF superfamily (EPR)

[21, 22].

D.Isocitrate dehydrogenase

Isocitrate dehydrogenase (IDH) is a protein enzyme that encodes genes on
chromosome 2, the main function of IDH in the Krebs cycle is to catalyze
oxidative decarboxylation [4]. IDH has been grouped into two classes (IDH 1
and IDH 2). Mutation of isocitrate dehydrogenase 1 (IDH-1) in glioblastoma
was first noted by following an integrated genomic analysis of human
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glioblastoma samples [16]. The IDH-1 protein protects the cytoplasm against
oxidative damage. In 12% of glioblastoma samples, a heterozygous point
mutation at R132 was discovered. Glioblastomas that were known to have
developed from lower-grade tumors had a considerably greater prevalence of
IDH-1 mutation (83%) [23]. Grade II/III astrocytomas, oligoastrocytomas,
and oligodendrogliomas all have isocitrate dehydrogenase, which can be
utilized to distinguish primary from secondary glioblastomas [24, 25].

E. Circulating free DNA

Cell-free DNA (cfDNA) as a double-stranded, DNA fragments released for the
breakdown of cancer tissue by bloodstream that is approximately 150 to 200
base pairs in length, corresponding to nucleosome-associated DNA, can be
released by cells under physiological and pathological conditions as well. It is
suggested that cfDNA could be derived from apoptotic or necrotic cells,
rapidly dividing cells, or CTCs [4]. Blood cfDNA is mostly derived from
genomic DNA released during inflammation or cell death in people without
cancer. Due to phagocyte clearance, the concentration of cfDNA in the blood
is low in physiological settings. Circulating protein markers may be used to
track the efficacy of therapy in patients with brain tumors. Current MR
imaging techniques cannot effectively detect the unique biological tumor
characteristics and complicated tissue changes produced by various cancer
treatments [26, 27].

The incidence of detectable ctDNA varies significantly across patients with
various tumor types. The concentration of cancer cell-generated ctDNA in
plasma in glioblastoma is low when compared to other cancer types, which
might be due to the existence of the blood-brain barrier. In glioblastoma,
ctDNA analysis presents a number of difficulties. Aside from the common
issues of short half-lives (1.5 h) of ctDNA fragments, distinguishing mutant
from wild-type alleles, and developing mutation thresholds, the primary issue
is the low amount of ctDNA in the samples [28].

F. Circulating proteins

Several tumor-derived circulating nucleic acids (e.g., ctDNA, cmtDNA,
mRNA, non-coding RNAs including miRNAs, long non-coding RNAs) that
can be detected from blood or other types of body fluids like urine,
cerebrospinal fluid (CSF), saliva, pleural fluid, and ascites. In brain tumor
patients, the secretion of the proteins may lead to an increase in the level of
circulating proteins (CPs) in the blood and urine and/or CSF [4].
Angiogenesis-related protein markers were discovered in malignancies. The
amount of vascular endothelial growth factor was shown to be substantially
greater in brain tumor patients than in healthy persons, and even higher in
patients with brain metastases [29]. There are two types of prognostic CP
indicators: tumor-associated markers and related markers with endogenous
systemic stress responses. Overall survival was adversely associated with the
tumor-related plasma markers YKL-40, the extracellular domain of EGFR,
and osteopontin [30, 31].

G.Tumor protein 39 (TP39)

Tumor protein 39A (TP39A) belongs to the Transmembrane protein
39 families (TMEM39), consisting of TMEM39A and TMEM39B. The
two TMEM39 isoforms are produced via alternative splicing. The
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TMEM39A-encoding gene may be a susceptibility causes the brain tumor [4].
Transmembrane proteins across the plasma membrane from one side to the
other. The movement of materials across biological membranes is regulated by
several transmembrane proteins. Multiple sclerosis susceptibility may be
linked to the TMEM39A-encoding gene. TMEM39A has also been linked to
systemic lupus erythematosus [32, 33].

H.Tumor protein 53 (TP53)

TP53 is a typical tumor suppressor gene located in 17p13.1. This encodes the
nuclear protein p53. To regulate the expression of its target genes the p53
protein responds to diverse cellular stresses, thereby inducing cell cycle arrest,
apoptosis, senescence, DNA repair, or metabolic changes. Several human
malignancies, including Li-Fraumeni syndrome and numerous hereditary
gliomas, are linked to mutated TP53 genes and overexpressed aberrant p53
protein, which has a longer half-life than wild type p53 [4]. If p53 mutations
are important in the start of malignant transformation of glial cells, i.e., if they
play the function of “mutator” mutations, families with hereditary mutations
of one of the p53 alleles would be expected to develop CNS malignancies.
Furthermore, the histological kind of glioma that was found should match the
usual histology of gliomas with a p53 mutation [34].

The well-known tumor suppressor protein p53 is encoded by the TP53 gene. It is
known as the genome’s guardian, and it has a variety of tasks in preventing tumor
development. Secondary brain cancers (90 percent) have considerably more TP53
point mutations than initial brain tumor (30%), and in rare cases, primary lesions
had none at all [35, 36].

3. Epidemology

Population-based studies are generally considered more accurate and less biased
than the more limited clinical (or) autopsy-based series [37]. The exact incidence of
brain metastases is unknown. The epidemiological study is done by using the hos-
pital records, tumor registers, and death certificates. Finally from this study, the
incidence of brain metastases seems equal to the incidence of gliomas [38]. The
survival rate by histology is summarized in Figure 1.

A.Meningiomas

Meningiomas are the most common brain tumors in adults accounts about
36% of all brain tumors in the central brain tumor registry of the united states
(CBTRUS). In 2015 CBTRUS estimates that there will be approximately
24,000 new meningiomas diagnosed in the united states [37]. The incidence
of meningioma steadily increases with age being twice as common in women
as in men and 20% more common in blacks than in whites. A majority of
meningiomas are benign (grade I), with 5-20% atypical (grade II) and 1-3%
malignant in type (grade III) [38, 39].

Although benign meningiomas are a minor cause of death, skull-based tumors
can cause considerable morbidity. Atypical and malignant meningiomas, on
the other hand, are linked to high rates of recurrence and substantial
morbidity and death [40, 41]. Meningioma is shown in Figure 2. Because
telomerase activity is detected in all anaplastic/malignant (WHO grade III)
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and the majority of atypical (WHO grade II) meningiomas, there is a link
between telomerase activity and tumor grading in meningiomas [42, 43].

B. Glioma

Glioma is the second most common brain tumor in adults. In 2015 the
CBTRUS estimates approximately 20,000 newly diagnosed gliomas in the
united states. Approximately one-half of gliomas is glioblastoma, the
commonest malignant primary brain tumor in adults. Glioma occurs almost in
all four lobes in the brain: frontal (23.6%), temporal (17.4%), parietal
(10.6%), occipital (2.8%), a small percentage in the brain stem, cerebellum
and spinal cord [20].
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Glioma is shown in Figure 3. Secondary glioblastomas are considered to
develop as a result of progression from pre-existing astrocytomas, thus this
finding is fascinating [44].

C. Pituitary tumor

The third most common brain tumor in adults is the pituitary tumor and it
accounts for 15%. A majority of brain tumors are benign adenomas [45]. Even
people who do not produce hormones might have symptoms as a result of the
intracranial mass effect. Hormones that control normal pituitary function, as
well as growth factors implicated in normal fetal pituitary development,
appear to stimulate tumor growth [46, 47]. Pituitary tumor is shown in
Figure 4.

D.Pediatric brain tumor

CNS tumors in children are the second most frequent malignancy in children
and the most common solid tumor in children. According to CBTRUS, about
2000 children in the United States are diagnosed with a brain tumor before
the age of 14. The most frequent solid tumor in babies and toddlers is a brain
tumor. More than 8% of children and adolescent cancers are caused by genetic
predisposition syndromes, and this percentage is anticipated to climb as
research continues [3].

Figure 3.
Glioma.
Pituitary
Tumor
Figure 4.

Pituitary tumor.
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Non-posterior fossa embryonal tumors, also known as CNS-primitive
neuroectodermal tumors (PNETs), are a kind of uncommon juvenile brain tumor
that accounts for less than 3% of all cases and has a dismal prognosis [46]. All CNS
embryonal tumors are very malignant and are classified as WHO grade IV tumors
by the World Health Organization. Many tumors classified as supratentorial
embryonal tumors histologically cluster with other tumor types, such as high-grade
gliomas and ependymomas, according to molecular studies; this has major thera-
peutic implications in terms of the amount of radiotherapy required for tumor
control and the choice of adjuvant chemotherapy or biologic therapy [47, 48].

4. Signs and symptoms

A.Headache

Headache occurs commonly in all brain tumor patients. The headache is said
to develop in the temporal and the spatial, relation to the neoplasm and
resolves 7 days of surgical removal or treatment with corticosteroids [48].

Headache in pituitary brain tumor

The presence of headache has been shown to be more highly associated with
family history than the tumor size [47].

Headache in pediatric brain tumor

Headache appears to be the most common presenting symptom (41% of
patients in some studies). It tends to occur with other symptoms such as
vomiting, unsteadiness, behavioral problems, and cranial nerve palsies, and
most commonly nocturnally (or) in the early morning [49].

Mechanism of headache in brain tumor

The mechanism of headache in brain tumors may include the traction on
vascular structure, cranial or central sensitization through neurogenic
inflammation as well as the component of central sensitization through
trigeminovascular afferents on the meninges and the cranial nerves [50].

B. Nausea and vomiting

Nausea and vomiting occur when the chemo trigger zone in the area postrema,
located on the floor of the fourth ventricle is stimulated. Raised intracranial
pressure leads to vomiting. It can also occur in the absence of elevated
intracranial pressure in brain stem tumors involving the nucleus solitarius [51].

Mechanism of vomiting

Nausea and vomiting are highly conserved responses and the survival
advantages in survival vertebrates. Vomiting is primitive, low-threshold,
brain stem response that allows the human to purge the gastrointestinal tract
of orally consumed noxious substances. Vomiting is multidimensional having
a higher cognitive brain center, emotions, and interoceptive domains is more
common disabling, and more difficult to control than vomiting [52].

C. Altered mental status

Mental and cognitive abnormalities may be specific, or nonspecific. Specific
findings include aphasia, agnosia, abulia, alexia, or apraxia. In about 16-34%
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of patients, the symptoms for brain tumor patients include irritability, change
in personality, emotional liability, forgetfulness, lack of enthusiasm or
spontaneity, and slowed response progressing apathy and lathery [53].

D.Papilledema

Papilledema is an indicator of increased intracranial pressure it is now rarely
seen in patients at the time of presentation of the tumor. Like headache,
papilledema is seen mostly seen in young adults and children, this is probably
because older adults have tumor expansion due to tumor atrophy [53].

Mechanism of papilledema

The mechanism of papilledema is due to axoplasmic flow stasis. High
intracranial pressure produces raise in cerebrospinal fluid pressure
surrounding the optic nerve, which disturbs the normal gradient between
intraocular pressure retro lamellar pressure leading to high pressure within the
nerves and this leads to papilledema [54].

E. Seizures

Seizure is the most frequent symptom in patients with brain tumors. The
incidence of brain tumors varies 30-100% depending on the tumor type and
location with a slow-growing tumor that is being epileptogenic [53]. Brain
tumor patients with epilepsy will have a high risk of seizure-related
morbidities, mortality as well as experience a low quality of life [55].

Mechanism of seizure

The mechanism of seizure in brain tumor patients involves changes in
aminoacid neurotransmission is the most important mechanism underlying
tumor-related seizures and changes in extracellular ions also play an important
role. Hypoxia, acidosis, metabolic, immunological, and inflammatory changes
may also be involved in seizure occurrence [56].

5. Diagnosis

Diagnostic tests to detect these changes using biomarkers show significant
potential for early detection [57]. Development of neurologic deficits and new-
onset seizures are commonly followed by neurologic workup that includes magnetic
resonance imaging (MRI). Computer tomography (CT) with contrast enhancement
is less sensitive in detecting the typical features of glioblastoma [58].

A.WCFS-IBMDNT

Many recent studies have attempted to define the characteristics of brain
tumors to diagnose the illnesses. However, with a large dataset, the
correlations across brain tumor characteristics limit the illness diagnosis
performance. Furthermore, when using standard approaches for
categorization, misclassification outcomes might arise. The WCFS-IBMDNL
approach employs the IBMDNN classifier after selecting a subset of
characteristics for efficient brain tumor diagnosis with low time complexity.
The most significant diagnostic approach used to diagnose brain tumors is
Weighted Co-relation Feature Selection Based Iterative Bayesian Multivariate
Deep Neural Learning (WCFS-IBMDNT). The WCFS-IBMDNT approach was
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created to enhance brain tumor diagnosis by requiring the least amount of
time [59]. The major importance of WCFS-IBMDNT are as follows:

1.The WCFS-IBMDNT technique was designed to enhance the prediction
of brain tumors based on classification. Weighed correlation-based
feature selection is the traditional method and performs WC-FS for
highlighting the characterization of brain tumors by the subset of
medicinal hights [59]

2.First it is proposed to enhance the performance of brain tumor prediction
via a classification technique. The proposed WCFS-IBMDNL technique is
designed with the implementation of WC-FS and IBMDNN classifier [59].

3.The feature selection procedure for providing effective brain tumor
detection diagnostic is carried out using WC-FS. The Pearson correlation
coefficient is used in WCFS-IBMDNL, which is a first. The Pearson
correlation coefficient is used to determine the relationship between two
medical variables to choose a group of medical parameters that are most
important to the categorization of brain tumors [59].

4.The IBMDNN classifier is used in the proposed WCFSIBMDNL method
to improve brain tumor diagnostic classification performance. BMLR is
also utilized in the IBMDNN classifier to analyze medical characteristics
to categorize patients as normal or abnormal. The least absolute error is
calculated after the categorization. Finally, to reduce the error rate, the
IRLS technique is utilized. This contributes to a higher illness detection
rate while lowering the FAR [59].

B. Magnetic resonance imaging (MRI)

MRI is the most important technique for the diagnosis of brain tumors. MRI is
used in the biomedical to detect and visualize finer details in the internal structure
of the body. This technique is used to detect the differences in the tissues. MRI is
fundamentally better than CT scanning [60]. This study proposes the computer-
assisted computed organization feature extraction with abnormal MRI images of
brain tumors to develop the accuracy of classification results according to the
original feature classification. The initial input database images are fed for pre-
processing and the images are transferred as 3 x 3 blocks. Then for each image of
3 x 3 blocks, 22 number of texture feature was extracted. Then the extracted
feature was used to classify the brain tumor as normal as unusual [61].

The most prevalent metabolites of the brain, such as N-acetyl aspartate
(NAA), choline (Cho), creatine (Cr), lipid, and lactate, may be quantified
using MR spectroscopy (MRS) [57]. Choline is considered to correspond with
cell turnover, therefore variations in Cho might be linked to the stage of radio-
necrosis. Cho rises in the first few months following radiation therapy,
according to two studies, but it declines as radionecrosis develops, according
to Rock et al. Rapid Cho, on the other hand, is a common characteristic of
tumor recurrence due to high cell turnover [62].

.CT Scanning (computer tomography)

Computer tomography has a high accuracy than magnetic resonance imaging
MRI. CT uses ionizing radiation for the diagnosis of brain tumors. This is used
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for the diagnosis of primary glaucoma and lymphoma of the Central Nervous
System (CNS) was performed [59]. A CT scan may reveal hypodensity in the
white matter, as well as a mass effect on surrounding structures. In vascular
metastases, localized bleeding may be observed [63].

D.Fused MRI and CT Analysis

Tumor identification is done using a combination of computed tomography CT
and MRI scans. Multiple modalities such as CT and MRI are utilized to create
the merged pictures (MRI). CT pictures, which are utilized to determine the
difference in tissue density, and MRI images, which give a good contrast
between distinct bodily tissues, play a vital role in medical image processing
[64]. CT pictures show differences in tissue density based on the tissues’
capacity to respond to X-rays, whereas MRI images show the contrast
between soft tissues. When compared to the source pictures, the fused image
retains the complementary and redundant information from both source
images, including tumor size and position, allowing for better tumor
detection [65].

E. Positron emission tomography [PET]

The brain’s major energy source is aerobic glucose metabolism. The most
commonly used PET radiotracer, F18-FDG, is actively transported across the
BBB and accumulates in areas where aerobic glucose metabolism is enhanced.
FDG accumulation is proportional to glucose metabolism in the cell, and
higher accumulation correlates to higher cellular metabolism. The brain’s
typical strong metabolic activity causes high uptake in the normal brain
parenchyma, resulting in poor tumor-to-brain contrast. Another possible
stumbling block is the nonspecific nature of FDG absorption, which may be
seen in inflammatory and infectious processes [66].

PET radiolabelled amino acids increase proportionately to cellular
proliferation due to enhanced transport. Tumors increase transporter
activity, metabolic enzyme activity, and demand, resulting in increased
radiotracer accumulation proportionate to protein synthesis and food
demand [67].

F. Single-photon emission computed tomography [SPECT]

SPECT is a low-cost imaging technique that is readily available and may be
used in conjunction with CT and MRI to evaluate tumors and RN. In the post-
treatment context, a variety of SPECT radiotracers are available for brain
tumor imaging. Thallium?201 is very accurate for post-treatment evaluation of
tumor burden because it concentrates on living tumors; nevertheless,
Thallium201 has nonspecific absorption in non-neoplastic processes such as
granulomatous or fungal etiologies [66].

Thallium?201 absorption is unaffected by the BBB and is primarily determined by
the pace of cell growth, making it highly selective for brain tumors. Thallium201-
SPECT had a sensitivity of 71.7 percent and a specificity of 80.9 percent for
supratentorial brain tumors, according to a retrospective analysis of 90 patients.
Because tumor growth rates are substantially greater than normal brain paren-
chyma, thalllium?201 accumulates in brain malignancies without considerable
absorption in the normal brain parenchyma, producing good tumor-to-background
contrast [68, 69].
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6. Types of brain tumor

The brain plays an important role in the body by controlling voluntary and

involuntary processes. It is highly necessary to maintain a healthy brain to live longer.
But some factors like environmental and genetic factors tumors in the brain can be
developed [70]. These tumor causes the damage in healthy tissues and increases the
pressure in the brain. Thus, some tissues may get pushed against the skull.

The tumors are classified according to the place they occur and the type of cell as

follows:

1.The type and grade

2. Primary or secondary tumor

3.Malignant or benign tumor

4, Tumor location [71].

According to WHO (World Health Organization) brain tumors are classified as:
1. Astrocytoma

2.Glioblastoma

3.0Oligodendroglioma [71].

1. Astrocytoma

Astrocytoma tumors arise from the supportive glial cells of the brain. About
7% of the primary brain tumor are astrocytoma. A star-shaped tumor that
begins in the brain is called astrocytoma. In adults, the astrocytoma most often
arises in the cerebrum, wherein in children it occurs in the brain stem [63].

Astocytoma

Figure 5.

Astrocytoma.
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Astrocytoma is shown in Figure 5. The basal ganglia and thalamus are the two
most likely locations where the long-term prognosis is poorer than for
hemisphere injuries [72]. Post-operative radiation is a treatment option for
low-grade gliomas. However, one disadvantage of radiation is that it causes
neurocognitive damage and does not result in considerable improvement. As a
result, radiation is often reserved for individuals with tumors that are at high
risk of malignant transformation [73].

.Glioblastoma

Glioblastomas (GBMs) is the most common and primary aggressive brain
tumor. Glioblastoma is shown the Figure 6. Glioblastoma accounts for 45.6%
of primary malignant brain tumors. Typical molecular changes in glioblastoma
include mutation in gene-regulating receptor tyrosine kinase (RTK) /
phosphoinositide 3-kinase (PI3K), p53, and retinoblastoma protein (RB)
signaling [71]. Secondary glioblastoma is a kind of glioblastoma that develops
in younger people when a previous malignancy, such as grade II astrocytoma
or anaplastic astrocytoma, somatically mutates into a glioblastoma [74].

Glioblastoma S Low grade
A _ Glioma

Figure 6.
Glioblastoma.
Oligodendroglioma
-7
Figure 7.
Oligodendroglioma.
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3.0Oligodendroglioma

Oligodendroglioma is a rare form of brain tumor. The brain is made up of
many supporting cells that are called glial cells. Any tumor of these glial cells is
called glioma. A tumor that arises from the glial cells (oligodendrocyte cells) is
called oligodendroglioma [72]. Oligodendrogliomas vary from other glial
tumors in their molecular genetic makeup. On chromosome 1p and
chromosome 19q, LOH is seen often in oligodendrogliomas of all grades [75].
Oligodendroglioma is shown in Figure 7.

7. Pediatric brain tumor

The pediatric brain tumor is the second most childhood malignant brain tumor
and the most common solid tumor in children. The genetic syndromes that cause
brain tumors are due to NF-1, tuberous sclerosis, Li-Fraumeni syndrome, and other
less common inherited conditions, such as Gorlin syndrome or Turcot syndrome [76].

1.low-grade glioma

Low-grade gliomas (LGGs) is the most common pediatric central nervous
system (CNS) tumor and it comprises for 30-40% of all CNS tumor. LGGs are
infiltrative and incurable primary brain tumors with a typical slow evolution.
Treatment of this low-grade glioma includes chemotherapy, radiation
therapy, and targeted therapy [77].

2.High-grade glioma

High grade comprises up to 12% of pediatric CNS tumors and it includes
anaplastic astrocytoma (WHO grade III) and glioblastoma (WHO grade IV).
The symptoms depend on tumor location. The treatment method includes
chemotherapy regimens that have been studied in the patients with high-
grade gliomas, including temozolomide, lomustine, and thalidomide but have
unfortunately not resulted in significant improvement in survival rates [78].

3.Medulloblastoma

Medulloblastoma is the most common CNS embryonal tumor. It represents
about 10% of all pediatric brain tumors [79]. Medulloblastoma is the most
common malignant brain tumor in children accounting for approximately
25% of pediatric brain tumors, with many reports indicating an increase in
medulloblastoma in recent years [80].

4.Ependymoma

Ependymomas are tumors of the central nervous system that derive from the
ependymal cells that line the ventricles of the brain and the central canal of the
spinal cord [81]. Ependymoma can occur throughout the neuroaxis-supratentorial,
posterior fossa, and spinal cord; however, 90% of pediatric ependymomas occur
intracranially with 2/3 in the posterior fossa and 1/3 supratentorially [82].

8. Molecular genetics of brain tumor

The molecular genetics of brain tumors is due to the mutation in enzymatic activity.
The mutation rate that commonly occurs in various gene to cause brain tumor are:
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1. Astrocytoma a grade II, III type of brain tumor is due to IDH mutation, P53

mutation, ATRX mutation.

2.Glioblastoma a grade IV type is due to amplification of EGFR, PDGFRA

amplification mutation of EGFRvIII, deletion of PTEN homozygous, CDKN2A
homozygous deletion, BRAF V600E mutation, (epithelioid GBM) TP53 mutation.

3.0Oligodendroglioma a grade II, III is due to IDH mutation, 1p/19q codeletion,

CIC/FUBP1 mutation, TERTp mutation [83].

A.Mutation IDH1/2

IDH catalyzes the oxidative decarboxylation of isocitrate to generate (-KG)
and CO2, however, mutant IDH1/2 preferentially binds -KG rather than
isocitrate outside of the citric acid cycle, resulting in the formation and
accumulation of the oncometabolite 2-hydroxyglutarate (2HG) [84].

HIF1 (Hypoxia Inducible Factor) levels and alterations in the HIF1
downstream pathway are modulated by -KG-dependent prolyl hydroxylases,
resulting in an increase in reactive oxygen species levels and potentially
contributing to the risk of cancer [85].

B. TP53 mutation

TP53 is a tumor suppressor gene that encodes the nuclear protein p53 and is
found on the 17p13.1 chromosome [86]. Several human malignancies,
including Li-Fraumeni syndrome and numerous hereditary gliomas, are
linked to mutated TP53 genes and over-expressed aberrant p53 protein, which
has a longer half-life than wild type p53 [87].

C. ATRX is an X-linked gene of a- Thalassemia and mental retardation syndrome

ATRX is a 280-kDa nuclear protein that has been implicated in a variety of
biological activities including DNA recombination, repair, and transcription
control. It is found on chromosome 21.1 and encodes a 280-kDa nuclear
protein [88]. When ATRX and DAXX connect, the resulting complex acts as a
histone chaperone, allowing histone variation H3.3 to be deposited into
heterochromatic repeats such as pericentric, telomeric, and ribosomal DNA
repeat regions [89].

D.EGFR amplification and EGFRVIII truncation mutation

EGFR, also known as Erb1 or HER1, is an ErbB family receptor tyrosine kinase
that is found on chromosome 7q12. EGFR over-expression is linked to EGFR
amplification. The EGFRvVIII mutation is a frame deletion of 801 bytes from
exons 2 to 7 of the EGFR gene, which is linked to EGFR amplification,
antibody response, and poor prognosis [90, 91].

E. BRAF mutation

Pilocytic astrocytoma is defined by BRAF V600E mutations and BRAF fusions
with KIAA1549 or FAM131B. A tandem duplication at 7q34 was verified, and a
novel fusion gene was discovered in pilocytic astrocytoma, which was
previously uncharacterized by a fusion between the KIAA1549 and BRAF
genes [92].
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9. Treatment method of brain tumor

A.Immunotherapy

When it comes to treating brain tumors, immunotherapy is a potential
treatment option. Chemotherapy, radiation treatment, and surgery have all
been used to treat it in the past. An immune-based cancer therapy uses the
body’s immune system to destroy cancer cells [93]. If the cells are no longer
required or pose a hazard, apoptosis, or programmed cell death, will occur to
halt cell growth [94]. Cancer progresses and develops through eight processes,
which are as follows:

1.Stained proliferation
2.Evasion of growth suppressor
3.Cell death resistance
4.Replicative immortality

5. Angiogenesis

6. Metastasis

7.Reprogrammed metabolism

8.Evasion of immune destruction [95].

The evasion of immune destruction has been studied for decades. Because EphA?2 is
abundantly expressed in glioblastoma but only at low levels in normal brain tissue,
CAR T cell treatment targeting the glioblastoma antigen EphA2 is an appealing
strategy to enhance outcomes [93].

Since brain tumor immunotherapy has been extensively studied [94-96], we will
focus in this work on the most recent and late-stage clinical trial treatments, as well as
the engineering problems these immunotherapies confront in the brain tumor
environment [96].

i. Vaccines

Traditional vaccinations against viral illnesses (for example,
influenza) employ attenuated or live viruses in combination with a
danger signal (as an adjuvant) to activate DCs. DCS then takes up the
viral antigen, digests it, moves to lymph nodes through lymphatic
channels, and activates T-cells via the presentation of various peptide
antigens/antigenic epitopes on MHC molecules [93].

a. Peptide vaccines

Immunization using peptide vaccine when released at the
tumor site, peptide vaccinations stimulate T-cell responses by
releasing antigen-specific peptides. APCs take up peptides,
which are often associated with carrier proteins and adjuvants,
and display them on the cell surface by way of MHC [97]. The
treatment method by peptide vaccine is explained in Figure 8.
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APCs take up peptides, which are often associated with carrier
proteins and adjuvants, and display them on the cell surface by
way of MHC. Molecules of human leukocyte antigens (HLA)
MHC (HLA) [98].

b. Dendric cell vaccines

If you are looking for an alternative to peptide vaccines in situ,
you may also use direct activation of DCs ex vivo to create a
cancer vaccine. Autologous dendritic cells derived from
peripheral blood monocytes primed with tumor-related
antigens have been utilized in cancer immunotherapy instead
of injecting a peptide that is given to an APC [99]. If there are
inflammatory signals, immature CD4+ T cells can deliver
antigen to T-cells that recognize it in an MHC-restricted way as
a result of immature DC maturation. T-cells activated with CD8
+ antigens and MHC I complexes may now identify tumor cells
and seek to lyse them [100]. Dendritic vaccine therapy is
explained in Figure 8.

ii. Adaptive cell therapy (ACT)

T-cells, x-cells, and other tumor infiltrating lymphocytes (TILs) can
be activated directly via Adoptive Cell Therapy (ACT) instead of DC
activation [101].

Adaptive cell therapy is shown in Figure 9. It is most usual to utilize
cytokine-induced killer (CIK) and CAR T-cells in the ACT process.
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Adaptive cell therapy.

IFN, IL2, and CD3 monoclonal antibodies are used to induce
peripheral blood lymphocytes into CIK cells in vitro. Cells that have
been modified to express a single or many costimulatory tumor
antigens are called CAR T-cells [102].

iii. Monoclonal antibodies

Using monoclonal antibodies is a passive method of immunotherapy that
does not need the body’s immune system. Figure 10 shows the
monoclonal antibodies treatment method [93]. Antibodies that target
abnormally expressed surface receptors in malignancies or receptors
implicated in carcinogenesis are generally selected. However,
Nimotuzumab, another monoclonal antibody widely used in brain
tumors, is an anti-EGFR inhibitor that has only slightly improved overall
survival when administered in children with high-grade gliomas [103].

To some extent, monoclonal antibody treatment in the brain has
suboptimal survival benefits because monoclonal antibodies are
unable to penetrate the BBB without causing considerable barrier
disruption and because patient-specific antigen mutations affect
antibody binding efficiency [104].

iv. Virotherapy

18

Non-pathogenic viruses are used in oncolytic virotherapy to
selectively infiltrate or express proteins in brain tumor cells that can
directly destroy cancer cells or else activate an immune response.
Many virotherapy techniques have been investigated, but their broad
use in the brain remains a problem [105]. The virotherapy method for
brain tumor treatment is shown in Figure 11.
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Furthermore, the targeting of non-neuronal lineage cells may make a
method like PVSRIPO appealing; nevertheless, other component cells
in the CNS may be misidentified for cancer cells, resulting in negative
side effects. The BBB can also limit viral migration to the tumor site,
which is important in virotherapy for brain cancers [106].

B. Radiation therapy

Patients with primary brain tumors benefit from radiation therapy because it
helps them maintain local control or prolong their progression-free life. In the
treatment of primary brain tumors, radiation therapy (RT) plays a crucial
role, with the majority of patients experiencing local control or prolonged
progression-free survival. On the other hand, RT can have a negative
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Virotherapy method for brain tumor treatment.
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influence on cognitive performance, which can have a detrimental effect on
the quality of life. When one or more cognitive processes, such as attention,
memory, language, and executive function are impaired [107, 108].

Primary brain tumors, both benign and malignant, are commonly treated with
radiation therapy (RT). Post-treatment neurocognitive deterioration has been
documented with RT in verbal and visuospatial memory most commonly (i.e.,
difficulty encoding, retaining, and retrieving visual information) [109, 110].

C.Surgery

The majority of therapy is surgical resection. Patients with persistent
hydrocephalus despite tumor excision require a third ventriculostomy or CSF
diversion to cure the condition. A cardiac examination should be performed
on neonates suspected of having tuberous sclerosis before an intraventricular
tumor is surgically removed [111].

D.Chemotherapy

The discovery of chromosomal markers that indicate greater chemosensitivity
in patients with low-grade astrocytoma and other histopathologies has
sparked renewed interest in using chemotherapy in the treatment of low-
grade astrocytoma patients with other histopathologies. Temozolomide is the
most widely used chemotherapy regimen in adult low-grade astrocytoma
patients, followed by procarbazine, CCNU, and vincristine (PCV) if
temozolomide fails [112].

The Southwest Oncology Group conducted an early randomized trial to see if
treating low-grade astrocytoma patients with single-agent CCNU after radiation
was beneficial. In this research, adding CCNU to the therapy schedule had no
further benefits. Furthermore, individuals in the CCNU arm experienced a high rate
of hematologic adverse effects after chemotherapy [113].

The effectiveness of temozolomide, an oral alkylating drug, in treating patients
with low-grade astrocytoma is now a staple of adjuvant treatment, although it is
also being investigated in several trials [114]. Response rates range from 31 to 61
percent when minor replies are considered. Despite the short duration of follow-up,
the median time to advancement ranged from 31 months to >36 months. It was
concluded by Brada and co-workers (2003, in a phase 2 study) that the drug
temozolomide has single-agent action against low-grade astrocytoma and may also
assist control seizures in this patient group and that it is safe and effective in this
patient population [115].

10. Recent research in brain tumor

In 2020, A new improved WOA is used to propose a comprehensive method for
brain tumor detection based on optimal feature extraction and feature selection. On
a set of benchmark cases, IWOA’s experimental results are compared to those of
other common optimizers, and the results are verified [116].

Z.U. Rehman, M.S. Zia, G.R. Bojja, and F. Jinchao explained Two recent and
useful trends for brain tumor localization: (1) using the texton-map to create the
image in texture form (2) extracting the features from the superpixels The three
contributions were used in this paper. First, superpixel segmentation is performed
on texton-map images, which reduces the computational cost of image

20



An Overview of Brain Tumor
DOI: http://dx.doi.org/10.5772 /intechopen.100806

segmentation in small regions, improves spatial smoothness of superpixels, and
improves low-level feature accuracy. Second, we covered the concept of data
balancing, which aids in the development of vision-based classifiers. Third, we
created a quick comparison of four different classifiers and examined their perfor-
mance in terms of model training accuracy. Initially, our image denoising method is
shown to effectively remove false-positive regions [117].

Ratan et al. developed watershed segmentation and used edge detection, con-
trast, and greyscale on 2D and 3D images to detect brain tumors. Somasundaram
and Kalaiselvi used ten data sets with normal and abnormal subjects to detect brain
tumors. Muscles, scalp, skull, and fats the unwanted brain areas are removed first in
their proposed framework, followed by fuzzy segmentation. Finally, for tumor
region detection, and intensity-based extended maxima transform is used [18].
proposes a systematic model that starts with a diagnosis of the brain tumor and then
extracts the brain tumor region. A classifier called Naive Bayes is used to diagnose
the tumor from brain MR images. After a diagnosis, the brain tumor region is
extracted using K-mean clustering and boundary detection techniques. It had an
accuracy rate of over 80%. To detect the brain tumor region, researchers propose a
segmentation method based on color and edge detection. Edge detection is done
with the Prewitt, Canny, Sobel, and Laplacian of Gaussian operators, while color-
based segmentation is done with the K-mean clustering technique [118].

Alexander Winkler-Schwartz and his colleagues have created a comprehensive
research framework for studying oncological neurosurgery’s technical performance
and resection extent. This platform works by incorporating a low-cost alginate-
based artificial brain tumor into an ex-vivo calf brain in a controlled operative
environment. To our knowledge, this is the first time an artificial tumor has been
created using the biomechanical properties of human specimens obtained through
resection. Given that its components are relatively inexpensive and combined in
small quantities, the overall cost of the artificial tumor is well under 2 cents/mL. To
put this into perspective, 1 kg of alginate and 5800 mL of calcium sulphate, respec-
tively, can yield 40,000 and 5800 mL of final tumor. Gadobutrol (Bayer AG) or its
analogues, arguably the most expensive compound in the mix, can often be
obtained for a low price from clinical units’ expired stockpiles. Even if one were to
pay the full cost for an average 30-mL vial, this would yield 27,000 mL of tumor. A
10e100-mL pipette and a laboratory-grade scale are required, but they are both one-
time purchases. The recordings from the surgical microscope and ceiling-mounted
camera, as well as the movements generated by the instrument-mounted fiducial
markers, can be used to evaluate operative “performance” [119].

Medical imaging is still the gold standard for detecting, diagnosing, and exam-
ining gliomas and other diseases. Magnetic resonance imaging (MRI), diffusion
tensor imaging (DTTI), functional MRI, computed tomography, and positron
emission tomography is the most commonly used imaging techniques in clinical
practice [120].

11. Discussion

The brain is responsible to control all activities of the human body. It is well-
known that a disease occurred in the brain may affect human life negatively. A
brain tumor is one of the critical diseases that originate from the abnormal growth
of cells in the brain. Automatic brain tumor classification plays an important role in
the early stage of tumor detection and this system allows patients to be diagnosed in
time and chance of survival. Also, this system may help radiologists in decision-
making and treatment plans. In this paper, we proposed a new scheme to classify
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three types of brain tumors, namely, Meningioma, Glioma, and Pituitary tumors
from MRI images. First, pre-processed is applied to images [70].

Recent laboratory advances in primary brain tumors have shown that specific
molecular signatures can predict the biological behavior of tumors. Current brain
tumor classification systems based on histology and morphology may soon be
supplemented by a system based on molecular markers of tumor differentiation and
progression [74].

12. Conclusion

The quantitative, domain-specific data acquired through these studies will
improve our understanding of brain toxicity and cognitive decline associated with
radiation dosage to non-targeted tissue and can provide the basis for evidence-based
cognition-sparing brain radiotherapy. Interestingly, this study introduces an asso-
ciation between certain WM diffusion changes and radiation-induced memory
decline, which may indicate that there are other ROIs not studied in this paper that
should be investigated as potentially vulnerable areas contributing to post-RT cog-
nitive decline. Further research is needed to investigate the dynamic trajectories of
tissue response to radiation to better understand how MRI changes can be used to
predict important neurocognitive trajectories post-treatment [60].

Treatments and better outcomes for primary brain tumors have long lagged
behind those of other tumors. However, a new era in neuro-oncology has emerged,
with major advances in both cancer and CNS immunology, and progress in
genomics [55].

Abbrevations

ATRX Alpha- Thalassemia X- linked mental Retardation
BBB Blood Brain Barrier

CART cells Chimeric Antigen Receptor

CDKN2A Cyclin-Dependent Kinase inhibitor 2A

CD4+ Cluster of Differentiation 4

CD3 Cluster of differentiation 3

IFN Interferon

IL-2 Interleukin-2

MIB-1 Monoclonal antibody-1

qRT- PCR Quantitative Real-Time Polymerase Chain Reaction
NK Natural Killer

MHC Major histocompatibility complex
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Abstract

Atypical (WHO grade II) and malignant meningiomas (WHO Grade III) are a
rare subset of primary intracranial tumors. Due to the high recurrence rate after
surgical resection and radiotherapy, there has been a recent interest in exploring
other systemic treatment options for these refractory tumors. Recent advances in
molecular sequencing of tumors have elucidated new pathways and drug targets
currently being studied. This article provides a thorough overview of novel investi-
gational therapeutics, including targeted therapy, immunotherapy, and new tech-
nological modalities for atypical and malignant meningiomas. There is encouraging
preclinical evidence regarding the efficacy of the emerging treatments discussed
in this chapter. Several clinical trials are currently recruiting patients to translate
targeted molecular therapy for recurrent and high-grade meningiomas.

Keywords: targeted therapy, molecular biology, progression free survival, overall
survival, meningioma, genomics, angiogenesis, immunotherapy, outcomes

1. Introduction

Meningiomas (MN) are a type of central nervous system (CNS) tumors that
arise from the leptomeningeal arachnoid covering the encephalon and the spinal
cord, more specifically, from the arachnoid cap cells [1]. In adults, MN accounts
for approximately 37.6% of all primary brain tumors, and corresponds to the most
common intracranial tumor in adults over 35 years [1, 2]. According to Ostrom
etal., incidence of MN in the United States (US) is 8.83 per 100,000 per year [3].
Around 90% of all MN cases are diagnosed intracranially, with the rest arising
from the spinal arachnoid [4]. The median age at diagnosis for MN is 65 years [4]
with the majority of patients being in the range of 55-74 [4]. Cases in the pediatric
population are extremely rare, corresponding only to 0.4-4.6% of all pediatric
tumors [2]. There is a female predominance in case proportion, with a female:male
ratio of 3:1 for all MN, and 9:1 for spinal cord MNs [2, 5]. MNs are characterized
for being slow in growth and often not infiltrative, with an insidious development
of symptoms. Clinical presentation of MN might vary from patient to patient, with
tumor localization being the main determining factor of clinical features. Signs
and symptoms might include headaches because of increased intracranial pressure,
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focal neurological deficits (mainly cranial nerve focalization), and seizures. In
the case of MN developing in the frontal lobe, personality changes, altered mental
status and mood disturbances might appear [6].

According to the World Health Organization (WHO), MN is classified in three
subtypes: common type or WHO grade I, atypical/intermediate type or WHO
grade II and the anaplastic/malignant type or WHO grade III. These high-grade
tumors might develop de novo or as a transformation from a lower grade MN [7].
Approximately 70% of cases are WHO grade I, 28% are WHO grade II and only
around 3% are classified as WHO grade III. According to a cohort of 992 patients
with MN, the proportion of atypical and anaplastic MN was higher in males than
females (p = 0.003) [4]. The more aggressive behavior in grade II and III MN is rep-
resented by a worse prognosis in terms of overall survival (OS) and recurrence risk
after surgical resection (SR). In a cohort of 102 patients with grade II and IIT MN,
5-year OS (5-yOS) was 97.5% and 67.4% respectively, with a median OS (mOS) of
167 months and 72 months respectively [8]. These results showed a marked increase
in survival over the last decades, arguably because of the introduction of better
surgical techniques, radiation therapy and some forms of chemotherapy, as previ-
ous research showed a 5-yOS of 75% for grade II MN and 32% for grade III MN [9].
Tumor recurrence has been found to be considerably increased in high grade MN,
with a 50% and 80% 5-year recurrence for grade IT and grade III MN respectively,
and only 5-10% for grade I MN [10, 11].

As high-grade MN continue to be a difficult to treat condition, with high recur-
rence and low response rates, molecular insights into precision medicine have been
investigated in the last two decades. With a better understanding of the cellular and
molecular pathways underlying MN pathophysiology, recurrence and malignancy,
newer therapies have been considered as possible candidates for the treatment of
these conditions. Some agents include newer systemic chemotherapeutic agents
like trabectedin, inhibitors of the Epidermal Growth Factor Receptor (EGFR) like
erlotinib and gefitinib, inhibitors of the Platelet-Derived Growth Factor Receptor
(PDGFR), inhibitors of mTOR, especially from the complex 1 (mTORC1) as well
as its upstream and downstream elements (AKT/PI3K and MEK). The biological
process of angiogenesis is also under research, with ongoing trials with anti-
angiogenic agents from the Tyrosine Kinase Inhibitors (TKIs) targeting the Vascular
Endothelial Growth Factor (VEGF) pathway, as well as antibody agents like bevaci-
zumab. As it is expected, immunotherapy with checkpoint inhibitors is also under
current investigation, with anti-PD1 and anti-PD-L1 monoclonal antibodies being
tested in clinical trials. In this chapter we are going to cover the molecular biology
of MNs, especially in the cases of grade I and grade III MN. We will also discuss the
current knowledge in systemic treatments as well as therapies in clinical trials and
possible candidates that are being tested in vitro.

2. Molecular biology

Advancements in understanding the pathophysiology and molecular biology of
MNs are critical for improving risk evaluation and prognosis. Similarly, to design
novel treatments aimed at blocking canonical pathways involved in carcinogenesis
and disease evolution. As molecular analyzes of meningiomas continue to evolve,
several cytogenetic, genomic, epigenetic, and expression alterations associated with
tumor aggressiveness and proclivity for recurrence have been identified as potential
biomarkers to enhance risk stratification [12]. Recently, several seminal studies
evaluating the genomics of intracranial meningiomas have rapidly changed the
understanding of the disease. The importance of NF2 (neurofibromin 2), TRAF7
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Figure 1.
Main cytogenetic and recurrent genetic alterations in vecurvent and high-grade meningiomas according to the
WHO classification and anatomical location.

(tumor necrosis factor [TNF] receptor-associated factor 7), KLF4 (Kruppel-like
factor-4), AKT1, SMO (smoothened), PIK3CA (phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit alpha), and POLR2 (RNA polymerase II subunit A)
demonstrates that there are at least six distinct mutational classes of meningiomas.
In addition, six methylation classes of meningioma have been appreciated, enabling
improved prognosis prediction compared with traditional WHO grades. Genomic
studies have shed light on the nature of recurrent meningioma, distinct intracranial
locations and mutational patterns, and a potential embryonic cancer stem cell-like
origin [13-16] (Figure1).

2.1 Cytogenetics and genomics

A large number of meningiomas possess a normal karyotype, with an overall
low incidence of genomic alterations (including somatic copy number alterations—
SCNA, rearrangements, and low mutational burden) [17-19]. However, these disrup-
tions increase following tumor grade, the number of recurrences, and biological
aggressiveness. More than half of all identified genomic alterations involve the NF2,
which underlies inherited Neurofibromatosis syndrome. Indeed, the most significant
SCNA in meningioma is chromosome 22 monosomy, which is present in ~56% of
cases and leads to losing the genomic locus containing NF2 (22q12.2) [20, 21]. Among
grade I meningiomas, those carrying NF2 alterations are more likely to progress
than those with a normal karyotype. In addition, the frequency of NF2 aberrations
increases with tumor grade.

Loss of heterozygosity on chromosome 1p is present in 16% of MNs [22].
Characterization of the smallest region of overlapping deletion on this chromosome
spans ~3.7 megabases and identified 59 genes, 17 of which have putative tumor-
suppressive functions based on gene ontology. The protein methyltransferase and
tumor suppressor RIZ1, is located on chromosome 1p, and studies implicate its loss
of expression in meningioma progression [23]. Loss of the CDKN2A/CDNK?2B locus
on chromosome 9q is common in grade II meningiomas that transition to anaplastic
lesions [24]. Additionally, a study showed that the levels of p16 and p15, the pro-
teins encoded by CDKN2A and CDKN2B, may hold prognostic significance and/
or represent a promising therapeutic target [25]. Recently, Nassiri et al. described

35



Brain Tumors

four consensus molecular groups of MN by combining DNA somatic copy-number
aberrations, DNA somatic point mutations, DNA methylation, and messenger
RNA abundance in a unified analysis [26]. These molecular groups predicted
clinical outcomes compared with existing classification schemes. Each molecular
group showed distinctive and prototypical biology (immunogenic, benign NF2
wild-type, hypermetabolic and proliferative) that informed therapeutic options.
Proteogenomic characterization reinforced the robustness of defined molecular
groups and uncovered highly abundant and group-specific protein targets [26].

2.2 NF2-related meningiomas

Globally, meningiomas have a low mutation rate (~3.5 mutations per megabase)
compared to other cancers [25]. Various efforts to genotype the disease using NGS
have identified NF2 mutations as the predominant alteration in spontaneous and
Neurofibromatosis syndrome-associated tumors [24], at a frequency of ~40% in
low grade and nearly 80% in high-grade tumors [27]. MNs related to alterations in
NF2 were more common in the cerebral convexities and posterior skull base than
those found in other anatomic locations, and up to 13% were associated with other
co-mutations, including single mutations in CREBBP, PIK3CA (R108H), PIK3R1,
BRCA1, and SMARCBI [27]. Unfortunately, within NF2 mutated meningiomas,
none of these identified mutations can predict the chance of recurrence, which can
vary widely.

TERT promoter mutations have recently been reported in ~6% of all MNs,
with ~80% of these also harboring alterations (mutations or deletions) at the
NF2 locus [28]. Similar to overall mutational burden, TERT mutations increase
with tumor grade. In grade I MN, TERT C228T and C250T mutations are linked
with transformation to higher grades [28], prompting many neuro-oncologists
to consider standardized testing for TERT promoter mutations. Further studies
demonstrate that the presence of C228T and C250T correlates with increased
TERT mRNA and functional increases in telomerase activity [29]. In grade IT or III
tumors, univariate analysis revealed a significant association with decreased PFS
(progression-free survival; median 12.5 vs. 26 months, p = 0.004) and OS (overall
survival; mean 26 vs. 46 months, p = 0.009) [30]. In vitro studies demonstrated
that TERT mutated meningioma cells show decreased TERT activity in response
to YK-4-279, a small molecule inhibitor of ETS transcription factor, suggesting
a novel potential strategy for targeting this subgroup of tumors. In addition to
individual TERT promoter mutations, recent efforts using targeted sequencing
approaches identified an additional TERT promoter in the known hotspot G124A,
which like other TERT mutations, seems to correlate with poor prognosis [31].

2.3 Non-NF2 meningioma

Non-NF2 mutated meningiomas, which generally have a benign behavior, are
usually chromosomally stable, and often located in the anterior, medial, or skull
base regions, possess a distinct mutational landscape [27]. Recent high throughput
sequencing studies suggest an average of only 1.56 (SD + 1.07) genomic alterations
(GAs) per non-NF2 mutated tumor [31]. The pro-apoptotic E3 ubiquitin ligase,
tumor necrosis factor receptor-associated factor 7 (TRAF7) is mutated ~25% of all
meningiomas [31]. Such alterations occur in the C-terminal WD40 protein interac-
tion domain, suggesting they may alter protein-protein interactions with MAPK
and NF-kB family members [32]. While TRAF7 mutation is mutually exclusive with
NF2 mutations, it is almost always correlated with PI3K and activating E17K muta-
tion in AKT1, with the K409Q alteration of KLF4 [33].
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AKT1, also referred to as protein kinase B, is a well-known oncogene. AKT
activation relies on the PI3K pathway and is recognized as a critical node in the
mTOR pathway. The E17 hotspot is the most characterized of AKT1 mutations
and leads to constitutive activation of the protein. Mutations in AKT1 have also
been shown to confer resistance to allosteric kinase inhibitors in vitro and are
oncogenic in many solid tumors. Specifically, the E17K mutation is found in 7-12%
of grade I meningiomas [34], is enriched in the meningothelial subtype [17], and
is predictive of decreased PFS in olfactory groove tumors [35]. Altering the same
signaling pathway PIK3CA mutations are also found in ~7% of non-NF2 tumors
and are mutually exclusive with AKT1 mutation [36]. Targeted sequencing of this
gene revealed novel non-synonymous mutations, A3140T and A3140G, which are
reported as pathogenic, and C112T, which is also predicted to be pathogenic [31].
Indeed, increased PI3K signaling is related to aggressive behavior, especially within
high-grade meningiomas [37], suggesting that therapeutics targeted toward this
pathway may be a potential option.

Sequencing of 71 meningiomas genes recently identified two novel missense
mutations in FGFR3, T932C, and G1376C, both of which were predicted to be
pathogenic [31]. Identifying these mutations in patients with skull base low-grade
tumors was associated with a good prognosis, given the absence of recurrence and
the requirement of IMRT. KLF4 gene encodes a protein that belongs to the Kruppel
family of transcription factors. The encoded zinc finger protein is required to
control the G1-to-S transition of the cell cycle following DNA damage by mediating
the tumor suppressor gene p53. In addition, KLF4 is involved in the differentiation
of epithelial cells and may also function in skin, skeletal, and kidney development
[38]. In meningiomas, KLF4 is thought to act as a tumor suppressor gene, expressed
in low-grade tumors and downregulated in anaplastic tumors. At the genomic level,
KLF4 is mutated in ~12% of grade I meningiomas, virtually all of which are of the
secretory sub-type and harbor TRAF7 mutations [39]. All identified KLF4 muta-
tions result in a K409Q substitution within the DNA binding domain, which likely
alters several protein functions [40].

SMO (Smoothened, Frizzled Class Receptor) gene encoded a G protein-coupled
receptor that interacts with the patched protein, a receptor for hedgehog proteins.
Mutations in SMO, which result in L412F or W535L substitutions, lead to functional
activation of Hedgehog signaling in meningioma [17, 41]. These mutations are
present in ~5.5% of grade I meningiomas and are mutually exclusive with TRAF7,
KLF4, and AKT1 mutations [27]. Meningiomas with the L412F mutation are more
likely to recur (XX) and are enriched at the midline, perhaps due to the role that
Hedgehog signaling plays in hemisphere separation during development [36].
Mutations in the Hedgehog family member SUFU are also found at low frequencies
in sporadic meningiomas, and their germinal counterpart is also present in familial
meningiomatosis [42]. Additional hedgehog family germline mutations occur in
SMARCE1 and SMARCBI, though these carry less risk of recurrence than familial
NF2 mutations [43, 44].

POLR2A (RNA Polymerase II Subunit A) catalyzes the transcription of DNA
into RNA using the four ribonucleoside triphosphates as substrates. In addition,
POLR2A is the largest and catalytic component of RNA polymerase II which
synthesizes mRNA precursors and many functional non-coding RNAs. POLR2A
encodes RPB1 (DNA-directed RNA polymerase II subunit), a gene found altered
in about 6% of meningiomas [42]. From another perspective, inactivating somatic
and germline mutations or gene deletions in the BAP1 tumor suppressor gene are
explicitly found within high-grade rhabdoid meningioma [45]. Also, the loss of
BAP1 is correlated with tumor aggressiveness and decreased time to progression.
Alterations in the SWI/SNF pathway, specifically mutations in ARID1A, were
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recently found in 12% of high-grade meningiomas. Other components of this
canonical pathway, including SMARCB1, SMARCA4, and PBRM1, are altered in up
to 15% of patients with non-NF2-dependent meningiomas [46].

3. Epigenetics

Through whole-genome analysis, global DNA methylation profiling has
demonstrated that higher methylation levels are associated with increased tumor
aggressiveness and risk of recurrence. DNA methylation is an epigenetic change
hypothesized to contribute to genomic instability by silencing genes involved with
DNA repair and control of cell cycling. Evidence suggests that methylation status
may predict tumor behavior more accurately than the current WHO classification,
thus, DNA methylation status has been proposed as an alternative classification sys-
tem for MNs [47]. The most important genes involved in the DNA methylation of
MNs are tissue inhibitors of metalloproteinase 3 (TIMP3), cyclin-dependent kinase
inhibitor 2A (CDKN2A), and tumor protein 73 (TP73), which are hypermethylated
in at least 10% of cases [48]. TIMP3 hypermethylation results in transcriptional
downregulation and inhibits its tumor suppressor properties [49]. In addition,
TIMP3 is frequently hypermethylated in higher-grade MNs (40-60%) and is related
to a decrease in relapse-free time and increased biological aggressiveness [50].
Notably, TIMP3 is found on chromosome 22q12, and almost all cases with gene
hypermethylation had a concurrent allelic loss of 22q. About 60-80% of high-grade
meningiomas carry TP73 promoter methylation, a queue event not common in
grade I tumors, suggesting its potential use as a marker for high-grade lesions [51].

Recently, several studies highlighted the importance of global methylation
profiles in the molecular subclassification of meningiomas [52], Olar et al. demon-
strated that unsupervised clustering of DNA methylation data classified menin-
giomas into two distinct subgroups associated with recurrence-free survival. A
statistically significant association between DNA methylation subclasses and tumor
recurrence was maintained after adjusting for clinical factors, such as WHO grade
and Simpson grade [41]. Similarly, Sahm et al. identified two major groups and six
subgroups of meningiomas based on unsupervised clustering of DNA methyla-
tion data, with significantly different genomic makeup and clinical behaviors.
Interestingly, most non-NF2 meningiomas clustered together into a single benign
subgroup [53]. These initial efforts suggest that epigenetic signatures may have solid
clinical associations with tumor recurrence, to a more significant extent than can be
correlated with mutational genetic analysis and could be used clinically to stratify
patients. An additional manifestation of the importance of epigenetic changes in
meningioma clinical behavior was recently shown, describing an increased risk of
recurrence in tumors that show a loss of histone H3K27 trimethylation [54].

3.1 Protein expression

Classically, the identification of meningiomas using immunohistochemistry has
been done using the expression of the progesterone receptor (PR) and the epithelial
membrane antigen (EMA). However, over the last few years, it has been found that
the specificity of RP for the diagnosis of high-grade meningiomas is low, especially
when trying to differentiate between clear cell, fibrous, and microcystic subtypes.
Likewise, EMA expression correctly identifies ~90% of grade I meningiomas, but
only 75% of grade III, with even lower specificity rates for secretory and microcystic
subtypes [55]. Due to these markers’ poor performance, the expression of soma-
tostatin receptor 2A (SSTR2A) in combination with EMA was included, a profile
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that provides a sensitivity of 100% and specificity of 95%, regardless of tumor
grade. Likewise, recent work suggests that the absence of Sox10 and STAT6 [56, 57]
are superior approaches to distinguishing meningioma from schwannoma, solitary
fibrous tumor, and synovial sarcoma.

In addition, marking for lymphocyte infiltration can contribute to the grading of
meningiomas and the prediction of response to some interventions. Most low-grade
meningiomas possess a high percentage of CD-3+ T-lymphocytes but relatively
few CD20+ B cells; however, across tumor grades, these populations are greatly
enriched compared to those seen in peripheral blood mononuclear cells (PBMC)
[58]. Flow cytometry analysis reveals evidence of class switching in B cells, an
increased percentage of CD8+ cells compared to CD4+ T cells, and a prevalence of
CD45R0O+/CD45RA— effector cells compared to naive T cells [59]. This information
allows predicting that tumor-infiltrating immune cells have had exposure to various
tumor antigens despite low BMR. Among high-grade meningiomas and particularly
anaplastic tumors, there is a reduction in the count of CD4+, CD8+, and PD-1+ T
cells, and an increase in the number of FoxP3+ T-regulatory cells (Tregs) [60]. This
immune cell phenotype, also observed in other tumor types, is associated with
tumor-mediated evasion of the immune system.

Du et al. report high levels of PD-L1 mRNA, which correlated to protein
expression levels, in ~40% of grade I, 60% of grade II, and 77-88% of grade III
meningiomas [59]. Nevertheless, Everson et al. only identified PD-L1 expression in
25% of grade III cases, with no expression detected in grade I or II cases [25]. The
controversy has been amplified since PD-L1 does not predict outcomes. However,
in the future, the expression of TIM-3 and LAG-3 could be helpful to consider the
use of agonist monoclonal antibodies [58]. Another potential biomarkers that could
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predict the response to targeted therapies are EGFR expression, which is present in
up to 90% of meningiomas [25]. Furthermore, the expression of TOP2A (35% of
the samples) is associated with a higher tumor grade and could be useful to assess
the usefulness of anthracyclines or trabectedin. Likewise, TOP1 over-expression is
observed in 29% of meningiomas and correlates with sensitivity to irinotecan and
topotecan, while elevated levels of PDGFR and c-MET are observed in more than
20% of cases [25] (Figure 2).

4. Medical treatment for meningioma

The classical first-line treatment for all MNs is surgery. However, high grade
meningiomas have a high recurrence rate; up to 60% of tumors may recur after
15 years of complete resection [12, 61]. Unfortunately, at the moment there are
no standard effective treatments determined because of lack of existent evidence
[12]. The use of systemic treatments as standard care remains experimental and
is reserved for cases of recurrent/progressive disease not suitable for surgery or
radiotherapy [62]. Hereafter we are going to present some of the systemic strate-
gies currently in used and under study. A summary of the main therapies that have
shown some benefit in MN treatment can be seen in Table 1, and a summary of
current active clinical trials is shown in Table 2.

4.1 Chemotherapy

It is known that chemotherapy is poorly effective as adjuvant treatment after
surgery and radiotherapy. Some clinical trials and case series have shown a minimal
or no impact in patients’ outcomes. However, some agents are being tested in several
clinical trials [63].

Hydroxyurea is a ribonucleotide reductase inhibitor that was initially developed
to treat myeloproliferative disorders and chronic myelogenous leukemia [64]. It
induces apoptosis in meningioma cells, arresting meningioma cells in the S-phase
of the cell cycle [63]. In pre-clinical trials from Schrell et al., they demonstrated that
hydroxyurea prevent recurrence for 24 months in patients who had complete resection
[65, 66]. However, clinical trials, failed to provide similar results showing that 50%
of the patients achieve stable disease, a median PFS of 44-176 weeks and acceptable
toxicity [63, 65-71]. Other retrospective studies with small sample sizes, have shown
a median PFS of 10-80 weeks [64]. Weston et al. also found that hydroxyurea may
prevent progression, but does not reduce tumor size and causes significant side effects
[72]. It is important to emphasize that in these trials many patients did not received
radiotherapy or that radiotherapy was administered concurrently, making data
interpretation difficult [73]. In addition, a retrospective study of 60 patients from
Chamberlain et al. reported a disease progression in 65% of the patients and a median
PFS of 4 months in patients treated with hydroxyurea after recurrence (Chamberlain
and Johnston, 2011). Finally, some studies suggest hydroxyurea may have outcomes
equivalent to those when radiation therapy was used [74].

Additionally, some studies reported reduction of hydroxyurea efficacy when
other concomitant therapies are administrated [64]. In a study by Reardon et al,,
hydroxyurea and imatinib were used to treat patients with recurrent refractory
meningiomas, a good tolerance was reported; however, the combination did not
affect survival [75]. Other authors suggest that chemotherapy should be based on
expression of drug resistance genes, in patients whose mRNA analysis predicted sen-
sitivity to chemotherapy. In these cases, a concomitant treatment with mitoxantrone
and hydroxyurea reported long-term efficacy [61]. Currently, some investigators are
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Type of agent Medication Mechanism of action
Chemotherapy Temozolomide Alkylating agent
Irinotecan Topoisomerase 1 inhibitor
Hydroxyurea Ribonucleotide reductase inhibitor
Trabectedin Mechanism unclear
Plant-derived agents AKBA Induction of apoptosis and antiinflammatory
Curcumin Interaction with multiple cell signaling proteins
EGFR antagonists Gefitinib EGFR antagonist
Erlotinib EGFR antagonist
Monoclonal Humanized antibodies to EGFR
antibodies
PDGFR antagonists Imatinib PDGFR antagonist
Satinib PDGFR inhibitors
Nilotinib PDGFR inhibitors
mTOR inhibitors Temsirolimus mTOR inhibitor
Vistusertib mTOR inhibitor
Everolimus mTOR inhibitor
VEGFR antagonists Bevacizumab Humanized monoclonal antibody to VEGFR
Cediranib VEGFR antagonist
Combination antagonists Sorafenib VEGFR and PDGFR antagonist
Sunitinib VEGFR and PDGFR antagonist
Vatalanib VEGFR and PDGFR antagonist
Hormonal agents Megestrol Progesterone receptor partial agonist
Mifepristone Progesterone receptor competitive antagonist
Tamoxifen Estrogen receptor antagonist
Octreotide Somatostatin mimetic
Pasireotide Somatostatin mimetic
Pegvisomant Growth hormone receptor antagonist
Lutathera Somatostatin receptor afinity and radiation
- emission
Fenretinide Synthetic retinoid induces apoptosis
Immunomodulators IFNa 2B Antiproliferative and antiangiogenic
Nivolumab PD-1 receptor and ligand inhibitors
Pembrolizumab
Aveoumab
Sintilimab
Trametinib Inhibits MEK1 and MEK2
Alpelisib PI3K inhibitor
Ipililumab CTLA-4 blockade
Oncolytic virus Adenovirus Antineoplastic effect against the malignant
meningioma and significant tumor regression
Herpes virus Replication of adenovirus and oncolysis at high
dose and at a lower dose meningioma cells killing
Farnesyl transferase Tipifarnib Farnesyl transferase inhibitor
inhibitors
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Type of agent Medication Mechanism of action
Possible adjunctive agents Calcium channel Reduction of intracellular calcium
blockers concentrations
Statins MAPK pathway inhibition
Antiretrovirals Protein downregulation
RNAi Antisense abrogation of mRNA strands
Table 1.

A summary of different agents with promising evidence in the treatment of high-grade meningioma.

ClinicalTrials.gov Identifier

Status Intervention

Arms Outcomes

NCT03071874 Active, not AZD2014 a dual Experimental: PFS
recruiting mTORC1/mTORC2 AZD2014 0OS
inhibitor Radiographic response rate
Duration of radiographic
response
Frequency of adverse events
NCT02648997 Recruiting  Nivolumab 240 mg every Experimental: ~ PFS
2 weeks Cohort 1 Median PFS
Nivolumab 480 mg (original Median OS
once every 4 weeks cohort): Objective radiologic response
Nivolumab rate
Monotherapy ~ Adverse events
Ipilimumab Experimental: ~ PFS
1mg/kg every 3 weeks Cohort 2: Median PFS
Nivolumab Nivolumab in Median OS
480 mg once every Combination Objective radiologic
4 weeks with response rate
Nivolumab Ipilimumab Adverse events
3 mg/kg every 3 weeks
External Beam RT
NCT03279692 Active, not Pembrolizumab Experimental: PFS
recruiting Pembrolizumab  OS
Toxicity
Intracraneal response
NCT04997317 Recruiting  177Lu-DOTA-JR11 Active Change in Tumor-to-dose
(Phase 0); Cycle 1and Comparator: limiting organ dose ratio
Cycle 2 (cross-over) Phase 0: Group ~ T-to-bone marrow
177Lu-DOTATOC (Phase A Change in Tumor-to-dose
0); Cycle 1 and Cycle limiting organ dose ratio
2 (cross-over), Cycle 3 T-to-kidney
and 4 Assessment of treatment
177Lu-DOTA-JRI1 Active safety (phase I/II) by number
(Phase 0); Cycle 1and Comparator: of AEs graded according to
Cycle 2 (cross-over) Phase 0: Group CTCAEv5.0
177Lu-DOTATOC B
(Phase 0); Cycle 1and
Cycle 2 (cross-over),
Cycle 3and 4
177Lu-DOTA-JR11 Active
(Phase I/1I) Comparator:
Phase I/11
NCT03971461 Recruiting Lutathera Experimental: ~ PFS at 6 months
Lutathera Objective response rate
OS at 12 months
PFS
oS
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ClinicalTrials.gov Identifier Status Intervention Arms Outcomes
NCT04082520 Recruiting ~ Gallium Ga Treatment PFS at 6 months
68-DOTATATE (gallium Ga 0Os
Lutetium Lu 177 Dotatate 68-DOTATATE = PFS
Magnetic Resonance PET/MRI, Adverse events incidence
Imaging Lutathera) Change in quality of life
Positron Emission Local control
Tomography Duration of local control
Quality-of-Life Objective response to
Assessment treatment
Questionnaire Response rate by volumetric
Administration analysis
NCTO03016091 Recruiting Pembrolizumab Experimental: ~ PFS at 6 months
Arm1 PFS at 12 months
v oS
Pembrolizumab
NCT03604978 Recruiting  Ipilimumab Patientsreceive Maximum tolerated
Nivolumab nivolumab combination of radiosurgery
Stereotactic and nivolumab plus or minus
Radiosurgery ipilimumab
Incidence of adverse event
profile
Objective response rate
Objective radiological
response
PFS
0os
Changes of peripheral T-cells
NCT02333565 Unknown  Everolimus Experimental: ~ PFSrate
Octreotide Combinaison
everolimus and
octreotide
NCT04501705 Recruiting ~ Apatinib mesylate Experimental: ~ PFS-6%
test group ORR
0OS
NCT03267836 Recruiting  Avelumab Experimental: ~ Immunogenicity
Proton surgery Avelumab + Safety of therapy
proton therapy ~ Pathologic response
PFS
oS
NCT04728568 Recruiting ~ Sintilimab Experimental: ~ PFS at 6 months
Sintilimab 0OS
NCT03631953 Recruiting Trametinib Experimental: ~ Dose Limiting
Alpelisib Alpelisib in Toxicity (DLT) rate of
combination combination Alpelisib and
with Trametinib Trametinib
administered
NCT00904735 Unknown  Hydroxyurea Experimental: ~ PFS
Imatinib mesylate ArmI Survival
Patients receive ~ Response rate according to
hydroxyurea MacDonald criteria
and imatinib Toxicity as assessed by NCI
Hydroxyurea Experimental: CTCAEv.3.0
ArmII
Patients receive
hydroxyurea
Table 2.

A summary of curvently ongoing clinical trials that assess the effectiveness and safety of different systemic
thevapies in high-grade meningiomas.
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looking for the role of hydroxyurea as an adjunct to other therapies, such as calcium
channel blockers, as calcium channel antagonists have an inhibitory effect on menin-
gioma growth in culture [76]. For this matter, Ragel et al. reported that calcium
channel antagonists can block stimulatory effects of growth factors on meningioma
cell cultures and increase hydroxyurea effectiveness [77]. Evidence of hydroxyurea
treatment in patients with high grade meningioma varies widely across patients.
Demonstrating that this treatment is generally well-tolerated but evidence in tumor
control is not conclusive to establish a standard treatment in high-grade MNs.

Trabectedin it is an alkylating agent used in soft tissue sarcomas. It inhibits tran-
scription, its mechanism is not completely understood but some studies reported
decreased cell proliferation, induction of apoptosis and inhibition of transcription
factor binding by binding to the minor groove of the DNA helix [78]. In the random-
ized phase II clinical trial NCT02234050 by EORTC Brain Tumor Group (EORTC-
1320-BTG), treatment with trabectidin in grade II/III meningiomas did not improve
PFS or OS and it was associated with significantly higher toxicity as compared to
local standard care. A median PFS of 4.17 months was reported in the local standard
care arm and of 2.43 months in the trabectedin arm (hazard ratio [HR] for progres-
sion, 1.42; 80% CI, 1.00-2.03; p = 0.204). Also, the median OS was 10.61 months
in the local standard care arm and was 11.37 months in the trabectedin arm (HR for
death, 0.98; 95% CI, 0.54-1.76; p = 0.94). In 44.4% of the local standard care arm
patients occurred adverse events (4 serious adverse events, 0 lethal events) and 59%
of the trabectidin arm presented adverse events (57 serious adverse events and 2
toxic deaths) [79]. Trabectedin did not improve PFS and OS and was associated with
significantly higher toxicity. Evidence is not conclusive to establish a standard treat-
ment in high grade meningiomas. However, the data future clinical trials are needed.

Temozolomide another alkylating agent, used as standard care in management of
glioma. It does not prolong PFS in clinical trials of recurrent meningioma [80]. It is
believed that the no effect on meningioma could be due to intact activity of the DNA
repair enzyme O6-methylguanine DNA methyltransferase (MGMT) [63, 81, 82].

Chamberlain et al. reported a median time tumor progression of 4.6 years and
median OS of 5.3 years in patients treated with cyclophosphamide, doxorubicin,
and vincristine. They also reported high toxicity and very low response. However,
without a control group the results are difficult to interpret [83]. Some small case
series also reported results by administrating cyclophosphamide, adriamycin,
vincristine, isofosfamide/mesna or adriamycin/dacarbazine, but the evidence is
limited [84]. In some in vitro an in vivo animal studies, was reported that irinotecan
has an anti-meningioma effect. However, it did not show benefits in phase II clinical
trials [81, 82, 85].

Finally, some preclinical studies evaluated the response of Plant-Derived
Chemotherapeutic Agents. Curic et al. described an antitumorigenic properties
from curcumin (from the spice plant Curcuma longa) [86]. Additionally, Park et al.
reported a cytotoxic effect of acetyl-11-keto-beta-boswellic acid (substance isolated
from the Boswellia serrata), by inhibition of microsomal prostaglandin E synthase-1
and the serine protease cathepsin G [87]. Overall, traditional chemotherapy has
demonstrated limited clinical efficacy in treating meningiomas. Additionally, it
may lead to complications as immunosuppression, myelosuppression, gastrointesti-
nal distress, organ damage, and fatigue [88].

5. Targeted therapy

Unlike other solid tumors, MN presents with a low mutation rate of approxi-
mately 3.5 mutations per megabase [25]. However, the case of high-grade MNs
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has been evaluated recently. Bi et al. analyzed 39 samples of high-grade MN and
found an average of 23 (range 1-223) nonsynonymous coding alterations. This
number of alterations is similar to that of craniopharyngioma and thyroid cancer,
but considerably lower than other aggressive tumors like head and neck carcinoma,
colorectal carcinoma and melanoma [34]. Because of its relatively low mutational
burden, very few potential molecular targets have been identified. Interestingly,

Bi et al. found that non-NF2 driver mutations in high-grade MN was considerably
lower than in low grade MN, which reduces the number of possible targets than can
be addressed. In the other hand, NF2 is usually altered in high-grade MN (80% of
cases) more frequently than in low grade MN (40%). Most of genetic and regula-
tory alterations that have been described in high grade MN occur downstream

to a disrupted NF2 protein. Some of the pathways altered might involve Rac1/
Cdc42, Ras/JNK and the master regulator AP-1 [89]. Furthermore, one of the main
pathways associated with NF2 is the mTOR signaling cascade. NF2 naturally acts
as a repressor of the mMTORC1 and mTORC2, and when it is mutated, unregulated
activation of this pathway occurs. Based on this, mTOR and some of its upstream/
downstream effectors (Akt/PI3K) have been identified as potential targets. Other
pathways regulated by receptor tyrosine kinases (RTKs) like EGFR, PDGFR and
VEGEFR (angiogenesis) are also being studied.

6. Epidermal Growth Factor Receptor (EGFR) inhibitors

The EGFR pathway has been demonstrated to play a role in the tumorigenesis
of a great proportion of meningioma cases. Torp et al. demonstrated that EGFR
expression is not detectable in healthy and injured adult human meninges, but is
expressed in cases of meningioma [90]. Arnli et al. also showed that EGFR was
absent in healthy meninges but present in MN [91]. Narla et al. analyzed 79 samples
of MN using immunohistochemistry, to detect EGFR expression. They found that
EGFR was expressed in all different grades of MN, but its expression was consider-
ably higher in grade I MN (82.93%), than grade Il MN (35.71%) and grade III MN
(20%) (p < 0.0001) [92]. When analyzed as a general population, the expression of
EGFR in MN ranges between 50% and 89% [93]. Even though EGFR is a potentially
targetable molecule, its significance in meningioma might not be prognostic [94].
Caltabiano et al. analyzed MN samples using immunohistochemistry and FISH.
They found that the expression of EGFR was not associated with outcomes like
OS and PFS. Interestingly, they also found that progression from low grade MN to
higher grades was associated with an increase in the level of EGFR expression (not
the proportion of expression) [95].

Similar results were published by Wernicke et al. who found in a cohort of 89
MN samples that EGFR expression was more common in grade I MN than in other
grades. They also showed that the staining percentage (SP) of immunoreactive
cells was associated with histopathologic subtypes (p = 0.029), with anaplastic MN
having the highest average SP [96]. EGFR expression in MN is also accompanied
by a demonstrated receptor activation [93]. In the cell line IOMM-Lee, EGFR was
found to play a role in radiation-induced progression of MN. Furthermore, EGFR
is involved in the regulation of certain intracellular pathways including the MAPK,
the PI3K/Akt and phospholipase C pathways, which have been seen to be activated
in meningioma [37, 97].

In 2010, results from a phase II trial of erlotinib and gefitinib for the treatment of
MN were published. Erlotinib is an orally available, reversible TKI directed against
EGFR. Its use has been approved in different neoplastic disorders including non-small
cell lung cancer (NSCLC) and pancreatic cancer [98]. Gefitinib is a first-generation
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EGFR-TKI also approved for the treatment of locally advanced and advanced NSCLC
[99]. In 2010, a clinical trial enrolled patients with recurrent histologically confirmed
MN that were treated with no more than 2 chemotherapy regimens.

The study evaluated 25 patients with a median age of 57 years. From this cohort,
16 patients received gefitinib and 9 received erlotinib. Nine patients had atypical
MN and 8 had anaplastic MN. PFS and OS were assessed at 6 and 12 months. For
patients with low-grade histology, PFS-6 was 25%, PFS12 was 13%, OS-6 was 63%
and OS12 50%. In the other hand, high-grade meningiomas seemed to respond
a little better with a PFS6 of 29%, PFS-12 18%, OS6 71% and OS-12 65%. When
statistical analysis was done no significant difference between low-grade and high-
grade MN was seen [100]. Survival outcomes were not significantly better than that
of standard treatment.

In 2020 Ferluga et al. found that STAT1 is overexpressed and present a constitu-
tive phosphorylation in MN. They also found that this overactivation was not asso-
ciated with the JAK-STAT pathway but instead it was induced by the constitutive
phosphorylation of EGFR. They even demonstrated that STAT1 knockdown models
presented a significant reduction of cellular proliferation as well as a deactivation of
AKT and ERK1/2. The most interesting finding of this study was that the research-
ers used BM-1 cells and exposed them to three different EGFR inhibitors, two from
second generation (canertinib and afatinib) and one first generation (erlotinib).
After exposure to canertinib and afatinib, a decrease in about 60% of STAT1
expression was seen as well as an almost complete elimination of phosphorylated
forms of STAT1, this effect was not seen after exposure to erlotinib.

Lapatinib is a dual EGFR/ErbB2 inhibitor currently approved for the treatment
of advanced breast cancer with ErbB2 (HER2) expression [101]. There is preclini-
cal evidence of lapatinib efficacy in decreasing tumoral growth in NF2-related
Schwannomas. Ammoun et al. demonstrated that when NF2 is mutated or lost,
there is an upregulation of different RTKs in Schwannoma, with EGFR and HER2
being two of the highest expressed [102]. Similar results have been seen in NF2-
related MN. When the researchers added lapatinib at 5 and 10 pM concentrations
to cultures of Schwannoma cells derived from patients’ samples, they found that
lapatinib successfully induced inhibition of the intracellular pathways downstream
HER?2, including ERK 1/2 and Akt. They also showed that after 24 h of exposure
to lapatinib, cell viability decreased in a dose-dependent manner, with statistically
significant differences between both concentrations of lapatinib to baseline, and
from lapatinib 5 pM to lapatinib 10 pM [102].

The same group of researchers also tested lapatinib during a phase II clinical
trial, with good results in terms of volumetric response, progression-free survival
and safety profile [103]. Six years after this trial, the authors did a retrospective
analysis of patients presenting with NF2-related meningiomas from the same
cohort of patients with Schwannoma. Eight patients fulfilled criteria for analysis.
After two months under treatment with lapatinib, the best volumetric response
achieved was 26.1%. It is important to mention that in the group that was receiving
lapatinib, two tumors increased in volume by more than 20%. Results from this
analysis were confusing, with no clear benefit of lapatinib, however, the sample was
extremely small, and the analysis was retrospective. This study might influence the
development of future, prospective, larger clinical trials specifically for patients
with MN [104].

In 2001, Crombet et al. published their results on the efficacy of a mouse anti-
human neutralizing monoclonal antibody against EGFR (ior egf/r3). They per-
formed a phase I clinical trial using this antibody in 9 patients with high-grade brain
tumors that persisted or relapased after surgery. Only one of the patients had MN
(hemangiopericytic). The patient had 48 years old and a Karnofsky Performance
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Score of 90. She received four doses of 160 mg of antibody. At the end of the study,
no objective response was seen in any of the patients, however the remained with
stable disease until 6 months after the last antibody dose [105]. Even though EGFR
inhibition has revolutionized cancer care in neoplasms with high incidence like
NSCLC and colorectal cancer, these effects have not been seen in brain tumors, even
when EGFR upregulation has been proved. Further studies must be performed with
newer and more effective EGFR inhibitors, including monoclonal antibodies.

7. Platelet-Derived Growth Factor Receptor (PDGFR) inhibitors

PDGEFR is another RTK whose expression is critical during development, as
well as in the growth and differentiation of certain cell lineages. Its role in multiple
chronic diseases have been studied, and it is considered a possible target in condi-
tions like cancer, fibrosis, neurological disorders and atherosclerosis. The PDGF/
PDGFR axis promotes cell proliferation, survival and migration primarily in cells of
mesenchymal origin [106]. The ligands for PDGFR are four different polypeptide
chains (PDGF-A, PDGF-B, PDGF-C and PDGF-D) which can be organized in an
array of dimers that behave as functional growth factors (PDGF-AA, PDGF-BB,
PDGF-AB, PDGF-CC and PDGF-DD [107]. These ligands have two different
receptors, PDGFRa and PDGFRp. The different ligands bind to the receptors with a
differential specificity. PDGF-A, -B and -C will bind strongly to PDGFRa while the
others will bind to PDGFRp [106].

It has been demonstrated that MN expresses different forms of PDGF ligands,
namely PDGF-AA and PDGF-BB, and expresses considerable levels of PDGFRp. It
has been shown that the PDGF/PDGFR axis might play a key role in the tumorigen-
esis of MN. Black et al. proved that PDGFRp in MN cells derived from patients are
susceptible to the stimulation with PDGF-BB ligands, with a shown increased in the
activation of MAPK [21] and c-fos, a critical part of the master regulator AP-1, and
arecognized proto-oncogene [108, 109]. Unlike EGFR expression, PDGFR levels
appear to be higher in atypical and anaplastic MN than in grade I MN. In those MN
that express PDGFR and the aforementioned PDGF ligands, there is an autocrine
loop that supports maintenance and cell growth [109]. Todo et al. demonstrated
that there is a considerable decrease in meningioma cells proliferation when these
cells are given a neutralizing antibody against PDGF-BB. They saw a similar but
less potent behavior when an anti-PDGF-AA antibody, also suggesting that the
PDGF-BB pathway is the most important for meningioma maintenance [110].

Imatinib, a potent PDGF inhibitor currently used in different conditions
(mainly chronic myeloid leukemia), has also been proven in MN patients. Imatinib
possess a very low IC50 of 0.1 uM, this is especially important in MN as the blood-
brain-barrier might decrease the flux of imatinib and other drug particles into
the brain. In the NABTC 01-08 study, 23 patients with MN were enrolled, with 13
patients bearing low grade tumors, five with atypical MN and five with anaplastic
MN. Response was only evaluated in 19 patients from whom 10 patients experi-
enced disease progression. The rest of the patients remained disease stable. Median
PFS was only 2 months, with a PFS6 of 29.4%. When analyzed separately, PFS for
grade I MN was 3 months and PFS6 was as high as 45%. In the case of high-grade
MN, PFS was 2 months but PFS6 was 0%.

The current landscape of PDGF inhibition is somewhat promising. Other agents
like sunitnib, MLN518, dasatinib, AMN 107, pazopanib, sorafenib, CP673451 and
CHIR 265 have been studied [111]. Furthermore, combination therapies using
imatinib and other different agents like hydroxyurea [112], which has showed some
benefit in the treatment of glioblastoma in a Phase I/1I trial [113].
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8. mTOR inhibitors

The mTORC1 (mammalian target of rapamycin complex 1) pathway has been
reported to interact with merlin as a negative regulator of cell growth control [114].
mTOR is a serine/threonine kinase involved in cell signaling controlling transcrip-
tion, actin cytoskeleton organization, translational activation, and metabolism in
response to environmental cues [9]. The protein exists in two distinct multiprotein
complexes. The rapamycin-sensitive complex mTORC1 regulates cell growth and
proliferation in response to growth factors and metabolic conditions, whereas the
rapamycin-insensitive mTORC2 regulates locally restricted growth processes within
a cell and is involved in cell migration. Merlin was shown to enhance the kinase
activity of mTORC2 [115].

Previously, Pachou et al. [116] found that mTORC1 is activated in the majority
of MNs (7-10%) and that systemic mTORCI1 inhibition can impair meningioma
tumor formation in vivo. In addition, Akt is well known to be an upstream element
of mTORC1 and to be activated in meningioma cells by platelet-derived growth fac-
tor [117]. PDGF also induces phosphorylation of p70S6K, the expression of which
was reported to be increased in malignant MNs [118].

Several groups analyzed the biological effects of everolimus and temsirolimus
on meningioma cell viability. They could clearly show that both inhibitors were
effective in reducing meningioma cell viability and proliferation [114]. Moreover,
evidence was found that the NF2 gene status may affect the response to both inhibi-
tors but differentially activated mTOR pathways could not explain this result in
isogenic meningioma cell lines with and without merlin expression [119]. Further,
octreotide was shown to augment the inhibitory effect on the mTOR pathway in
meningioma cell lines because mTOR inhibition increases the hyperphosphoryla-
tion of AKT which thereby increases cell proliferation [120].

In 2020, Graillon et al. reported the results of the CEVOREM trial, a phase II
open label study that evaluated the combination of everolimus and octreotide in 20
high-grade MNs patients. Furthermore, four patients harbored NF2 germline muta-
tion [121]. The overall PFS6 was 55% (95% CI 31.3-73.5%), and 6- and 12-month
OS rates were 90% (95% CI 65.6-97.4%) and 75% (95% CI 50.0-88.7%), respec-
tively. A decrease >50% was observed in the growth rate at 3 months in 78% of
tumors. In addition, the median tumor growth rate decreased from 16.6%/3 months
before inclusion to 0.02%/3 months at 3 months (p < 0.0002) and 0.48%/3 months
at 6 months after treatment (p < 0.0003) [120].

In a small trial, everolimus has also been studied in conjunction with bevaci-
zumab without finding any objective tumor response but showing a slight increase
in PFS for those with high-grade MNs (NCT00972335) [122]. In this study, 88%
of the 18 patients showed SD for a median duration of 10 months (2-29 months).
Nevertheless, overall median PFS was 22 months (95% CI 4.5-26.8), higher
for patients with WHO grade II and III than grade I tumors (22.0 months vs.

17.5 months). Four patients discontinued treatment due to toxicity (proteinuria, 2;
colitis, 1, thrombocytopenia, 1), but another grade 3 toxicity was uncommon, and
no patient had grade 4 toxicity. The interesting improvement in higher histological
grade MNs could be due to their increased vasculature and the increased depen-
dence on the mTOR pathway of these lesions [122].

There is currently a phase 0, single group assignment, trial for everolimus in
NF2 mutant MNs and vestibular schwannomas (NCT01880749). There are two
single group assignment phase II trials of another mTOR inhibitor, AZD2014;
NCT03071874 for recurrent grade II/III MNs and NCT02831257 for NF2 patients
with MNs. These trials will help determine the efficacy of mTOR inhibition in
patients with these challenging lesions. Besides, a case report of a female patient
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with metastatic meningotheliomatous meningioma involving the brain and the lung
was treated with the pan-AKT inhibitor, AZD5363 for AKT1E17K mutation, showed
a favorable and durable response [123]. Ex vivo cultured meningioma cells revealed
sensitivity to the drug as shown by pan-AKT accumulation on immunoblots. The
patient has been treated for more than a year with a response which warrants
further research [123].

9. Anti-angiogenesis

Angiogenesis depends on the balance between angiogenic and anti-angiogenic
regulators [124]. Among the former, VEGF has been demonstrated to play an
essential role in stimulating angiogenesis by promoting the migration, prolifera-
tion, and tube formation of endothelial cells. VEGF upregulation has been shown in
MNss, suggesting its role as a pro-angiogenic factor responsible for edema formation
in these tumors [125-127].

Neoangiogenesis in MNs is regulated by the balance between concentrations
of both VEGF and semaphorin 3A (SEMA3A) in the tumor’s microenvironment
rather than by VEGF alone [125]. Accordingly, neo-angiogenesis would be blocked
or stimulated depending on the prevalence of VEGF or SEMA3A with a high
ratio between VEGF and SEMA3A as a negative predictor of recurrences [125].
Additionally, VEGF expression in MNs seems to be enhanced by hypoxia-inducible
factor 1-alpha [128] and EGF [129], and reduced by dexamethasone.

Caveolin-1 (cav-1), which is a 20-KDa protein mainly expressed by fibroblasts,
endothelial cells, myocytes, and adipocytes, seems to be involved in the oncogenesis
and progression of several neoplasms, including MNs [130]. Similar to what has
been reported in several solid tumors, a significant correlation has been shown
between tumor-cell-derived cav-1 and microvascular density (MVD) in MNs
[131], suggesting that this protein behaves as a pro-angiogenic factor. Consistent
with this hypothesis, cav-1 has been shown to regulate endothelial cell growth and
differentiation and to stimulate capillary tubule formation in vitro [132]. Moreover,
VEGF-mediated pathological angiogenesis is strikingly reduced in cav-1 knock-out
mice [133]. On the other hand, the association between cav-1 expression and MVD
may also be related to factors regulating both the MNs neo-angiogenesis and cav-1
expression. Indeed, cav-1 may function as a pro-tumorigenic factor that can stimu-
late cell proliferation, following its tyrosine-14 phosphorylation by Src kinase [134].

Endothelin-1 (ET-1) has been demonstrated to play a role in the mechanism of
meningioma tumorigenesis via the ETA receptor [135]. ET-1 expression/upregula-
tion may contribute to meningioma growth by inducing the formation of new blood
vessels. Indeed, a significant correlation has been shown between the expression of
ET-1 and that of VEGF or MVD in MNs, in agreement with its proangiogenic action
in these tumors.

Following these biological considerations, several angiogenesis inhibitors, such
as bevacizumab, sunitinib, and vatalanib, have been evaluated in phase II trials
with promising results [136]. The efficacy and safety of bevacizumab were evalu-
ated in grades IT and III MNs, finding a PFS6 of 43.8%. In addition, a review of
22 additional case reports for a total of 92 patients revealed a PFS of 16.8 months
with 6 months PFS of 73% in those exposed to bevacizumab [137]. A phase II trial
designed for all grades recurrent MNs that included 15 patients (15, 22, and 13
grade I, I, and III, respectively) showed stability of the disease in 100% of benign
tumors and 82-85% among those with high-grade injuries. In addition, the PFS6,
the median PFS, and OS, were 87%, 22.5 months, and 35.6 months for patients with
grade I tumors, while this distribution was 77%, 15.3 months, and not reached for
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grade II, and 46%, 3.7 months, and 12.4 months for grade III, respectively [138].
There is an ongoing phase II trial evaluating bevacizumab in recurrent and progres-
sive MNs (NCT01125046).

Kaley et al. reported a prospective, multicenter single-arm phase 2 trial that
investigated the efficacy of sunitinib, a tyrosine kinase inhibitor that inhibits VEGF
and PDGF receptors, which are over-expressed in MNs [139]. Thirty-six patients
with grade IT and III recurrent or progressive MNs were enrolled. They were heavily
pre-treated (median five recurrences) and received sunitinib at 50 mg per day for
days 1-28 of a 42-day cycle. The PFS6 was 42%, the median PFS was 5.2 months (95%
CI 2.8-8.3), and the median overall survival was 24.6 months (16.5-38.4). Adverse
events included four (8%) intratumoral hemorrhages, of which one was fatal, one
(2%) grade 4 thrombotic microangiopathy, and one (2%) grade 3 gastrointestinal
perforation. MRI perfusion in the exploratory group indicated that sunitinib is an
active agent, and expression of VEGFR?2 predicted PFS with a median of 1.4 months
in VEGFR2-negative patients versus 6.4 months in VEGFR2- positive patients
(p = 0.005) [139]. More recently, Cardona et al. reported a PFS of 9.1 months (95% CI
6.8-16.8) in a cohort of patients with high-grade MNs treated with sunitinib [140].

10. Hormonal therapy

Evidence suggests that meningioma growth could be hormone dependent
because of the female predominance specially after puberty and reproductive years.
Additionally, that 30% of the meningiomas are estrogen receptor positive and 70%
are progesterone receptor positive [76]. It is also known, that high grade meningio-
mas express more estrogen receptors whereas benign meningiomas express more
progesterone receptors [141]. It is also important to add, that approximately 90% of
meningiomas express somatostatin receptors [142]. Therefore, hormonal therapies
have been utilized in high grade meningioma treatment.

Due to estrogen receptors low expression, treatment with tamoxifen (estrogen
receptor antagonist) has not shown effective results. Additionally, there is not any
reports of androgen receptor antagonists in meningiomas [143]. In 1993 Goodwin
etal. in a retrospective case series of 21 patients with meningioma treated with
tamoxifen, they reported response in only 1 patient and disease progression in 10
patients [144]. Additionally, in a case study from Markwalder et al. a small group
of patients with inoperable meningiomas that received tamoxifen were studied and
only two patients show radiographical partial response [145].

Currently, due to the lack of evidence of anti-estrogenic agents’ effect on
meningioma no recommendation is available. Mifepristone is a progesterone
receptor inhibitor. In a study published in 1991 by Wolfsberger et al., they used
mifepristone as treatment of unresectable meningioma patients, they reported
that five patients showed reduction of tumor size on neuroimaging and visual field
improvement; in addition, three patients experienced headache relief and improve-
ment in extraocular muscle function. No toxicities were reported [141]. Other study
by Lamberts et al. reported stable disease in three patients, tumor size reduction
in other three patients and no toxicities were reported [146]. These studies were
limited because of the small sample size and tumor stage wasn’t described in any of
them. Therefore, more studies are needed to conclude the effect of mifeprisotne in
high grade meningiomas. Other trial by Ji et al. reported a median PFS of 10 months
and a median OS of 31 months in the mifepristone arm of patients with recurrent
meningioma [147]. Additionally, in 2006 Grunberg et al. reported a reduction of
less than 10% of the tumor area without clinical improvement in eight patients with
unresectable meningioma who received mifepristone [148].
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Megestrol acetate is an oral progesterone agonist that was used in a small trial.
However no response was observed in high grade meningiomas [76]. So far there is
no evidence that supports the use of progesterone receptor inhibitors in high grade
meningiomas.

Somatostatin is important in regulation and proliferation of normal cells and
tumor cells. It is known that meningiomas report the highest frequency of soma-
tostatin receptor expression in brain tumors, especially the sst2A subtype. It is also
reported that somatostatin inhibits meningioma growth in vitro in most studies, but
increases meningioma proliferation in some [76].

Chamberlan et al. reported that 31% of patients demonstrated a partial
radiographic response and 44% achieved PFS at 6 months with minimal toxic-
ity in patients treated with octreotide (a somatostatin agonist). Furthermore,
one-third of patients showed stable disease after treatment [149]. Therefore,
somatostatin analogs are recommended for systemic treatment of unresectable
or radiorefractory relapsed meningiomas [150]. The phase Il CEVOREM trial
explored the efficacy of the combination of everolimus (an mTOR inhibitor)
and octreotide in high grade meningiomas treatment. The trial reported that the
6-month progression-free survival rate was 55% and the 6-month overall survival
was 90% and 12-month survival rate was 90%. Additionally, a decrease of more
than 50% was observed in the growth rate at 3 months in 78% of the tumors. That
happens because, octreotide suppressed AKT activation during everolimus treat-
ment and synergistically reduced expression of downstream proteins [121]. The
previous results suggest that the combination of everolimus and octreotide could
be a very good option to treat high grade meningiomas, however more studies
are needed. In other phase II trial by Johnson et al. only 2 of 12 high grade cases
experience long progression-free intervals, but at the end all patients experienced
disease progression with median time of 17 weeks; a median survival 2.7 years was
reported and octreotide was well-tolerated [151]. Additionally, an in- vitro study
by Graillon et al. reported a significant anti-proliferative effects octreotide, but no
apoptotic response [152].

Parasoreotide (SOM230C) is an intramuscularly long-acting somatostatin
analogue. In the phase II trial by Norden et al., they reported that pasireotide has
limited activity in recurrent meningiomas, a PFS-6 of 17% and median PFS of
15 weeks were reported. Furthermore, expression of somatostatin receptor was
predictive of favorable response. However the findings in this trial require further
investigation [153]. These findings are promising, nevertheless, larger randomized
studies should be conducted to make a solid conclusion.

Growth hormone is secreted by the pituitary gland, and it induces production
of insulin-like growth factor-I (IGF-I-), these hormones influence normal growth
and metabolism [73]. There is existent evidence that reports abuntant growth
hormone receptors expression in meningioma cells. There is also reported that
inhibition of these receptors represents a decreased meningioma cell proliferation
[154]. McCutcheon et al. reported that administration of pegvisomant reduces
meningioma growth and in some cases causes tumor regression. Pegvisomant
blocks growth hormone receptors and induces downregulation of the GH/IGF-I axis
[155]. In other study, Puduvalli et al. reported that fenretinide, a synthetic retinoid,
induced apoptosis in meningioma primary cells tested, it also increases levels of the
death receptor DR5 and causes mitochondrial membrane depolarization. They also
reported eradication of IGF-I proliferation in the meningioma cells [156].

Finally, insulin-like growth factor-II acts like IGF-I. In multiple studies have
reported that the invasiveness of meningiomas is correlated to levels of IGF-II
expression [157]. However, several studies are needed to establish IGF-II blockade
could be an option to treat patients with meningiomas. These results provide
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preliminary evidence, but further studies are needed to explore these options as
treatment against meningioma.

11. Interferons

Existent evidence, shows that recombinant interferon-a (INF-a) is a biologic
agent able to inhibit DNA synthesis, it binds to the interferon-a/b receptor and
is involved in cell resistance to viral infection [64]. In 1991 in vitro studies also
reported that interferon-alpha inhibits tumor cells growth [158].

In 1997 Kaba et al., reported a minor reduction of tumor size in one patient and a
stable disease that lasted up to 14 months in four of six patients with recurrent unre-
sectable meningioma who received INF-a 2b [159]. Other study in 2001, reported
a stable disease that lasted up to eight years in nine of twelve patients treated with
INF-a [160]. In 2008 Chamberlain and Glantz, reported in a phase II study that 26
of 35 patients that received treatment with INF-a demonstrated stable disease after
the first 3 cycles and that 9 patients developed progressive disease. Additionally, a
PFS rate was 54% at 6 months and 31% at 12 months were reported, median time to
tumor progression was 7 months and median survival was 8 months. Furthermore,
no patient demonstrated neuroradiographic complete or partial response, fatigue,
anemia and leukopenia were the most common toxicities but overall, the drug was
safe. A limitation form this study is that it was conducted only in patients with
refractory grade I meningiomas [161]. Currently, these options are used as therapy
for recurrent meningiomas or progression following surgery and radiation. It is also
used for meningiomas that no respond to standard treatment options. Nevertheless,
evidence that supports the use of interferons for meningiomas is poor.

12. Oncolytic virus

Oncolytic viruses are biologic anti-tumor agents that selectively kill tumor cells
leaving non tumoral cells intact [63]. A lot of oncolytic viruses have been investi-
gated in different clinical trials, however no clinical trials have been conducted in
meningiomas [162].

There are a few preclinical trials conducted in meningioma models. In 2005 Grill
etal. evaluated the efficacy of conditionally replicating adenovirus (Ad) for oncoly-
sis of meningiomas of 12 patients. Four different Ads were constructed and tested
on meningioma cells and spheroids: Ad with an E1ACR2 deletion (Ad.d24), Ad with
complete E1 region (Ad.E1+), Ad encoding the luciferase marker gene (Ad.Luc) and
Ad encoding the luciferase gene in the E3 region (Ad.E1Luc). They demonstrated
replication of adenovirus and oncolysis in primary cell cultures of meningioma
cells at high dose (greater than 50 plaque-forming units per cell). Additionally, they
also reported that at a lower dose (5 plaque-forming units per cell), Ad.d24 kills
meningioma cells more efficiently than Ad.E1+ in benign, atypical, and malignant
meningiomas [163].

Herpes virus it has a large dsDNA with more than 30 kb making the virus
encoding for nonessential genes, this feature allows for genetic manipulation.
Additionally, herpesviruses have a good safety profile, because they replicate in the
nucleus without causing insertional mutagenesis [164].

In 1992, Market et al. added thymidine kinase-negative herpes simplex-I mutant
virus, d/sptk, to meningioma cell cultures. They reported an antineoplastic effect
against the malignant meningioma and significant tumor regressions [165]. In the
study from Yazaki et al., reported that mutant herpes simplex virus (termed G207)
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can replicate and kill cells from human malignant meningiomas in cell culture. They
also reported tumor growth reduction in nude mice harboring human malignant
meningioma [166]. Additionally, it is reported that efficacy of oncolytic herpes
simplex viruses (HSV) as single agent is unsatisfactory; so in 2006 Liu et al. dem-
onstrated that oncolytic HSV encoding dnFGFR enhances antitumor efficacy [167].
In 2016 Nigim et al., reported that G47A, an oncolytic HSV derived from G207, was
able to replicate and kill several human primary meningioma cultures in vitro. They
also reported that this treatment prolonged survival, with 20% of mice surviving
more than160 days. Furthermore, a lack of signs of encephalitic associated with
GA47A treatment was reported [168]. In 2018, they also reported that the mechanism
of action of oHSV enables killing NF2 intact and mutant meningiomas and menin-
giomas that harbor other mutations [63].

Several studies have demonstrated the ability of oncolytic viruses to recruit T
cells and induce immune responses against virus and tumor. Furthermore, some
studies have demonstrated that oncolytic viruses combined with other cancer thera-
pies, create synergistic effects in brain cancer treatment. Although many questions
remain to be answered to fully exploit the therapeutic potential of oncolytic viruses
against meningiomas [169].

13. Immune checkpoint inhibitors

Several studies have aimed to characterize the interactions between MNs and the
immune system. Specifically, studies of the immune microenvironment in MNs have
revealed that NY-ESO-1, PD-L1, PD-L2, B7-H3, and CTLA-4 are expressed in MNs
and may be at least partly responsible for the suppression of the anti-tumor immune
response [170, 171]. PD-L1 is expressed in MNs, and expression levels are higher for
higher-grade tumors [172]. The expression of these proteins has been associated with
tumor progression, recurrence, and poor survival outcomes. Fang et al. extensively
characterized the immune infiltrate in MNs and found that the immune cells infil-
trating MNs are mainly antigen-experienced T cells and B cells [58]. In their study, B
cells were activated and underwent immunoglobulin class switching, somatic hyper-
mutation, and clonal expansion. T-cells demonstrated evidence of antigen exposure
and increased expression of PD-1 and TIM-3, which can be a sign of an exhausted
phenotype. Tumor-infiltrating lymphocytes in MNs are mainly T-cells. Interestingly
in anaplastic MNs, the number of CD4 and CD8 T-cells is low. At the same time, the
proportion of Tregs is increased [59]. These data support the notion that an immu-
nosuppressive microenvironment in MNs may contribute to tumor progression.

In a mouse model of meningioma, infusion of anti-PD1 antibody avelumab plus
highly-active NK cells (HaNK) led to increased survival, showing the importance
of innate NK cell activity [173]. Currently there are two case reports on PD-L1
checkpoint inhibition for recurrent MNs [174, 175]. The cases report disease-free
recurrence for >2 years in one patient and > 6 months in another patient, with
both having reductions in tumor volume, cerebral edema, and patient-reported
symptoms following nivolumab treatment. Based on the existing evidence on PD-L1
expression in recurrent MNs, five clinical trials are enrolling patients with to receive
anti-PD1 antibodies nivolumab, avelumab, or pembrolizumab. An ongoing phase
I1 trial is designed to compare nivolumab alone to combination therapy with the
anti-CTLA-4 antibody ipilimumab (NCT02648997). A phase Ib trial will inves-
tigate the preoperative use of avelumab in combination with hypo-fractionated
proton radiotherapy for 3 months to evaluate its effect on the size of unresected
MNs (NCT03267836). The other trials are recruiting patients with recurrent MNs to
receive adjuvant immunotherapy as PD1 blockade.
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14. CAR-T cell therapy

Chimeric Antigen Receptor (CAR) T cell therapies are a novel therapeutic
approach to cancer. The standard treatment consists in the leukapheresis of autolo-
gous peripheral blood mononuclear cells from the patient bearing the tumor. After
successful leukapheresis, T cell isolation is performed. T cells are then grown in
culture and are further transduced with a lentiviral vector carrying an integrative
plasmid that encodes the CAR, which is essentially a fusion protein containing a
single-chain variable fragment derived from a full antibody, plus a transmembrane
domain and different array of intracellular co-receptor and co-stimulatory domains
that will trigger the intracellular signaling necessary for T cell activation [176].

CAR-T cell therapies were initially approved in 2017 (axi-cel and tisa-cel) for the
treatment of relapsed/refractory diffuse large B cell lymphoma and relapsed/refrac-
tory B-cell acute lymphoblastic leukemia [177]. Unfortunately, the landscape of
CAR-T cell therapies in solid tumors has not been promising, mainly due to differ-
ent resistance from typical features of the tumor microenvironment like high acid-
ity, immune effector exhaustion induction and the extracellular matrix. Different
workaround strategies have been explored to address these problems and currently,
highly engineered cells and very complex therapies (CAR-Ts in combination with
checkpoint inhibition, or small molecules, or chemotherapy, or immunomodula-
tors) are under study in different clinical trials [178].

Brain tumors have not been an exception in CAR-T development, with glioblas-
toma being the most attacked condition. Tang et al. reported a case of a patient with
an anaplastic MN that underwent three surgical resections and had an Ommaya
device implanted. IHC from her tumor sample showed a high expression of B7-H3,
also known as CD276 ([179], p. 3). The researchers prepared CAR-Ts from autolo-
gous PBMCs, and during CAR-T development patient recur and CAR-Ts were
administered in three doses via the Ommaya device. A fourth surgical treatment
was performed as patient was progressing quickly, and unfortunately the patient
died one day after surgery. Post-mortem analysis of the tumor sample showed that
CAR-T indeed penetrated the tumor and successfully targeted some cells expressing
B7-H3, however, as not all the tumor was expressing this molecule, antigen loss and
selection of other cells with a different transcriptome occurred [180]. Even though
results were not as expected, this case marks an important step toward the develop-
ment of cell therapies of different natures, to treat brain tumors, especially those of
high recurrency and aggressiveness.

15. Conclusions

Treatment in MN has remained similar since some decades ago. Major improve-
ments in survival are achieved mainly by surgery and radiation therapy. Most cases
of MN will respond to these conventional therapies, however, transformation of
low-grade MN to high-grade MN, or de novo high-grade MN are highly recurrent and
impose a very low survivability. For these tumors, surgery and radiation therapy are
less than enough. With the era of genomic analysis and a better understanding of the
genetic basis of cancer, different molecular targets and new therapeutic approaches
have been studied for high-grade MN treatment. In this review we went through the
main critical advancements in evidence that suggests that molecular targeting might
be the future of high-grade MN treatment. To the date, all these molecular approaches
are still under study, a conventional management is still the mainstay, but we hope in
the following years, new evidence of the clinical relevance of these therapies is avail-
able and introduction of them into the therapeutic arsenal could be a true.
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Chapter 3

Meninges Outside the Meninges:
Ectopic Meningiomas and
Meningothlelial Proliferations

John A. Ozolek

Abstract

Extracranial meningiomas have been reported for decades now and have been
described in the head and neck; calvarial, nasal cavity, paranasal sinuses, naso-
pharynx, parotid gland and in various remote anatomical locations systemically.
The presence of microanatomical structures for all intents and purposes resembling
and having the histopathological characteristics of meninges outside of the central
nervous system meninges is uncommon but well-documented. Typically, these
lesions are found in the lung or part of hamartomatous/choristomatous lesions and
frequently occur in the head and neck anatomical region. The lesion first described
by Suster and Rosai termed "hamartoma of the scalp with ectopic meningothelial
elements" is the prototypical example of lesions with meningothelial elements.

We have described recently a similar hamartomatous lesion with meningothelial
elements occurring in the tongue. In this chapter, we will review the clinicopatho-
logical features of ectopic meningiomas and lesions that contain meningothelial
elements and their possible pathogenesis.

Keywords: ectopic, meningioma, meningothelial, hamartoma, choristoma,

pathology

1. Introduction

This chapter will cover, in brief, clinical and pathological characteristics of what are
known as primary ectopic meningiomas (PEM) and the presence of tissue histomor-
phologically and immunophenotypically consistent with meningeal tissue (meningo-
thelial) occurring in other organs or as part of teratomas or hamartomas/choristomas.
PEM, that is, those that occur outside of the central nervous system (CNS) can occur
asaresult of direct extension of a primary CNS meningioma (through calvarial bone
into adjacent soft tissue), as a metastatic lesion, or as a primary ectopic meningioma
[1]. Cutaneous meningiomas or primary cutaneous meningiomas describe a subset of
PEMs mostly found in the scalp and have a classification system delineated by whether
lesions are congenital or acquired and whether they have connection to a primary
intracranial meningioma. Type I are congenital and may present as midline scalp cystic
lesions (rudimentary meningoceles, acoelic meningeal hamartomas). Rarely sinus
tracts have been found connecting these to the CNS. Type II are soft tissue meningio-
mas that have predilection for the nose, mouth, eyes, and ears and have no connection
to an intracranial meningioma. Type III are soft tissue extensions of a primary intra-
cranial meningioma [2]. Meningothelial tissue (not meningioma) can be seen most
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notably described in the lungs and rarely in hamartomas/choristomas (lesions com-
posed of tissue types arranged haphazardly but indigenous to the location; hamartoma
or not indigenous to location; choristoma) particularly in the head and neck location.
PEM have been described in teratomas and meningothelial tissue is not an infrequent
component of mature neuroglial tissues in teratomas (tumors composed of tissues
derived from all three primordial germ layers). This review will focus on those some
aspects of meningiomas that occur outside the CNS; the primary ectopic meningiomas
and lesions where meningothelial tissue has been found with particular focus on pul-
monary and gonadal (in the context of gonadal mature teratomas) meningiomas and
meningothelial proliferations and separately hamartomas/choristomas particularly of
the head and neck. It is these latter lesions that the author has the most familiarity from
practicing in the discipline of pediatric pathology.

2. Developmental aspects of meninges pertinent to primary ectopic
meningiomas and ectopic meningothelial tissue

This will be a brief section and by no means an exhaustive treatment of the
embryological, morphological and molecular genetics aspects of meninges develop-
ment. For a more thorough review of meninges development, the reader is directed
to the excellent reviews by Dasgupta and Jeong [3] and Lopes [4]. However, here,
we will attempt to highlight elements of what is known about the embryological and
particularly molecular pathways involved in meninges development as it may relate
to the development of meningiomas and the presence of meningothelial tissues in
other anatomical locations outside of the central nervous system (CNS) proper.

In contrast to other areas of CNS development, relatively little is known about
the molecular characteristics of meninges development. In a broad sense, however,
the meninges increasingly are being shown to be critical to proper calvarial and
underlying brain development. It is noted that the cranial meninges are derived from
two cellular pools; the neural crest (ectoderm) and mesoderm. Neural crest derived
cells can be found in the three layers of meninges covering the forebrain cerebral
hemispheres but not in the meninges covering midbrain or hindbrain. Calvarial
development closely parallels meninges development in that the frontal bones are
primarily neural crest derived while the parietal bones are of mesodermal origin.
Foxcl is a key and ubiquitously expressed transcription factor in meninges develop-
ment with noted early upregulation in the primary meninx. Its prominent role is
demonstrated by lack of apical arachnoid and dura mater formation as well as lack
of apical calvarial development in Foxcl mutant mice. Parietal bone development
appears to depend on the underlying meninges (derived from neural crest) express-
ing transforming growth factor beta 2 receptor (Tgfbr2) as Tgfbr2 mutant mice show
severe defects in both parietal bone and underlying meninges development. The
dura or outer dense layer of the meninges becomes closely apposed to the underside
of the bony calvarium and is the de facto periosteal layer. The mesenchyme around
the developing brain is divided into layers that include a dermal layer (dermis of
scalp), skeletogenic layer (skull), and then the meningeal primordium. By extension,
it can be plausible that ectopic meningiomas can arise (and indeed do) in the bones
of the calvarium and scalp. It has been proposed that arachnoid cells or precursors
can migrate with cranial nerves as they exit their foramina during development and
be the forerunners of primary ectopic meningiomas in anatomic regions such as the
orbit, ear, and neck [1]. Meninges appear to play crucial roles in brain development
including providing trophic factors for neuronal survival, migration/positioning of
neurons, neuronal generation from neuronal progenitors, blood vessel development,
corpus callosum development, and may provide a niche for neural stem cells [5].
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Again, by extension, it is not implausible to think that since much of the structures
comprising the head and neck are derived from neural crest (and mesenchymal)
cells, cells with multipotent capabilities, that some of these cells could be dormant
and later directed down a path of meningeal differentiation in aberrant locations.

3. Primary ectopic (extracranial) meningiomas

To begin this section with an aside, the designation of ectopic meningiomas as
“primary” necessarily implies that there may be other categories of meningiomas as
“secondary”, “tertiary” and so on. The terminology “primary ectopic meningioma”
(PEM for brevity sake) then designates those meningiomas that are outside of the
CNS that develop presumably from separate meningeal precursor cells; either ectopic
arachnoid cells or perhaps cells that are multipotent (e.g. neural crest) as we have briefly
noted. In some sense, this terminology is redundant since if the meningioma (or any
lesion) is designated as “ectopic” that lesion is not indigenous to its normal anatomic
location and would therefore be “primary”. So called “secondary extracranial meningio-
mas” are defined as those lesions that are an extension of an intracranial meningioma.
The author has not seen further designations of meningiomas beyond secondary and it
is difficult to conjure a scenario where the designation of “tertiary extracranial menin-
gioma” would be applicable. In addition, in perusing this literature, the terminology is
a bit confusing because different names have been applied descriptively to lesions that
probably ultimately fall under an umbrella category (see above description of Type I
cutaneous meningioma). Some have described extracranial meningothelial prolifera-
tions in four categories: 1) extracranial extension of intracranial meningioma, 2) extra-
cranial meningioma, 3) the aforementioned primary cutaneous meningioma, and 4)
metastatic meningioma [6]. We already see that category 1 is what has been referenced
asa Type III cutaneous meningioma and 3 presumably encompasses the spectrum of
cutaneous meningiomas that include Type III. In this author’s simplistic way of thinking
and since this is a review, primary ectopic meningioma is not an unreasonable designa-
tion because the terms denote a meningioma that is outside the CNS as a “stand alone”
or primary tumor in that location. If the designation were only “ectopic meningioma”
then extracranial extensions of intracranial meningiomas could technically be under
that rubric. Additionally, and similarly, the term “meningothelial” seems to imply tissue
that is by all standards meningeal but not a tumor (more later). Meningothelial tissue
or proliferations would seem by definition to be primary and ectopic since intracranial
meningothelial proliferations are really not a diagnostic category of CNS lesions except
for the possibility of meningeal tissue as part of another tumor.

That aside, it is interesting when trying to quell cases of PEM from the searchable
medical literature, the variety of names given to these lesions as hinted at, and the ensu-
ing difficulty that arises in attempting to exactly define the numbers and types of PEM
reported. As Gibson and Prayson aptly alert the reader in their excellent chapter on
this subject [7], a variety of designations have been used when reporting these lesions
including ectopic, extracranial, extraneuraxial, extradural, cutaneous, intraosseous,
calvarial etc. In addition, case reports may designate one of these categories to describe
the lesion, but indeed the lesion may actually represent a secondary extracranial menin-
gioma, or the patient may have had a previous remote intracranial meningioma.

Combined with a previous review of 178 reported cases from the English
language medical literature by Lang et al. [8], Gibson cited an additional 100 cases
of PEM at the time of publication of their chapter (2009). In this author’s brief
survey of the entire medical literature not restricted to the English language from
1/1/2008 to the present, approximately 184 cases of PEM are noted after using
search terms that Gibson identified as descriptors for PEMs such as “ectopic’,
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“extracranial”, “extraneuraxial”, “extradural”, “cutaneous”, “calvarial”, “intraosse-
ous” and “meningioma”. By far, the most cases are reported from the head/neck
anatomic location with intraosseous PEM by far exceeding any other location in the
head and neck or elsewhere outside of the head and neck (Table 1). The most com-
mon site/location for PEM outside the head and neck was interestingly pulmonary
followed by spinal/mediastinal/thoracic (Table 2).

It should not be terribly surprising that from a teleological perspective and given
the developmental biology of meninges that the most commonly cited location of
PEM is in the head and neck location and more specifically in the calvarial/skull
bones. The intimate association of mesenchymal and/or neural crest cells in the devel-
opment of the calvarial bones and meninges, particularly the dura which is directly
apposed to the bone, makes this causative possibility very plausible. Likewise could be
said for the greater number of cases of PEM found in the spinal/mediastinal/thoracic
location. In children, certain tumors particularly neuroblastoma and its variants, can
be found in this paraxial location along the sympathetic chain where neuroblasts are
migrating during development.

PEM are quite uncommon as might be expected and the multiple reviews all cite
basically the same incidence of approximately 1-2% of all meningiomas. Several

Site N
Intraosseous (skull) 62
Intraosseous (mandible) 5
Intraosseous (maxilla) 1
Scalp 13
Lacrimal/orbital 11
Sinonasal 10
Parapharyngeal/neck 9
Middle ear 2
Soft tissue 2
Cheek 1
N =117
Table 1.

Approximate location and number of primary ectopic meningiomas in the head and neck from 2008 to present.

Site N

Pulmonary 34

Spinal/mediastinal/thoracic 21

Cutaneous

Intraosseous (hip/pelvis)

5
3
Adrenal gland 1
1
1
1

Brachial plexus

Kidney (hilum)

Soft tissue (thigh)

Table 2.
Approximate location and number of primary ectopic meningiomas outside the head and neck from 2008 to
present.
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excellent reviews have been published identifying the clinical and pathological
characteristics of PEM in general and in specific locations including intraosseous
(calvarial) [9], ear and temporal bone [10], sinonasal tract [11], and pulmonary
[12-15]. In addition, PEMs have been reported in skin, kidney, retroperitoneum,
mediastinum, extremities, adrenal gland, ovary (mature cystic teratoma) [7], In
general, for PEM, in contrast to CNS meningiomas, there is only a slight female
predominance in incidence with the exception of perhaps those presenting in the ear
and temporal bone where at least in the series by Rushing et al., the M:F ratio (1,2)
more closely approximated the M:F ratio for CNS meningiomas in adults [16]. PEM
arising in the ear and temporal bone are particularly troublesome for the pathologist
as they can have a broad differential diagnosis in a location that is not the genesis of
a comparatively large number of specimens that might traverse a general patholo-
gist’s microscope. This differential diagnosis includes entities such as paraganglioma,
schwannoma, melanoma, middle ear adenoma or carcinoid, and carcinoma. The
middle ear was the most common location for these PEMs with a relatively high
association with cholesteatoma (9/36 cases). A smattering of histological subtypes
were identified in these PEM and this is the case for PEM in general. The most com-
mon histological subtype identified by far is meningothelial (range 47% to over 90%
depending on site) followed at a significant distance by atypical or psammomatous
[16]. As an aside, in searching our pathology archives for cases of meningioma, we
found approximately 730 cases of meningioma over 20 years, with less than 5 PEMs
found that were either intraosseous (calvarial) or middle ear (mastoid) (Figure 1)
and no cases of extracranial soft tissue, visceral, or pulmonary PEMs.

..

(o

Figure 1.

aningothelial meningioma of the mastoid presenting with tinnitus in a 46-year-old woman. No connection

to the CNS was seen by imaging or intraoperatively. A: Low magnification view of meningioma composed of
spindled and epitheliod cells in a whirling pattern with areas of more concentrated fibrous tissue. Scattered
psammoma bodies were seen throughout the biopsy pieces (arrow, HE 40X). B: High magnification view of the
relatively bland appearing nuclei with numerous pseudoinclusions, a hallmark nuclear feature of meningiomas
(arrow, HE 600X). C: Diffuse staining of the meningeal lesional cells with epithelial membrane antigen
(EMA 100X).

o
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A few reviews have been published specifically addressing primary pulmonary
meningiomas (PPM), that is, meningiomas that occur in the lung parenchyma
as cited. Three of the four reviews included part of the time span included in the
review here [12, 14, 15]. Our review provides perhaps more emphasis on the patho-
logical phenotypes and concurrence with other tumors than other reviews.

PPMs are interesting entities for several reasons. One, their pathogenesis might
not be as teleologically obvious compared to PEMs that occur say in the head and
neck. Two, pulmonary meningothelial proliferations/nodules are not a terribly
uncommon finding incidentally in lung resections and will be the subject of the latter
part of this review as part of the spectrum of extracranial/extraneuraxial lesions of
meningothelial lineage. Three, there are multiple case reports of concurrent CNS and
pulmonary meningiomas [17] as well as reports of concurrent PEMs in lung and bone
[18], metastases from CNS meningiomas to the lung [19] in particular, and metasta-
ses from other tumors into CNS meningiomas [20] and even metastases from PEMs
to the lung [21]. Four, PPM can be mimickers of a primary lung cancer, now the sec-
ond most common cancer in both men and women in the United States and therefore
should be considered (albeit somewhat down the differential diagnostic list) by every
pathologist who looks at lung biopsies and resections [22]. Five, pulmonary menin-
gothelial proliferations, either sporadic or diffuse, may even be more troublesome for
the pathologist. These interesting categories in the spectrum of meningiomas cannot,
unfortunately, be further elucidated in this brief review.

Table 3 represents a review of the medical literature (English and non-English)
searched in PubMed using the search terms “pulmonary” or “lung” and “menin-
gioma” contained in the title/abstract from January 1, 2008 to August 16, 2021
(roughly corresponding to the last cases of PEM reported by Gibson et al. as noted).
This search yielded 407 results of which 34 case reports were included reporting
PPM [12-15, 18, 22-50]. One patient had two case reports approximately 10 years
apart and one article published in a Spanish journal could not be obtained. The
clinical characteristics (age, gender, location, size, recurrence rate) are in keeping
with other reviews of PPM [12-15]. The immunohistochemical profiles were also
in line with other reviews with most PPMs demonstrating staining with epithelial
membrane antigen (EMA), progesterone receptor (PR), and vimentin. This review
demonstrated perhaps higher numbers of both WHO grades IT and III tumors (if
presuming the remainder of the undesignated cases were WHO grade I whichisa
reasonably safe assumption).

An interesting aspect in the review of these cases and not overly emphasized
in other reviews is the seemingly high number of patients with a history of
other malignancies; almost one-third of the patients (10/34) with one patient
having multiple (3) other tumors (osteosarcoma, fibrous dysplasia, and giant
cell tumor of bone). This patient had a somatic mutation in the giant cell tumor
of H3.3A and a germline mutation of BRCA2. Of course, one must be careful in
drawing conclusions from a small dataset and in this case the patients with other
malignancies were all in the age range where other malignancies are not uncom-
mon (mean age 65 years, range 52-80). The malignancies in this group included
buccal (1) (presumably squamous cell carcinoma), breast (2), gastric adenocar-
cinoma (1), papillary thyroid carcinoma (1), thymoma (1)/renal cell carcinoma
(1) (same patient), rectal adenocarcinoma (1), concurrent lung adenocarcinoma
(1) and teratoma (1) (immature and mature teratoma of the ovary and retroperi-
toneum, respectively). With the exception of the teratomas and thymoma, the
other tumors are not uncommonly seen in this age group. As an aside, the PPM in
the patient with teratomas does raise the remote possibility of a meningothelial/
meningioma metastases from one of the teratomas particularly since one tera-
toma was designated as immature.

76



Meninges Outside the Meninges: Ectopic Meningiomas and Meningothlelial Proliferations

DOI: http://dx.doi.org/10.5772/intechopen.100206

Characteristic N =34 cases
Age at presentation (years) (n = 34)

Mean (SD) 571 (17.8)
Range 18-108
Median 60
Gender (M:F) 9:25 (1:2.8)

Symptoms at presentation

11 (23- no designation)

Follow-up (n = 17)

Disease free/no recurrence 17
Mean (years) (SD) 3.2 (4.5)
Range 0.17-20
Patients with history of other malignancies 10/34
Multiple PPM 3/34
Site (R/L) 19:15
Size (cm) (n = 31)

Mean (SD) 2.4 (2.6)
Range 0.45-15
Histological type (n = 29)

Malignant 3
Atypical 1
WHO I 2
Transitional 5
Chordoid 2
Fibrous 1
Meningothelial 1
Psammomatous 1
Rhabdoid 1
Intrapulmonary metastases 1
No designation 17
WHO grade (I, II, III) 28/3/4*
Psammoma bodies 11/15
No designation 20

Epithelial membrane antigen/EMA +

30/30 (5-no designation)

Progesterone receptor (PR) +

17/18 (17-no designation)

Vimentin +

20/20 (15-no designation)

$100 +

6/14 (21-no designation)

Cytokeratins +

0/16 (19-no designation)

Ki-67 (>10%)

3/14 (15-no designation)

>10% 3
<10% 13
No designation 19

*- One patient had two asynchronous tumors.

Table 3.
Review of clinical and pathological characteristics of primary pulmonary meningioma 2008—2021.

77



Brain Tumors

A 21-year-old female with Diamond-Blackfan anemia was included in this
cohort who presented with a chordoid histology PPM [39]. Diamond-Blackfan
anemia (DBA) is an inherited bone marrow failure syndrome that has approxi-
mately 20 known genetic aberrations in genes encoding small/large subunit
associated ribosomal proteins (RPS and RPL genes) [51]. A cursory review shows
no definitive RPS or RPL genes to be associated with any of the non-neurofibroma-
tosis, type 2 (NF2) associated genes known to be mutated in meningiomas [52-54].
While DBA is associated with higher rates of other cancers including osteosarcoma,
vaginal squamous cell carcinomas, esophageal cancer, colon adenocarcinoma, and
myeloid leukemias, increased risk for meningiomas have not been seen in patients
with DBA to date [51]. However, subsequent to the publication of this young
patient with DBA and chordoid meningioma, she was found to have a mutation of
the RSP19 gene [51].

As noted, one patient in this cohort had papillary thyroid carcinoma (PTC). An
interesting epidemiological study by Sughrue et al. [55] showed that compared to
the expected prevalence for a similar population, patients with meningioma had a
statistically higher incidence of papillary thyroid cancer and acute leukemia. From
a pathology perspective, it is also interesting that both tumors share at least one
characteristic histopathological feature; psammoma bodies. Psammoma bodies can
be seen characteristically in several tumors including PTC, meningiomas, serous
cystadenocarcinoma of the ovary, and melanotic schwannoma (one of the tumors
with high prevalence in Carney syndrome). The pathogenesis of psammoma
bodies is still controversial with theories involving vascular thrombosis of papil-
lae, followed by calcification and endothelial necrosis. More recently, osteopontin
(OPN), a calcium-binding glycophosphotein has been implicated in the formation
of psammoma bodies being expressed in CD68 positive macrophages along with
other factors that include alkaline phosphatase, osteocalcin, metalloproteinases,
bone sialoprotein, and others [56]. OPN expression has been shown to be increased
in meningiomas compared to normal meninges, correlates with histological grade,
and is a predictor of recurrence in WHO grade I tumors [57, 58].

The pathogenesis of PPM and PEM particularly those outside of the head
and neck, of course, remains speculative as do many aspects of normal meninges
development as noted earlier. Hypotheses regarding the origin of PEMs have
included ectopic arachnoid cells that are present in cranial and peripheral nerve
sheaths and in cranial sutures, misplacement of arachnoid cells during develop-
ment, pluripotent mesenchymal cells, perineurial cells of peripheral nerves, and
entrapped meninges at sites of trauma [7, 16]. Meningiomas, arachnoid cap cells
(cells making up the outer layer of the arachnoid mater and villi), and spindle cells
within perineurium express EMA that is detected immunohistochemically. While
nearly all meningiomas and perineuriomas express EMA, only about one-third of
meningiomas express glucose transporter-1 (GLUT-1) while most perineuriomas
express GLUT-1. Similarly, SSTR2 and PR are expressed in a high percentage of
meningiomas compared to perineuriomas while the reverse is true for claudin-1
[59]. Indirect support for pluripotent mesenchymal cells as the cell of origin for
PEMs derives from the fact that meningiomas can exhibit histologically other tissue
types including bone, cartilage, muscle, vascular, and other tissues. With regards to
PPM specifically, two theories have arisen regarding their pathogenesis. The first is
similar to what has been proposed for PEMs elsewhere; pluripotent mesenchymal
cells that reside in the subpleural region or from “precursor” lesions known as
minute pulmonary meningothelial nodules (MPMN, more on these later) [12].
Both PPM and MPMN share some similar phenotypes particularly the expression
of similar immunohistochemical markers (EMA, PR, vimentin) but it is certainly
unclear if MPMNs are truly precursors of PPM. Indeed, there seems to be some
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discrepancy in incidence of MPMN and meningiomas in autopsy series leading
some to conclude that MPMN cannot be a precursor lesion [12]. Some have argued
that MPMN are not precursor lesions based on genotyping studies demonstrating
higher frequencies of loss of heterozygosity (LOH) and LOH affecting different
loci in meningiomas compared to MPMN [60]. It is interesting that a progression
of increasing frequency of LOH was noted from solitary MPMN to meningothelio-
matosis to meningioma. Weissferdt et al. demonstrated that MPMN do share some
genotypic alterations with PPM and CNS meningioma particularly deletion of the
NF2 gene and gains of chromosome 22q [61]. The distinction between the two has
mostly been by somewhat arbitrary size criteria (< 3 mm for MPMN). PPMs also
tend to form a “mass” displacing lung.

From the pathology perspective, PEMs present specific and diverse diagnostic
challenges. This is largely due to the variable histomorphologies that have been
described not only in CNS meningiomas but also in PEMs and the various locations
that PEMs can occur which raise different differential diagnoses. The differential
diagnoses for PEM in the middle ear and temporal bone has already been discussed.
For all PEMs in the head and neck location, Rushing et al. found paraganglioma,
schwannoma, and metastatic carcinomas to be the most frequent misdiagnoses for
ear and temporal bone PEM; Carcinoma, melanoma, olfactory neuroblastoma, and
aggressive psammomatoid ossifying fibroma for sinonasal tract PEM, and derma-
tofibroma, melanoma, fibrosarcoma, leimyosarcoma, and synovial sarcoma for
soft tissue and skin PEM [16]. The differential diagnosis for PPMs brings a variety
of entities that can occur in the lung and mediastinum. These include sarcoma-
toid mesothelioma, solitary fibrous tumor, spindle cell thymoma, spindle cell
carcinomas, inflammatory myofibroblastic tumor, synovial sarcoma, epithelioid
hemangioendothelioma, and of course metastases [12]. As noted, meningiomas can
present with a wide range of histological features including meningothelial, fibrous,
microcystic, transitional (spindle cell component) psammomatous, angiomatous,
secretory, metaplastic (lipidized cells), lymphoplasmacytic rich (all WHO grade
I), clear cell (mimicking clear cell renal cell carcinoma), chordoid, atypical (WHO
grade II), and rhabdoid (cells with eccentric nuclei and abundant eosinophilic
cytoplasm), papillary, and anaplastic (WHO grade III). There are several excellent
reviews of the histopathology of meningiomas along with the criteria for atypical
and anaplastic variants [52, 54, 62]. And as mentioned before, other tissue types can
be seen occasionally within meningiomas (i.e. bone, cartilage/chondroid, muscle).
The variety of tissue types and potential to produce other tissues speaks highly for a
pluripotent cell of origin (neural crest, mesenchymal) and are reminiscent of some
other tumors that have such potentially variable histological appearances (e.g. yolk
sac/endodermal sinus tumor which is derived from a pluripotent cell). Suffice it to
say that given these variations, the differential diagnoses become expanded and
criteria for narrowing the diagnoses are critical. Most of the identified histological
subtypes have been identified in PEMs. In the review by Rushing et al. of extracra-
nial head and neck PEMs, meningothelial, psammomatous, clear cell, atypical, and
anaplastic were noted [16]. In sinonasal tract meningiomas, meningothelial is the
most common subtype and transitional, metaplastic, and psammomatous types
have been identified [11]. In PPMs, as noted in this review and others, meningothe-
lial, transitional, fibrous, chordoid, rhabdoid, psammomatous, atypical, and ana-
plastic have been reported. Transitional histology is reported as the most common
histological subtype in PPMs [12]. As seen in our review and noted in many publica-
tions, the immunohistochemical trio of EMA, vimentin, and progesterone receptor
is present in the majority of cases of meningioma including PPMs. A smattering of
cases will show staining with CD34, S100, and CD68 but are almost always nega-
tive for cytokeratins. In cases where these stains and morphology still leave doubt,
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other markers should be included in the work-up panel. A cytokeratin stain (both
high and low molecular weight or pankeratin) is very important in the exclusion of
entities such as metastases from carcinoma, mesothelioma, and thymoma. Neural
markers (chromogranin, synaptophysin) are usually negative in meningiomas

and positive in paragangliomas for instance. CD56 has been shown to mark some
meningiomas (4 positive cases in our series although most cases in the series did not
perform or report this marker) but is also strongly positive in most paragangliomas.
Since melanoma can be a great mimicker of many tumors, markers such as HMB-45,
melan-A, MART1, and MITF are helpful in this distinction since these are almost
always negative in meningiomas. S100 may be useful also in the distinction of
melanocytic tumors and peripheral nerve sheath tumors (schwannoma) with usual
strong diffuse staining of these entities. However, as seen, 6/14 cases that reported
results of S100 staining in PPMs were positive in our series. While most did not
report the extent or intensity of staining for S100, in general, it is probably not to
the degree seen in melanocytic or peripheral nerve sheath tumors. Vascular mark-
ers, CD31 and CD34, can be helpful since most meningiomas are negative for these
markers. These vascular markers should be positive in hemangioendothelioma.
CD34 is usually positive in solitary fibrous tumor along with bcl-2 and is almost
always negative for EMA. Bcl-2 is also useful for distinguishing synovial sarcoma.
Muscle markers (smooth muscle actin, muscle specific actin, calponin and oth-

ers) can helpful in the distinction of smooth muscle neoplasms and inflammatory
myofibroblastic tumors along with ALK-1.

Another marker that demonstrates very high positive and negative predictive
values for meningiomas is the monoclonal antibody to SSTR2a (somatostatin recep-
tor 2a) [63]. This receptor is highly expressed in meningiomas as are other soma-
tostatin receptors. Somatostatin ligand analogs such as DOTATOC and DOTATATE
have been linked to ®®Ga and used in PET imaging of meningiomas with great
success. ®*Ga-DOTATATE uptake correlates with SSTR2 expression and has high
sensitivity for detecting active tumor in untreated and recurrent meningiomas [64].
In tissue specimens, the monoclonal antibody to SSTR2a has higher sensitivity than
EMA or PR and did not stain with high intensity other lesions in the differential
diagnoses including peripheral nerve sheath tumors (malignant and benign) and
other carcinomas, mesenchymal tumors, or melanomas [63]. A high percentage of
meningiomas also express p40 which is one isoform of p63 (p53 homolog gene) and
the intensity of expression correlates with histological grade and recurrence [65].

All meningiomas are not sporadic. Multiple familial syndromes associated with
specific genetic aberrations have increased risk for development of meningiomas.
Neurofibromatosis 2 (NF2 gene, chromosome 22q12) has the highest lifetime risk
for development of meningioma at 50%. Approximately 40% of sporadic meningi-
omas are driven by other genetic mutations other than NF2 [54]. Table 4 highlights
the known familial syndromes associated with varying degrees of increased risk of
meningioma. As somewhat of an aside, patients with Werner syndrome (Progeria,
premature aging syndrome) as noted have an increased risk of meningioma. In the
excellent review by Lauper et al. [66], they noted 27 meningiomas in their cohort
of 189 confirmed Werner syndrome patients. Eight of these tumors occurred in
patients with multiple tumors and 5/9 patients with meningiomas also had thyroid
neoplasia (1 PTC, 1 thyroid carcinoma NOS, 3 adenomas). Four of 5 patients had
only meningioma and thyroid neoplasia as manifestation of their multiple tumors.
Gardner/Turcot syndrome (APC-associated polyposis), PTEN hamartoma syn-
drome (Cowden, Bannayan-Riley-Ruvalcaba, Lhermitte-Duclos syndromes), MEN1
(Wermer syndrome), and Werner syndrome are familial inherited syndromes
also highly associated with thyroid neoplasia [67]. Carney complex also has a high
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Familial syndrome Gene Chromosome location Risk %
Neurofibromatosis 2 NF2 22q12 >50
Multiple spinal meningiomas SMARCE1 17q21.2
BAP1 tumor predisposition BAP1 3p21.1 2
Familial schwannomatosis SMARCB1 22q11.23
Gorlin syndrome PTCH1 9q22.3 5
Cowden disease PTEN 10q23.31 8
Familial multiple meningiomas SUFU 10q24.32
Li-Fraumeni TP53/CHEK2 17p13.1/22q12.1
Rubinstein-Taybi CREBBP 16p13.3
Gardner syndrome/Turcot syndrome APC 5q21-22
Multiple endocrine neoplasia I MEN 11q13
Werner syndrome WRN (RECQL) 8p11.1-21.2 14
Von Hippel-Lindau VHL 3p25.3
Ataxia telangiectasia ATM 11q22

Table 4.

Familial syndromes associated with increased risk of meningioma.

association of thyroid neoplasia and has as a pathognomonic lesion the melanotic
schwannoma, a tumor characterized by schwannian differentiation with the
feature of psammoma bodies. Carney complex is known to result from mutations in
PRKARI1A (chromosome 17q22-24) and CNC2 (2p16) while WHO grades IT and III
meningiomas have been shown to be associated with gains and amplification of 17q
[53, 54, 67]. In addition, interestingly, Gardner/Turcot syndrome, Carney complex,
and Werner syndrome all have various bone tumors as part of the manifestation/
diagnostic criteria for their respective syndromes. In the review by Lauper et al.
[66], 17/189 Werner syndrome patients had osteosarcoma with 7/19 osteosarcomas
occurring in patients with multiple tumors and one of these patients had menin-
gioma/thyroid adenoma/osteosarcoma as the manifestation of multiple neoplasia.
Another association is the presence of neoplasia associated with derivatives of

the neural crest (retinal epithelial hypertrophy, benign and malignant peripheral
nerve sheath tumors, benign and malignant melanocytic lesions). Gardner/Turcot,
Carney complex, PTEN hamartoma, Werner syndromes all have melanocytic
lesions as part of their neoplasia spectrum.

These are very interesting associations and can and will lead us to further
elucidation of unifying mechanisms of molecular and cellular origins of tumors
and in this case meningiomas. It is worth noting here that there are very few reports
of PEMs associated with a familial inherited syndrome. What was presented above
was data for associations with primary CNS meningiomas. Very few reports of
PEMs in patients with a familial syndrome can be found. One case report describes
an ectopic meningioma of the right parapharyngeal space in a 14-year-old girl with
NF2 [68]. A second report describes an intranodal meningothelial proliferation in
a 55-year-old woman with confirmed Cowden syndrome [69]. There seems likely
atrue difference in familial genetic syndromes and association with PEMs since
one would think that specific case reports would address this as part of the unique
spectrum of individual presentations of PEM.
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4. Meningothelial proliferations

I suppose a general definition of “meningothelial proliferation” would likely
be in order. It was alluded to earlier in this review. I say “general” because as
noted in the case of PPMs the distinction between what is a meningothelial
nodule/proliferation and what is termed a meningioma may be a bit arbitrary and
certainly subjective. In this review of PPM, for instance, 6/31 “meningiomas”
were less than 1 cm in greatest dimension. In pathology, the distinction between
what determines a proliferation and what determines a “tumor” is sometimes
based on size with 1 cm being a threshold size for specific tumor designations.
For instance, the distinction of papillary thyroid microcarcinoma and papillary
thyroid carcinoma is based on the former being less than 1 cm in greatest dimen-
sion. In radiology, the standard threshold for detecting tumors has traditionally
(although not as much now with improvements in imaging modalities) been less
than or greater than 1 cm. In the practice of pathology, these distinctions are not
always clear and other features in addition to size are considered in the diagnostic
algorithm. An important feature is what the tumor is doing to the surrounding
tissue. Is it “blending” in as in the cases, for example, of dominant hyperplastic
nodules in the thyroid or nephroblastomatosis in the spectrum of Wilms tumor or
it is replacing/pushing normal tissue.

With regards to meningothelial proliferations that occur outside the CNS, that is
the presence of meningothelial or meningeal tissue that is not a tumor of meninges,
these have been described in a few general settings (although not an exhaustive list)
including heterotopic neuroglial proliferations, pulmonary meningothelial nodules
(to include diffuse pulmonary meningotheliomatosis), teratomas, and rarely in
choristomatous lesions particularly in the head and neck.

One of the reasons to include a review of PPM as cited above was that menin-
gothelial proliferations are well-described in the lungs. In the older pathological
literature, MPMNs were originally termed “minute pulmonary paragangliomas” or
“chemodectomas” since their ontogeny was thought to be distal airway chemorecep-
tors [70]. However, subsequently, these have been shown not only morphologically
but immunohistochemically and ultrastructurally to be meningothelial in origin.
They present as a nested proliferation of spindled and epithelioid cells with bland
nuclei around small veins in the lung and exhibit the characteristic EMA+, vimen-
tin+, and PR+ immunophenotype. The incidence of MPMN is reported up to 5%
in autopsy studies and in up to approximately 14% of surgical biopsy specimens
and in nearly half of lobectomy specimens [70]. Interestingly, in the large series by
Mukhopadhyay that included resections from patients in the pediatric age range and
over 90 pediatric autopsies, no MPMN were seen in the pediatric population [71].
Radiographically, by CT, MPMN are round solid or partially solid nodules and can
be multiple and have a “ground glass” appearance. They typically show low SUV
(benign) values for FDG-avidity on "*F-FDG PET-CT imaging [13]. Depending on
the clinical scenarios (concurrent other lung lesions, history or concurrence of other
tumors), metastases or synchronous tumors cannot be entirely excluded thus necessi-
tating removal and pathological examination. Rarely, MPMN can occur in the setting
of PPM; some of these cases being diagnosed as intrapulmonary metastases [14, 25].

Diffuse pulmonary meningotheliomatosis (DPM) is an interesting if not quite
rare entity. These patients can present with symptoms of restrictive pulmonary
disease with diffuse bilateral reticulonodular infiltrates that have the differential
diagnoses including a variety of interstitial lung diseases, carcinomatosis, neuro-
endocrine tumorlets, metastatic meningioma, and pulmonary lymphangioleio-
myomatosis (PLAM). The separation of these entities is relatively straightforward
based on morphology and immunophenotyping. Metastatic meningiomas should
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be distinguished by clinical grounds (presence of a CNS tumor), involvement of the
bronchovascular tree as opposed to DPM which is usually found centered around
small veins, and more atypical appearance. Carcinomatosis, neuroendocrine
tumorlets, and PLAM are distinguished by positivity for keratins, neuroendocrine
markers (typically synaptophysin and chromogranin), and actins while similarly

to MPMN and PPM, DPM lesions are EMA, vimentin, and PR positive [61, 71-73].
Primary pulmonary meningothelial lesions (MPMN, DPM, and PPM) are very
interesting from developmental and genetic perspectives as lung meningothelial
lesions seem to predominate the epidemiological landscape of meningothelial
lesions outside of the CNS and head/neck and seem to have an extremely low
prevalence in the pediatric population leading some to speculate that their origins
may not be pluripotent mesenchymal cells but more related to environmental and
age-related factors. Although, just because they are not found in the pediatric age
group, should not totally discount that they arise from resting pluripotent stem cells
or other dormant embryological remnants and their recrudescence as meningo-
thelial lesions is stimulated by other factors. The lungs like other organs also have a
“stem cell niche” that is triggered when there is bronchial epithelial injury for the
purposes of regeneration/repair [74]. As we have also discussed there seems to be a
spectrum of increasing mutations in MPMN and DPM raising the possibilities for a
mutational spectrum or “hit” hypotheses in their pathogenesis.

Meningothelial tissue can occur as part of other pathological lesions. In this final
section we will briefly touch on the presence of meningiomas and meningothelial
tissue in teratomas and meningothelial elements as part of heterotopic/choristo-
matous/hamartomatous lesions. Somewhat surprisingly, very few cases of menin-
gioma or meningothelial tissue in teratomas are described. A search of PubMed for
“meningiomas” and “teratomas” yielded 8 results. One case was a posterior fossa
tumor mimicking a meningioma and another case was teratoma and meningioma in
the temporoparietal region. The remaining 6 cases were all gonadal teratomas with
meningioma [75-82]. The clinical and pathological characteristics of these meningi-
omas is presented in Table 5. Two cases were in the pediatric age range (5-year-old
male and 15-year-old female and all meningiomas were seen on gross examination
to be whitish or brown firm nodular areas within the broader context of the mature

Characteristic N =6 cases

Teratoma type (T/O*)

MCT** (T) 2

MCT (O) 4

Gender (M:F) 2:4

Age (years) (SD) 33.8 (20.7)

Range 5-60

Size (cm) (SD) 2.7 (1.2)
Psammoma bodies 5/6

Epithelial membrane antigen/EMA + 5 (1 with no designation)
Vimentin + 2 (4 with no designation)
Progesterone receptor (PR) + 2 (5 with no designation)

*T-testis, O-ovary.
**MCT-mature cystic teratoma.

Table 5.
Clinicopathological characteristics of meningiomas arising in gonadal tevatomas.

83



Brain Tumors

cystic teratoma (MCT). Chen et al. searched for and characterized meningothelial
proliferations in 25 consecutive ovarian MCT [83]. They found that 40% of their
tumor had meningothelial proliferations that resembled what has been described in
hamartoma of the scalp with ectopic meningothelial elements (more on this later).
The meningeal nature of the tissue was confirmed morphologically and by EMA
positivity. In all cases the meningothelial tissue was in close association with skin
and mature glial tissue (ectodermally derived). Eight of 10 cases had pigmented
cells and 3 had psammomatous calcifications. In the author’s anecdotal experi-
ence, having microscopically examined numerous teratomas from children and
adults and teratomas derived from the harvested embryonic stem cells from several
species, the finding of meningeal tissue seems not that uncommon, although I have
not encountered a meningioma tumor. A recent case of mine illustrates this from
a 13-year-old girl with MCT. The meningeal tissue is intimately associated with
mature neuroglial tissue and resembles arachnoid of the meninges (Figure 2).
Meningothelial tissue can be part of lesions described as heterotopias, particu-
larly of the neuroglial flavor, hamartomas, and choristomas (tissues not indigenous
to the anatomic location). In 2005, we reported a temporal glioneuronal heterotopia
in a 19-month-old child without underlying connection to the CNS or calvarial
defect. In our review of similar cases from the medical literature to that time, 11
infants were identified ranging in age from birth to 15-months. Six of 11 cases had
no connection to the CNS (true heterotopias) and 2/6 had meningothelial elements
as a component histologically [84]. In another review published at approximately
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Figure 2.

Meningeal /meningothelial tissue within a mature cystic teratoma of the ovary in a 13-year-old girl.

A: Low magnification view showing mature neuroglial tissue (upper left corner) adjacent to a proliferation
of rarified, wispy anastomosing covds of fibrous tissue lined by bland small indistinct nuclei. In other areas

of the teratoma, this pattern was also seen adjacent to skin and adnexal structures. This segregation of the
meningothelial elements near skin and mature neuroglial is common. (HE, 40X). B: Weak by definite staining
of the meningeal tissue with epithelial membrane antigen (EMA, 200X). C: Variably intense staining with
progestevone receptor (PR, 400X). D: Diffuse strong intensity staining with vimentin (vimentin, 200X).
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the same time by Rogers et al. from Boston Children’s Hospital, they reported 11
patients with 12 tumors of the scalp ranging in age from 1-month to 20-months.
Seven of the 12 tumors had no connection to the CNS and 5 of those 7 tumors had
meningothelial tissue as a prominent component histologically [85].

Ectopic meningothelial tissues have been described that appear to arise entirely
within the skin and often present in the neonate or infant (so called Type I cutaneous
meningioma; defined in the beginning of this chapter). These have been previ-
ously termed “acoelic meningeal hamartoma” “cutaneous heterotopic meningeal
nodules” and “rudimentary meningocele”. In the series published in 1989 by Sibley
and Cooper referenced earlier, they described 5 cases of what they termed “primary
cutaneous meningioma”. What they describe histologically is what is expected in
meninges both morphologically and immunophenotypically including collagenous
bodies and psammomatous calcifications. Some areas in the superficial dermis had a
more rarified and lacy appearance with meningocytes wrapping around vessels and
adnexa in intimate association similar to that described shortly thereafter by Suster
and Rosai [86]. Their series described 5 patients who had pseudoinfiltrative lesions
of the skin and subcutis by meningothelial elements that were in intimate associa-
tion with the surrounding tissue elements (vessels, fat, connective tissue). In fact,
they designated that the meningothelial elements were an interspersed component
between a proliferation of connective tissue elements. Their designation for these
lesions was “hamartoma of the scalp with ectopic meningothelial elements” and
this has become the diagnostic term for such lesions. More recent reports in some
cases have shortened the nomenclature to “meningothelial hamartoma” Suster and
Rosai give the poignant perspective that the designation of these hamartomatous
lesions with meningothelial elements are distinguished from primary cutaneous
meningiomas by the association with other poorly arranged elements constituting
a hamartoma. We have encountered similar tumors in the scalp (Figure 3A and B)
and have published two cases in young children of tongue lesions with meningo-
thelial elements (Figure 3C and D). Both tongue lesions were entirely composed
of the typical anastomosing slit-like channels lined by bland flat-to-cuboidal cells
expressing progesterone receptor and epithelial membrane antigen. Interestingly,
but not surprisingly, meningothelial elements have been described occurring in the
rare “teratoid” lesion of the palate known as hairy polyp [6]. These are pedunculated
growths that can be composed of a variety of tissues derived predominantly from
ectodermal and mesodermal (mesenchymal) germ layers. In the reported case, the
presence of meningothelial tissue was confirmed by immunohistochemistry and
ultrastructural examination demonstrating the characteristic interdigitating cyto-
plasmic processes connected by cell junctions, desmosomes, intermediate filaments
(hence positive expression of vimentin).

In summary, CNS meningiomas are the most common primary CNS tumor and
meningiomas and meningothelial tissue/proliferation occur in a multitude of extra-
CNS sites and present in a diverse manner from isolated non-tumor proliferations
to part of hamartomatous lesions to diffuse meningotheliomatosis to meningiomas
tumors arising in multiple anatomic locations. Morphologically, immunopheno-
typically, ultrastructurally, and perhaps genetically, the meningeal tumors and
proliferations outside the CNS are very similar to their CNS counterparts suggesting
a common cellular origin. Because of the possibility of arising in diverse anatomic
locations, they join a long list of differential diagnostic considerations for the
practicing pathologist and should be entertained as possibilities particularly when
the morphology could significantly overlap other tumors. In most cases, the immu-
nohistochemical profile of EMA, vimentin, progesterone receptor, and SSTR2a (if
available) is diagnostic in the proper morphological context. This panel should be
included in diagnostically challenging cases.
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Figure 3.

Exgamples of ectopic meningothelial proliferations in the head and neck. A and B represent “hamartoma

of the scalp with ectopic meningothelial elements” in a young child. 3A: Low magnification view of loose
proliferation of anastomosing wispy fibrous cords lined by bland nuclei interdigitating around adnexal
structures (HE, 40X). 3B: High magnification view of the microarchitecture of meningothelial proliferations.
This pattern closely resembles vascular proliferations, particularly lymphatic malformations in children

and must be excluded in the diffevential diagnosis (HE, 400X). C and D ave from a nearly 2-year-old boy
with a tongue mass. 3C: Less obvious than the previous case shown heve yet the same microarchitectural
pattern is appreciated below the surface epithelium of the tongue. This varified pattern might be considered a
“hemangiopericytomatous” pattern but in any case, is abnormal for the submucosa of the tongue (HE, 40X).
3D: This meningothelial proliferation show strong nuclear staining for progesterone receptor (PR, 400X).
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Chapter 4

Overview of Radiosurgery for
Intracranial Meningiomas

Tak Lap Poon and Ka Wing See

Abstract

Meningiomas are the second common Central Nervous System (CNS) neoplasm,
and are the most common benign intracranial tumor. They approximately constitute
up to 30% of all intracranial tumors. They arise from the arachnoidal coverings of
brain. Presentation varies and depends on size, number and location of tumors.
Symptoms include those related to increased in intracranial pressure, local irritative
features including seizure and local pressure effect to eloquent areas, white matter
tracts and cranial nerves. Management of meningiomsa is always challenging and
multi-disciplinary approaches includes surgery, radiotherapy and possible che-
motherapy and immunotherapy. Among radiation therapy treatment, stereotactic
radiosurgery (SRS) or stereotactic radiosurgery (SRT) is getting the popularity com-
pared to traditional conformal radiotherapy with comparable tumor control rate.

Keywords: intracranial meningioma, stereotactic radiosurgery, stereotactic
radiotherapy, LINAC, Gamma Knife, CyberKnife

1. Introduction

Meningiomas are the second common Central Nervous System (CNS) neo-
plasm, and are the most common benign intracranial tumor. They approximately
constitute up to 30% of all intracranial tumors. They arise from the arachnoidal
coverings of brain. Presentation varies and depends on size, number and location
of tumors. Symptoms include those related to increased in intracranial pressure,
local irritative features including seizure and local pressure effect to eloquent areas,
white matter tracts and cranial nerves. Management of meningiomsa is always
challenging and multi-disciplinary approaches includes surgery, radiotherapy and
possible chemotherapy and immunotherapy. Among radiation therapy treatment,
stereotactic radiosurgery (SRS) or stereotactic radiosurgery (SRT) is getting the
popularity compared to traditional conformal radiotherapy with comparable tumor
control rate. This chapter is intended to discuss the overview of radiosurgery on
management of intracranial meningiomas with more focus on the outcome related
to location of tumors and different modalities of radiosurgery, and sharing of the
local experience of our centre.

2. Epidemiology

The overall age-adjusted incidence is about 8.6 per 100,000 of all primary brain
and spinal cord tumors. The incidence rates are correlated with ages, with a median
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age at diagnosis of 66 years. Tumors are reported to be 1.5 to 3 times more frequent
in women. Under the World Health Organization (WHO) classification of brain
tumors, majority of the tumors around 80-85% are grade I, around 15-20% are
grade II, with 1-2% confirmed to be grade III malignant [1].

3. Classification

The WHO classification of brain tumors is the most popular classification
system according to the histological molecular genetics. According to the 2016
WHO classification of tumors of CNS, there are totally 16 meningioma subtypes
(Table 1) [2]. Meningiomas can also be classified according to their site of origin,
and this classification method allows physician to predict the presenting signs and
symptoms associated (Table 2).

Meningioma 9530/0
Meningothelial meningioma 9531/0
Fibrous meningioma 9532/0
Transitional meningioma 9537/0
Psammomatous meningioma 9533/0
Angiomatous meningioma 9534/0
Microcystic meningioma 9530/0
Secretory meningioma 9530/0
Lymphoplasmacyte-rich meningioma 9530/0
Metaplastic meningioma 9530/0
Chordoid meningioma 9538/1
Clear cell meningioma 9538/1
Atypical meningioma 9539/1
Papillary meningioma 9538/3
Rhabdoid meningioma 9538/3
Anaplastic (malignant) meningioma 9530/3

Table 1.
2016 World Health Organization (WHO) classification of meningiomas.

Location

Typical symptoms

Convexity — frontal

Affective disorders

Convexity — parietal

Seizures, motor or sensory disorder, hemiparesis

Convexity — temporal

Speech disorders, memory disturbance

Anterior cranial base

Loss of olfaction, affective disorders, loss of activity, visual field or acuity loss

Cavernous sinus
meningioma

Diplopia, facial pain or numbness, ocular venous congestion

Orbital or optic nerve sheath

Exophthalmos, loss of vision

Sphenoid wing Loss of vision, diplopia psychomotor seizures, schizoaffective
Ventricular Isolated hydrocephalus
Tentorial Hydrocephalus, seizures, visual field loss, ataxia
Posterior fossa Ataxia, vertigo, hydrocephalus, symptoms related to brainstem compression,
unilateral or bilateral cranial nerve palsies
Table 2.

Clinical presenting features according to location.
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4. Treatment strategies

Treatment of intracranial meningiomas generally include observation, micro-
surgery, radiotherapy in terms of fractionated radiotherapy in terms of conven-
tional radiotherapy, intensity-modulated radiotherapy (IMRT) or volumetric arch
therapy (VMAT), proton therapy or stereotactic radiosurgery or radiotherapy
(SRS/SRT) [3-5]. Chemotherapy is indicated in some selected refractory cases.
Microsurgery remains the best option for symptomatic intracranial meningiomas if
complete resection can be achieved with low morbidity. Based on the well-known
Simpsons grading system, the extent of tumor resection correlates with the tumor
recurrence rate (Table 3). Nevertheless, total excision together with dural origin is
seldom possible, particularly in cases with involvement or encasement of important
neurovascular structures around skull base.

Stereotactic radiosurgery or radiotherapy can be of curative intent when adopted
as a primary treatment, in postoperative cases when there is residual disease or high
risk of relapse especially in WHO grade II or III cases, or of palliative intent when
the disease is beyond cure [6, 7]. European Association of Neuro-oncology (EANO)
had published their suggested flowchart in treatment guidelines (Figure 1) [8].
There was a review of patients with meningioma between 2010 and 2012 under
the National Cancer Database. A total of 802 patients were included, of which 173
patients received SRS/SRT (22%) and 629 patients (78%) received external beam

Grade Definition 10-Year
recurrence rate
I Macroscopically complete removal with excision of dural attachment and 9%

abnormal bone

II Macroscopically complete removal with endothermy coagulation (Bovie or 19%
laser) of dural attachment

111 Macroscopically complete removal without resection or coagulation of 29%
extradural extensions

v Partial removal leaving intradural tumor in situ 40%
\% Simple decompression with or without biopsy Not available
Table 3.

Simpson grading system on meningioma resection.

No mass afiect, no
b.l Sl Hohsemmﬂ
MRI:
meningioma |Gw¢ clinical condition H Surgary H Histology, degrea of resection
HTherapy

Mass effect, symptoms,
wish of patient

. . Sterectactic radiosurgary or|
Poor clinical condition Hﬁwionaled radiotherapy H Observation ‘

——{ WHO grade |, gross total resection H Observation

—'iWHO grade |, subtotal or partial resection H Combined with stereotactic radiosurgery or fractionated radiotharapy ‘

Histology,
degree of —‘| WHO grade II, gross total resection H Obsarvation or fractionated radiotherapy
resection
—.-|WHO grade I, subtotal or partial I'SSGC“OHH Fractionated radiotherapy
'—~| WHO grade Ill H Fractionated radiotherapy, experimental chemotherapy, or pepfide receptor radionuclide merapy‘
Figure 1.

The European Association of Neuro-oncology (EANO) treatment guideline flowchart for intracranial meningioma.
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radiation therapy (EBRT). The 3-year overall survive rate of 2 treatments were
similar (97.3% in SRS/SRT group and 93.4% in EBRT group) [9].

This chapter is intended to have an overview of radiosurgery as treatment of
intracranial meningiomas.

5. Radiobiology of radiosurgery

Radiosurgery, invented by Prof. Lars Leksell, has been regarded as a significant
treatment of choice in patients with intracranial neoplasm, since December 1967, when
the first patient suffering from craniopharyngioma was treated with the prototype
Gamma Knife at the Sophiahemmet Hospital in Stockholm, Sweden. Radiosurgery is
the use of ionizing radiation to treat patients with neoplasm by delivering a precisely
measured dose of irradiation to a defined tumor. The main aims include the followings:

1. to eradicate tumor

2.to arrest tumor progression

3.to relieve complaining symptom

4.to achieve better quality of life

5.to prolong survival

The difference between radiosurgery and radiotherapy generally is the size of the
treatment volume, and the dose delivered during that single session. While volume
is important, it is the radiosurgery team in achieving a precise and accurate radiation

plan. Radiosurgery allow high dose per fraction which results in a higher biologi-
cally equivalent dose to the target without increasing the risk of complications in
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Figure 2.
LINAC stereotactic radiotherapy 25 Gy in 5 fractions for treatment of left petroclival meningioma in our centre.
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surrounding. Mechanism of radiation related tumoricidal activity include DNA
injury together with induction of apoptosis and vascular endothelial damage [10].
The advantages compared to other radiotherapy modalities include maximal confor-
mity, rapid dose fall-off at radiation beam edges and minimal spatial inaccuracies in
patient set-up, with generally very low radiation related toxicity (Figure 2) [11].

In current radiosurgery principle, the generally applied prescription dose is
12-16 Gy to the tumor margin at 50% isodense line [12]. Treatment dose need to
be balanced with the radiation tolerance thresholds to those Organ-at-risk (OAR).
A guideline with UK Consensus on normal tissue dose constraints for stereotactic
radiotherapy was published as reference (Table 4) [19].

6. Radiosurgery techniques and current devices

Dose selection is the basic but upmost significant step in planning of radiosurgery
treatment. It is always a balance between the expected level of treatment success and
complications risks at various doses so as to select the most optimal dose for the indi-
vidual patient. The paired sigmoid dose-response curves illustrate the balance between
increasing the desired response and increasing complications with higher radiation
treatment doses, with the so-called therapeutic window is the area between the two
curves (Figure 3). Another essential principles in radiosurgery planning are conformity
and selectivity. Traditionally, stereotactic radiosurgery (SRS) refers to stereotactically
guided delivery of focused radiation to a defined target volume in a single session. Most
of the procedures are performed in stereotactic frame-based manner. Modern develop-
ment of radiosurgery technique allows the fixation of patient’s head on couch without
the stereotactic frame i.e. frameless. Thus the concept of fractionated stereotactic
radiosurgery (FSRS) evolved, or in better terminology, stereotactic radiotherapy (SRT).

Current choice of radiosurgery devices can be divided depends on the applica-
tion of clinical beams. LINAC Radiosurgery makes use of either linear accelerators-
based system or robot-assisted e.g. CyberKnife, while Gamma Knife Radiosurgery
employs Cobalt (Co)-60 as the source (Figure 4). Both treatment of choices are
effectively in treatment of intracranial meningiomas.
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Figure 3.
Paired sigmoid dose—response curves for both desired response and complications.
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Figure 4.
Models of radiosurgery system in Hong Kong (a) LINAC in our centre (b) CyberKnife in private hospital (c)
Gamma Knife Icon in private hospital.

7. Patient selection

The practice of radiosurgery is guided by the treatment purposes, the nature
and extent of the lesion, proximity of the lesion to critical organs at risk and
patient factors such as general condition, comorbidities and symptoms. In our
centre, potential candidates for consideration of radiosurgery for treatment of
meningiomas will all be discussed and reviewed in regular multi-disciplinary
team meeting. The whole radiosurgery team includes neurosurgeon, clinical
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oncologist, radiation physicist and nurse as case manager. The following are
considerable factors:

1. Patient factors — age, pre-morbid status, presenting symptoms or incidental
finding, any past history of head and neck radiation

2. Tumor factors - size, number, location, relationship to organ-at-risk (OAR)
e.g. optic nerve, optic chiasm, retina, brainstem, hippocampus, cochlea, any
tumor growth during observation period [20]

In general, meningioma with diameter >3 cm with deteriorating clinical condi-
tion will be suggested to consider surgical excision instead of radiosurgery.

8. Treatment outcome
8.1 Gamma Knife vs. LINAC radiosurgery

Gamma Knife Radiosurgery was one of the most popular treatment modalities
in centres worldwide. Professor Douglas Kondziolka in Pittsburgh had an early
study on 946 patients between September 1987 and December 2004. The actuarial
tumor control rates was 93% at 5 years and 10 years for benign types, and 83
+/—=7% in 5 years and 72+/—10% for atypical and malignant types. Adverse radia-
tion effect ranged from 5.7 to 16% [21]. Outcome of gamma knife radiosurgery of
meningioma in 10 years were reviewed by Lippitz et al. 86 Swedish patients were
included between March 1991 and May 2001. Totally 130 tumors were treated in
115 treatment sessions. Local tumor control was achieved in 87.8% with recur-
rence adjacent but outside the initial radiation field was found in 15.1% of patients.
A significant lower rate of in-field local recurrences was seen in meningiomas
treated with a prescription dose of >13.4 Gy (7.1% vs. 24%, p=0.02) [13]. Seo et
al. had another review on 424 patient after Gamm Knife Radiosurgey from 1998
t0 2010. The median tumor volume was 4.35 ml and the median marginal dose
was 14 Gy. The actuarial tumor control rates were 91.7% at 5 years and 78.9% at
10 years [22]. Morever, Jang et al. showed overall tumor control rate of 95% with
15% peritumoral oedema in 628 pateints from January 2008 to November 2012,
whom had received Gamma Knife Radiosurgery with maximal dosage 27.8 Gy and
marginal dosage 13.9 Gy [17].

There are numbers of published papers from centres employing LINAC
Radiosurgery in treatment of meningiomas with promising treatment outcome.
UCLA group had a review of their early results in using LINAC system in treat-
ment of 161 patients between May 1991 and July 2003. SRS with peripherial dose
of 12-22 Gy (mean 15 Gy) was given to 26 lesions and SRT with dose ranged from
23 to 54 Gy (mean 48 Gy) was given to 7 cases. Tumor control rate was 92.3%
in SRS group and 100% in SRT group, with 2 patients in SRS group suffered
from worsening of neurological deficit [23]. Gallego et al. reported the results in
using of LINAC Radiosurgery for treatment of 82 patients with cavernous sinus
meningioma from 1992 to 2005. The mean volume of tumor was 17.96 + 13.67 cm’.
Tumor volume reduced in 74.4% and remained stable in 14.6% [14]. Kaul et al. in
Germany had retrospective review of 297 patients with LINAC Radiosurgery. The
overall progression free survival was 92.3% at 3 years, 87% at 5 years and 84.1% at
10 years [16].

102



Overview of Radiosurgery for Intracranial Meningiomas
DOI: http://dx.doi.org/10.5772/intechopen.100006

8.2 SRS vs. SRT

There is always debate on the indications or effectiveness of single fraction
therapy in SRS or multiple-fraction therapy in SRT [15]. Huang et al. had a retro-
spective review of 228 patients with 245 tumors treated with radiosurgery between
March 2006 and June 2017 using LINAC radiosurgery using Novalis system. 147
(64.5%) patients were SRS group with total dose of 12-16 Gy in one fraction as
treatment protocol and 81 (35.5%) were SRT group with 7 Gy/fraction/day for three
consecutive days to 21 Gy as total dose. The actuarial local control rate between two
groups was not statistically significant during the total 10-year follow-up period
(96.86% vs. 100%, p=0.175, in 2-year, 94.76% vs. 97.56%, p=0.373, in 5-year, 74.4%
vs. 91.46%, p=0.204, in 10-year), and with comparable radiation-related side
effects [24]. Wegner et al. from Pittsburgh also had a review on 56 patients with
either SRS or SRT for meningioma treatment from 2008 to 2017. They concluded
that fractionation had improved local control compared with single session (91% vs.
80% at 2 years, p=0.009) with minimal radiation-related toxicity [18].

Hypofractationated therapy by CyberKnife in meningioma treatment was reviewed
by French group. Meniai-Merzouki et al. collected 126 patients with 136 meningiomas
undergone treatment between December 2008 and June 2016 with median prescription
dose of 25 Gy (12-40) in a 5 median fractions (3-10). They showed that the subgroup
with more fractions (25-40 Gy in 5-10 fractions) had significant higher progression
free survival that the subgroup with less fractions (21-23 Gy in 3 fractions), and only
2% of patients experienced radionecrosis at 24 months [25]. Di Franco et al. reviewed
the treatment outcome of stereotactic radiosurgery and fractionated stereotactic radio-
therapy with CyberKnife from January 2013 to April 2017. They achieved 100% local
control for 28 patients at 12 months, 89% local control for 19 patients at 24 months and
9 patients at 36 months [26]. Smith et al. also reported 100% crude local control rate
for large meningiomas with mean treatment volume 14.7 cm® (range 0.79-64.5 cm®)
with hypofractionated CyberKnife with dose of 22.5-30 Gy in five fractions [27]. Study
of Oermann et al. in 38 patients treated with five-fraction CyberKnife showed similar
response rate to SRS but have low peritumoral oedema around 13.2% [28]. Other
centres employ fractionation in terms of 1-5 fractions. Bria had treated 73 patients with
median volume of 5.54 cm’. 60 patients had WHO grade I, 11 patients had WHO grade
Il and 2 patients had WHO grade III. Treatment median dose was 17.5 Gy with median
of three fractions. The Actuarial local control at one year was 95% in WHO grade,
71% in WHO grade IT and 0% in WHO grade III. There was no acute significant toxicity
and only one late toxicity noticed [29].

Fractionated treatment is also getting its popularity in centers using Gamma knife,
particularly after the introduction of the sixth versions of Leksell Gamma Knife System,
ICON®. In a retrospective review of 70 patients with large-volume meningiomas
(>10 cm®) that had undergone gamma knife treatment by Han et al., the single session
group having 42 patients with median tumor volume 15.2 cm® (range 10.3-48.3 cm®)
and median prescription dose of 12 Gy (range 8-14 Gy) was compared with fraction-
ated group having 28 patients with median tumor volume 21 cm?® (range 10.2-54.7%)
and median prescription dose of 7.5 Gy in 2 fractions (range 5-8 Gy), 6 Gy in 3 fractions
(range 5-6.5 Gy) and 4.5 Gy in 4 fractions. The fractionated group had higher progres-
sion free survival rate at 5 yars (92.9% vs. 88.1%) with lower complication rate (7.1%
vs. 33.3%) compared with patients with single session treatment [30]. Another smaller
series by Park et al. showed satisfactory tumor control after fractationated Gamma
Knife radiosurgery with functional preservation for large skull base meningiomas in
23 patients with mean volume of tumors of 21.1+/~15.63 cm’® (range 10.09-71.42) [31].
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Meta-analysis study by Fatima et al. in 2019 had reviewed a total of 1736 patients
from 12 retrospective studies. Treatment modalities included Gamma Knife surgery,
linear accelerator and CyberKnife. Results showed SRT group had better radio-
graphic tumor control, progression-free survival at 4-10 years, with significantly
lower risk of clinical neurological deterioration during their follow-up (OR 2.07,
95% CI 1.06-4.06, p=0.03) and of immediate symptomatic oedema (OR 4.58, 95%
CI 1.67-12.56, p=0.003) [32].

Regarding the radiation-induced oedema after radiosurgery, Milano et al. had
reviewed 26 studies from 1998 to 2017. Symptomatic oedema was reported in 5-43%
of patients among all oedema in 28-50%. The average time to oedema onset time
ranged from around 3 to 9 months. Possible factors correlated with radiation-
induced oedema included greater tumor margin and/or maximum dose, greater
tumor size and/or volum, non-base of skull location particularly parasagittal, no
prior resection for meningioma, and presence of pretreatment oedema [33].

9. Radiosurgery in special circumstances
9.1 Meningioma eligible to microsurgery

Microsurgery is the first choice if therapy is indicated and aims at radically
removing the tumor if possible. However, the benefits of surgery have to be seri-
ously balanced against the possible interventional related anesthetic risks. Also
some patients, though having meningiomas eligible to surgery, refuse surgery due
to personal reason. Ruge et al. analyzed 188 patients with 218 meningiomas that
undergone LINAC radiosurgery with median tumor volume 4.2 cm® (0.1-22) and
mean marginal radiation 13+/—3.1 Gy. The estimated 2-, 5-, 10- and 15-year regional
recurrence rates were 1.5%, 3.0%, 6.6% and 6.6%, which provides reliable long-
term local tumor control with low rates of mild morbidity [34].

9.2 Meningioma close to optical apparatus and skull base vital structures

Management of meningioma at anterior skull base close or adhered to opti-
cal apparatus is always challenging in radiosurgery considerations (Figure 5).

Figures.
Treatment of anterior cranial fossa meningioma near bilateral optic nerves using LINAC 275 Gy in 5 fractions
in our centre.
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Tumor control has to be balanced by risk of high-dose radiation exposure leading to
optic neuritis and radiation-induced neuropathy. As mentioned, vision preservation
can be achieved by confounding the maximum radiation exposure of optic path-
way to 8-10 Gy per session. Su et al. in Taiwan treated 4 patients with large tumor
volume by volume-staged Gamma Knife Radiosurgery. In stage I, the treatment
was focused on the basal part of tumor (mean volume 13.2 cm?, range 3.9-54.7 cm”®)
with marginal dose of 13.5 Gy (range 12-15 Gy), followed by smaller upper por-
tion of tumor close to the optical apparatus (mean volume 4.3, range 1.5-16.2 cm®)
with marginal dose of 9 Gy (range 9-10 Gy) in stage II. 34-46% tumor reduction
was observed during the median follow-up period of 100.5 months with no new
visual deterioration [35]. A study from Williams et al. on parasellar meningiomas
treatment with Gamm Knife Radiosurgery had reviewed the tumor control together
with any radiation induced neurological deficit. Totally 138 patients were reviewed
from 1989 to 2006. The mean radiation volume was 7.5 cm® (range 0.2-54.8 cm?).
Radiographic progression free suvivial at 5 and 10 years were 95.4% and 69%. Only
4% of their patients had radiation related optic neuropathy [36].

Starke et al. had also similar promising findings in Gamma Knife Radiosurgery
treatment for other skull base meningiomas. Around 10% of their cases had deterio-
ration in neurological symptoms [37]. His group in another review specifically focus
on posterior fossa cases in 152 patients. The radiographic progression free survival at
3,5, and 10 years to b 98%, 96%, and 78% respectively. 9% of study patients showed
deterioration in symptom. They concluded the predicative factors of new or worsen-
ing symptoms were clival or petrous-based location [38]. In Austria, Kreil et al. had
areview of 200 patients with skull base meningimas with a follow up of 5-12 years.
The tumor volume ranged from 0.38 to 89.8 cm’® (median 6.5 cm®), and the median
dose was 12 Gy (7-25 Gy). They achieved actuarial progression free survival rate
of 98.5% at 5 years and 97.2% at 10 years with only 1% radiation induced oedema
and 4.5% neurological deterioration [39]. The promising tumor control with low
new neurological deficit in Gamma Knife Radiosurgery can also be demonstrated in
centres using LINAC system. Villavicencio et al. in Brigham and Women’s Hospital
had reviewed 56 patients with treatment for skull base meningiomas. The minimal
peripheral dose ranged from 12 to 18.5 Gy (mean 15 Gy). The actuarial progression
free rate was 95% in median follow-up of 26 months (range 6-66 months) [40].

In cases where skull base meningiomas had extension into the internal auditory
meatus, the concern will be more towards the facial nerve function and hearing
preservation after radiation. Pollock et al. had reviewed 16 patients from 1992 to
2002. The median tumor margin dose was 15 Gy. They achieved 63% tumor reduc-
tion in size at medial follow-up period of 36 months. No facial nerve palsy was
reported, and 1 patient had worsened facial sensation. The actuarial incidences of
hearing preservation was 93% at 1 year, 84% at 2 years and 42% at 5 years [41].

9.3 Cavernous sinus meningioma

Meningiomas at cavernous sinus are cases always have dilemma with clinical
management due to its complex anatomy and its specific location in the antero-lat-
eral skull base (Figure 6). Despite the advancement in microscopic and endoscopic
surgical technique, still a complete radical excision with minimal anantomo-func-
tional preservation remains very challenging. UCLA De Salles group had proposed
aradiosurgery grading system for this specific group of tumor (Table 5) [42].
Pittsburgh group reviewed 79 patients with cavernous sinus meningioma between
October 1987 and December 1995. The median marginal tumor dose was 15 Gy.
The achieved actuarial tumor control rate was 95+/—2.8% at 5 years an 88.2+/—7%
at 12 years with 12.7% patients experienced adverse radiation effects [43].
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Figure 6.
Meningioma involving cavernous sinus and petrosal apex was treated by LINAC stereotactic radiothevapy using
25 Gy in 5 fractions in our centre.

Grade Meningioma radiological aspect in MRI T1 contrast images
I Confined to the cavernous sinus
II Involvement of the petroclival region without brainstem compression
111 Extension to and compression of the optic nerve, chiasm or tract
v Involvement of the petroclival region with compression of brainstem
\% Extensive involvement of both cavernous sinus

Table 5.

Radiosurgery grading system for cavernous sinus meningiomas by UCLA.

Takanashi had reviewed 101 skull base meningioma patients with Gamma Knife
Radiosurgery performed from 1991 to 2003. Among those cases, 38 cases are cavern-
ous sinus in location with mean dose delivered to the tumor 14.5 to 15.2 Gy. The
overall tumor control rate were 95.5% in the mean follow-up of 51.9 months (range
6-144 months) [44]. Fariselli et al. had proposed a multidisciplinary treatment
algorithm involving microsurgery and stereotactic radiosurgery [45]:

1. Small and asymptomatic intracavernous meningiomas — for observation first,
radiosurgery in case of progression

2.Larger meningiomas with lateral wall of cavernous sinus involvement — micro-
surgical resection

3.Large extra-intracavernous meningiomas — combined approach with
resection of extracavernous part, followed by radiosurgery for residual
tumor part

4. Pre-operative radiosurgery for tumor devascularization is still controversial

9.4 Large tumor volume

The consensus of tumor size in consideration of radiosurgery for menin-
gioma is generally around 30-35 mm in diameter. Tumor volume greater than
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8 cm’ is believed to have poor outcome compared. Starke et al. retrospectively
reviewed the Gamma Knife Radiosurgery outcome of 75 patients with mean
follow-up of 6.5 years (range 0.5-21 years) whom had tumor volume more than
8 cm’. The actuarial rates of progression-free survival were 90.3% at 3 years,
88.6% at 5 years and 77.2% at 10 years. Factors associated with tumor progres-
sion included [46]:

1. Presentation with any cranial nerve deficit from III to VI
2. History of radiotherapy

3. Tumor volume greater than 14 cm®

10. Local experience

Our centre, the Queen Elizabeth Hospital in Hong Kong, have conducted a
10-year review of the patients who received LINAC-based SRS or SRT for intra-
cranial meningioma from July, 2009 to June, 2019. We investigated the tumor
control rate in the 1-, 2- and 5-years intervals. Tumor control was defined as a
static or shrunken tumor. Functional outcome was determined by modified Rankin
scale (mRS).

40 patients were included with 45 tumors irradiated. 42% of the tumors were
parasagittal or parafalcine, followed by 20% petrous or petroclival and 18% convex-
ity. 48% of the tumors were WHO grade I while 52% were WHO grade II. In 48% of
the cases, Simpson I/II excision was achieved while in the remainder, Simpson III/
IV was achieved. In 27% of the tumors, radiosurgery were done as primary treat-
ment while 73% as postoperative adjuvant treatment.

In the recent 25 cases, we switched from frame-based to frameless radiosurgery,
using the LINAC system. Mean radiation dose was 22.4Gy (SD: 7.2). Mean target
volume was 5.0 (SD: 6.1) while mean treatment volume was 6.0 (SD: 6.8), with
mean treatment-target ratio being 1.8 (SD: 1.0). Mean coverage was 96.3%. Mean
conformity index was 1.7 (SD: 1.0).

Tumor control rate was achieved in 82%, 79% and 66% in 1-, 2- and 5-years
intervals respectively. More than 80% patients enjoyed mRS 0-1 over the study
period. SRS was associated with better tumor control in the 1- and 2-years inter-
val compared with SRT. However, it was confounded by smaller target volume.
Other teletherapy metrics were found to have no significant association with the
outcome.

11% of the patients required reoperation, while 7% developed radionecrosis
or radiation-induced edema. Multiple meningiomata was associated with poor
tumor control in 5 years (20% vs. 82%, p=0.025). It may reflect the underly-
ing pathology of the entire intracranial meninges, making local irradiation
ineffective in overall intracranial control. Parasagittal or parafalcine locations
predicted reoperation (21% vs. 0%, p=0.026). We observed that these tumors
more likely recurred and caused symptoms which required surgical decompres-
sion. On the other hand, tumors inside the superior sagittal sinus were often
not removed in operation. The residual tumors may progress, with nurture
by the surrounding vasculature. Moreover, sometimes there is technical dif-
ficulty to plan effective radiation dose to cover the adequate dura origin in this
location.

Overall, neither histology grading nor the extent of resection predicted tumor
control rate when they were analyzed as ordinal scale in our study.
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11. International recommendations

International Stereotactic Radiosurgery Society (ISRS) had a systemic review on
stereotactic radiosurgery for intracranial noncavernous sinus benign meningioma in
2020. Totally 2844 relevant studies from January 1964 to April 2018 were reviewed.
The 10-year local control rate ranged from 71-100%, and the 10-year progression-
free-survival rate varied from 55-97%, based on prescription dose 12 Gy to 15 Gy.
ISRS had summarized the following recommendations based on this review [47]:

11.1 Level II evidence

1. SRS may be proposed as a primary treatment modality for an asymptomatic or
mildly symptomatic meningioma, and should be considered when a complete
surgical excision cannot be achieved or is not amenable

2. After surgery, when a residual tumor is not evident or is minimal, a wait-
and -scan approach appears to be reasonable with a regular radiological
follow-up. At the time of recurrence or progression, SRS should be taken into
consideration as a treatment modality. Some studies suggest that the recur-
rence/progression rate is lower when SRS is delivered as the primary treatment
as compared to an adjuvant treatment and this remains to be confirmed

11.2 Level I1I evidence

1. Single-fraction SRS with a dose of 12 to 15 Gy appears to be sufficient to man-
age benign intracranial meningioma. A prescription dose of at least 14 Gy
would be advisable

2.Hypofractionated stereotactic radiotherapy (HSRT) may be considered for the
treatment of large or/and critically located meningioma. Optimal practice has
yet to be defined, however, 25 Gy in 5 fractions is a common approach

3.SRS generally entails a low risk of neurological deterioration. Patients may
experience a clinical improvement without tumor shrinkage

ISRS also had published a review of 49 full-text articles from January 1963 to
December 2014. The 5-year progression-free survival (PFS) rates was 86-99% and
10-year PFS was 69-97%. The followings are recommendations for management of
cavernous sinus (CS) meningioma in level III evidence [48]:

1.SRS/SRT is recommended as a primary/upfront treatment option for an
asymptomatic, or mildly symptomatic CS meningioma.

2. Resection should be considered for the treatment of larger and symptomatic CS
meningioma in patients both receptive to, and medically eligible, for open surgery

3.SRS/SRT delivered to a CS meningioma has a low risk of complications; most
cranial nerve functions are preserved or improved due to tumor shrinkage, and
carotid artery stenosis after SRS is rare

4. When no residual tumor is observed, or only a small tumor lining on dura of the
CS exists postoperatively, serial neuroimaging studies is not unreasonable. At the

time of recurrence or progression of residual tumor, SRS/SRT should be considered
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5.In patients with a CS meningioma that has rapidly and substantially recurred
after prior treatment, a subtotal surgical resection or biopsy may b considered.
More aggressive features of the tumor (transformation of the tumor from
WHO grade I to a higher grade) should be ruled out. These tumors have a pre-
dilection for progression and postoperative SRS/SRT with a higher dose should
be strongly considered

6.The technique for SRS or SRT delivery will depend upon the tumor histol-
ogy, tumor volume and proximity of the tumor to adjacent critical struc-
tures (e.g. the optic chiasm). SRS using single session marginal doses of
11 to 16 Gy offers a local tumor control rate of 90% or higher at 5 year
post-SRS

National Comprehensive Cancer Network (NCCN) also had proposed guidelines
for CNS tumors. Radiotherapy is recommended in the following clinical scenarios
with Level 2A evidence [49]:

1.Small (<30 mm) asymptomatic tumors at presentation, if grade IT and sub-
totally resected or grade III regardless of resection volume, and grade I when
sub-totally resected with “potential” symptom

2.Large (>30 mm) asymptomatic tumors if grade III, and if grade II or incom-
pletely resected grade I.

3.Following surgery for any grade III and should be considered for any grade II
tumors or large (>30 mm) incompletely resected grade I.

4. Surgically inaccessible tumors or surgically contraindicated patients

12. Future directions

Planning of radiosurgery in meningiomas usually concentrated on the main
tumor bulk as overall treatment volume. Lovo et al. recently try to include
tumor dural tails of 143 patients with histologically confirmed or radiologically
assumed WHO Grade I meningiomas in the radiosurgery treatment plans. All
the final prescription isodose line in treatment plans were focused on tumor
coverage and measurement of the dose received at maximum distance (MaxDis)
of the dural tail and the midpoint distance (MPDis) from the prescription
isodose line to the maximum dural tail distance. The dural tail of meningiomas
were identified in at least three consecutive sections of the MRI T1-weighted

sequence with contrast in 1 mm slice thickness. Tumor control was achieved in
96% of patients [50].

13. Conclusion

Intracranial meningiomas are one of the most common neoplasm in clinical
practice. Management should be based on patient’s factors and tumor factors.
Multi-disciplinary approach in treatment modalities decision is essential to achieve
the best treatment outcome. Use of Radiosurgery in terms of Gamma Knife, LINAC
or CyberKnife, either in single fraction or multiple fractions, should be subjected to
individual centre’s preference and experience.
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Abstract

This chapter describes the epidemiology, clinical and neuroimaging features,
histological characteristics, surgical approach, outcomes, and prognostic factors
of different cases of very rare intracranial tumors, associated with complex clinical
syndromes. Highlighting the important aspects in the diagnosis and manage-
ment that were considered relevant through the experience of our center. Here we
included an intracranial Rosai-Dorfman disease manifested as an apparent multiple
meningiomatosis, a choroid plexus papilloma clinically manifested as a hemifacial
spasm originated by a compression of the facial colliculus, and a neuroenteric cyst
associated with Klippel-Feil syndrome. This type of tumor presents a challenge
to the neurosurgeon, originating various questions about its management. In this
chapter, we present the experience we had with these pathologies to establish the
most appropriate management decisions.

Keywords: rare intracranial tumors, multiple meningiomas, Rosai-Dorfman disease,
Hemifacial spasm, choroid plexus papilloma, Klippel-Feil syndrome,
neuroenteric cyst

1. Introduction

Brain tumors according to their location and growth rate can produce very typi-
cal clinical manifestations [1], in addition to the classic characteristics of imaging
studies that provide the possibility of approaching the diagnosis of the specific
type of tumor and guide to establish the treatment modality [2]. However, when
the incidence of some of these tumors is very low and they present with very varied
clinical manifestations, added to the radiological findings that do not provide too
much information to approximate the diagnosis, these cases condition stricter study
protocols where the undoubtedly diagnoses alters the treatment modality for each
particular case [3]. For this reason, knowledge of the existence of some of these
tumors should be the subject of study, to understand the difficulty in diagnosis and
treatment, seeking to reduce errors in addressing these cases and improve the result.
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2. Rosai-Dorfman disease manifested as an apparent multiple
meningiomatosis

The first case presented in this chapter corresponds to an intracranial Rosai-
Dorfman disease (RDD), which was manifested as an apparent multiple menin-
giomatosis that affected the anterior fossa, the sphenoidal plane, and the clivus.
RDD is a non-Langerhans histiocytosis described in 1965 by Pierre P. Destombes
and then characterized by J. Rosai and R. Dorfman [4, 5]. RDD has a prevalence of
1in 200,000 and an incidence of 100 cases per year. It can occur at any age but is
usually more common in adolescents [6]. The typical clinical manifestations of this
disease are the presence of painless bilateral cervical lymphadenopathy added to
the presence of fatigue, fever, and weight loss, associated with elevated erythrocyte
sedimentation rate, anemia, fever, and hypergammaglobulinemia. Extranodal
involvement occurs in less than 43% of cases, mostly in the skin, nasal cavity, and
bone [7]. The central nervous system (CNS) is affected in less than 5% of cases, the
isolated affection is possible, without systemic manifestations. There are approxi-
mately 200 reported cases of intracranial RDD [8, 9]. This case illustrates a patient
with multiple intracranial lesions, where the symptoms and characteristics per
image simulated the presence of multiple meningiomas, where the RDD finding
was made until the moment of the histopathological study.

2.1 Case presentation

A 59-year-old male patient with a history of gradual right hearing loss that later
presents the same symptoms in the contralateral ear. His current condition began
8 months ago with a high-intensity holo-cranial headache that predominated in the
mornings accompanied by occasional dizziness. Three months before his hospital
admission, he reported non-quantified weight loss, asthenia, and adynamia.

Two months before hospital admission, the patient reported decreased visual
acuity and compromise of the temporal hemifields added to hyposmia. The reason
for hospital admission in our institution was the presence of two generalized tonic-
clonic seizures lasting more than one minute (less than five minutes), these seizures
were characterized by the absence of aura, with a postictal period of 20 minutes.
The second seizure required hospital admission for control. On physical examina-
tion, the cognitive functions were preserved, evaluation of the cranial nerves
demonstrate hyposmia and bitemporal hemianopia. Fundoscopy showed edema
of the papilla in the left eye and an atrophic papilla of the right eye. Regarding the
complementary studies, the electroencephalogram showed abnormal bifrontal
activity. Computed campimetry confirmed the bitemporal hemianopia, and
regarding the neuroimaging studies, the computed tomography (CT)-scan showed
three isodense with homogeneous enhancement lesions located in the midline in
the floor of the anterior fossa in the cribriform plate, the sphenoidal plane with
extension to the tuberculum sellae, and the middle and lower portion of clivus. The
magnetic resonance imaging (MRI) revealed isointense lesions with peritumoral
edema, with intense and homogeneous gadolinium-enhancement demonstrating a
dural attachment (Figure 1A-F).

The diagnosis of multiple meningiomas was established, supported by the
neuroimaging features and previous experience. The surgical plan was to resect
the two main symptomatic lesions (olfactory groove and tuberculum sellae). The
surgical approach was made through a bicoronal incision to perform a bifrontal
craniotomy and a sub-frontal approach. The surgical approach allowed a complete
resection of the lesions, after the olfactory groove lesion resection was possible
to access the lesion of the tuberculum sellae. Debulking of the lesions was made
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Neuroimaging

Histopathology

Figure 1.

Prg-opemtive brain magnetic resonance imaging (MRI) studies. Non-contrasted brain MRI shows an isointense
olfactory groove lesion with perilesional edema in the T1-weighted (A), T2-weighted (B), and FLAIR (C).
Contrasted brain MRI reveals three homogeneous enhancement lesions with dural attachment (yellow arrows
in the sagittal section) in the floor of the anterior fossa in the crista Galli and cribriform plate, the sphenoidal
plane with extension to the tuberculum sellae, and the middle and lower portion of clivus, observed in the
covonal (D), sagittal (E), and axial sections (F). Histopathological analysis. G. Positive immunohistochemical
profile for S100 protein. Furthermore, other immunochemical profiles show positive expression of CD68
(macvophages), CD20 (B lymphocytes), and CD2 (T lymphocytex ), in which lymphagocytosis was observed.
IgG and IgG4 positivity were also identified. A negative expression for CD30 and CD15 (reed Stenberg cells),
and CD1A (Langerhans cells) was observed. H. HeS’E Stain: Mixed inflammatory infiltrate with plasma cells,
lymphocytes, and macrophages, no evidence of meningothelial cells, emperipolesis was observed (black arrow).

with an ultrasonic aspirator, and according to meningioma surgery principles, it
was decided to perform anterior fossa drilling to reduce the recurrence probability.
The tumor lesions showed low vascularity and close contact with the optic chiasm
(Figure 2). Immediately post-operative the patient remained without complica-
tions and was discharged five days after surgery, the CT scan performed 5 days after
surgery showed complete resection of the lesions (olfactory groove and tuberculum
sellae), with residual lesion of the middle and lower portion of clivus (Figure 2F).
Due to the residual lesion, the patient was observed for the clinical oncology service
to decide adjuvant management.

Histopathological findings established the diagnosis of RDD (Figure 1G and H).
In the subsequent follow-up, extension studies were carried out, which were ruled
out other infiltrates with a thoracic and abdomen-pelvic CT. The patient received
treatment with prednisone and remain asymptomatic without clivus lesion growth
at 8 months follow-up.

2.2 Case discussion

For the diagnostic process of RDD, it is important to consider the observations
by imaging studies that usually mimic the characteristics of a meningioma, either
as one or multiple extra-axial lesions with homogeneous contrast enhancement
surrounded by vasogenic perilesional edema, they can arrive to present a dural tail
and its location is very diverse [1]. Proton MRI spectroscopy improves the speci-
ficity of preoperative diagnoses in some patients; for example, in meningiomas,
alanine is usually elevated in spectroscopy, with a peak at 1.48 ppm, in a patient
with RDD disease, spectroscopy revealed an increased choline level [10].Ina
review of 10 cases, a dural tail was found in all cases. Therefore, in data suggestive
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Figure 2.

(Ag) Preoperative enhanced covonal head CT-scan with an olfactory groove lesion (square). Surgical procedure:
Approach to the anterior fossa lesion. Perimeter dissection of the anterior cranial fossa lesion (asterisk) is
shown (B-C). Debulking with ultrasonic aspiration (D) and complete resection of olfactory groove (E) is
demonstrated. (F) Sagittal section of postoperative CT with complete resection (arrow).

of meningioma obtained by neuroimaging studies, RDD is a differential diagnosis
[11]. Zhu et al. [11] concluded that, unlike meningiomas, a typical hypointensity
non-related to calcification on T2-weighted or fluid attenuation inversion recovery
(FLAIR) images could suggest the RDD diagnosis.

Intracraneal Rosai-Dorfman disease:
Management and Diagnosis

Clinical Presentation: Main Differential Diagnoses
= Focal neurological signs or symptoms — * Meningioma
= Young Age (<18yrs) *  Meningiomatosis
= non-painful cervical lymphadenopathy = Intracranial Rosai-Dorfman disease
Imaging findings: 1
= One or multiple lesions | Surgical Resection |
= Extra-axial
* Homogeneous contrast enhancement ‘
*  Perilesional edema | RDD Histopathological diagnosis |
= Dural tail
* Diverse location
Type of tumor
surgical resection
| Residual tumor | | Total resection |

RT +- QT }—b Follow-up

(Recurrence)

Figure 3.

Algorithm for management and diagnosis (clinical suspect) for intracranial Rosai-Dovfman disease.
Clinical suspicion is obtained by clinical evaluation and imaging studies. The differential diagnosis is made
with meningioma, corroborating it by the histopathological and immunohistochemical study. Relative to
management, the presence of residual tumor after surgery suggests performing radiotherapy with or without
chemotherapy. Strict monitoring after surgery is recommended due to the risk of recurrence.
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Histopathological characteristics correspond to a large lymphohistiocytic
infiltrate, with a large or vesicular nucleus, well-defined nuclear membranes
and a single and prominent nucleolus. The main characteristic is the intracy-
toplasmic presence of lymphocytes and, to a lesser extent, intact erythrocytes,
plasma cells, and neutrophils (“emperipolesis”), however, it may be absent in
30% of leptomeningeal lesions [7, 9]. Associated with histiocyte proliferation, a
perivascular plasmacytic infiltrate can be observed. From the immunohistochemi-
cal point of view, they are characterized by presenting protein S100 +, CD68 +,
CD11c +, MAC387 +, lysozyme +/—, being negative for CD1a, a positive marker in
Langerhans cell histiocytosis [10, 12].

Illustrative case Pearls and pitfalls

Intracranial * The most affected population group are young people (<18 yrs), where the
Rosai-Dorfman main clinical manifestation of is massive cervical lymphadenopathy.
Disease (RDD)

RDD: Suggestive data of meningioma by neuroimaging studies

Brain MRI: hypointensity non-related to calcification on T2-weighted or FLAIR
images could suggest the RDD diagnosis.

Total resection is the most recommended management.

Radiation therapy is indicated in case of residual disease.

.

Chemotherapy can be helpful in extensive (disseminated) disease. However,
there is insufficient evidence on its efficacy in isolated disease.

.

A periodic follow-up (3-6 mos) with imaging studies should be carried out, in
search of local recurrences or extensive disease.

Choroid plexus * Differentiation between primary and secondary HFS is elementary, imaging
papilloma studies are fundamental, supported by electrodiagnostic studies.

(Tumoral‘ * In HFS not related to vascular compression, we recommend to intentionally
compression of the

search tumoral compression at the facial colliculus level at the floor of the

facial colliculus) fourth ventricle through an MRI scan with contrast.

Surgical approach: Telovelar approach to the fourth ventricle.

Intraoperative EMG register is an elemental tool to determine the impact of
surgical treatment and resolution of symptoms.

Neuroenteric cyst * Cystic lesion located in posterior fossa (90%). Differential diagnoses are mainly
(NEC) on posterior cystic lesions; arachnoid cysts, epidermoid cyst, dermoid cyst, neurocysticerco-
fossa sis, or metastases, cholesteatoma, ependymoma, schwannoma, hemangioblas-

toma, and pilocytic astrocytoma.

Diagnosis can be suspected in recurrent meningitis due to a fistula to the
aerodigestive tract.

Slight diffusion restriction in Diffusion-weighted imaging (DWI) due to
xanthogranulomatous changes or presence of melanin, hemosiderin, proteins,
mucopolysaccharides and cholesterol.

Surgical treatment recommended for NEC is complete resection. If resection
is partial, remnants adhered to neurovascular structures should be electro-
coagulated to avoid reaccumulation.

Cystoperitoneal and ventriculoperitoneal shunts are second-line procedures
recommended in recurrence with high difficulty for a new excision.

Minimum follow-up is recommended for 10 years, every 6 months at the first
2 years (complemented with CA 19-9 measurement on CSF).

RDD, Rosai-Dorfman disease; MRI, Magnetic resonance imaging; FLAIR, Fluid attenuation inversion recovery;
HFS, Hemifacial spasm; EMG, Electromyography; NEC, Neuroenteric cyst; DWI, Diffusion-weighted imaging;
CA 19-9, carbohydrate antigen 19-9; CSE, Cerebrospinal fluid.

Table 1.
Rare tumors: Pearls and pitfalls in diagnosis, surgical management, and prognosis.
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Related to the management of this disease is primarily with surgery, seeking to
eliminate the mass effect and the associated neurological sequelae. Total resection
is the main objective, although a partial resection is allowed in case the lesions are
in complex regions. The optimal management of residual disease remains unclear
due to the rarity of the disease [13]. The use of radiotherapy has shown some effi-
cacy of residual or recurrent disease, postoperative doses of 20 Gy in 10 fractions
in 2 weeks after subtotal resection has shown a good effect in reducing symptoms
and reducing the size of the lesions [14]. The use of chemotherapeutic agents such
as alkaloids and anthracyclines, alkylating agents, and methotrexate have shown
variable efficacy [15]. Rivera et al. [16] reported the use of the modified CHOP
regimen in two cases of intracranial RDD observing a long-term remission [16].

Adeleye et al. [17] reported a series of 111 cases of RDD involving the CNS [17].
Of the population studied, 77% presented intracranial disease, which received
various treatments with surgery, radiotherapy and chemotherapy. 37% of the study
population had a long-term follow-up beyond one year (41% of these patients
had no recurrence of the disease), where a relapse or growth of the most residual
tumor was determined in 12%. Therefore, active monitoring after the surgery is
prudent; however, it is not well established how often to follow up with imaging
studies and when it would be prudent to classify the disease as remitted. Rivera et
al. [18] reported the longest reported follow-up time (7 years) [18], of two patients
with intracranial RDD with surgical resection and chemotherapeutic management
with the modified CHOP scheme consisting of 8 cycles of cyclophosphamide (1g),
Vincristine (2 mg), doxorubicin (50 mg), and prednisone (50 mg) for 5 days every
3 weeks. Where it was observed that during follow-up there were no recurrences.
Due to the low incidence of the disease, it is difficult to standardize diagnostic,
therapeutic and prognosis. For this reason, we propose a simple algorithm for the
diagnosis and management of intracranial RDD (Figure 3). Table 1 describes the
fundamental aspects in the management of this pathology.

3. Hemifacial spasm associated with compression of the facial colliculus
by a choroid plexus papilloma

As a second case, we have an extremely rare cause of hemifacial spasm (HFS).
HFS is an involuntary neuromuscular disorder in which it affects the facial mus-
culature, which usually has as its primary cause a mechanical compression over
the cisternal portion of the facial nerve in the root entry zone by an aberrant or
ecstatic vessel in the 60-70% of the cases [19]. Etiology’s different than vascular
compression are called secondary causes, which correspond commonly to those
pathologies that occupy the space in the cerebellopontine angle such as: aneu-
rysms, arteriovenous malformations or tumor growths. Compression of the facial
colliculus due to the presence of a tumor is an extremely rare cause, representing
less than 0.6% of HFS cases [20]. What makes this case even more exceptional is
that the tumor that was conditioning the compression of the facial colliculus was
a choroid plexus papilloma (CPP), an uncommon benign intraventricular neuro-
epithelial tumor [21, 22].

3.1 Case presentation
A 43-year-old female who presents left severe HFS, associated with headaches,
symptoms started 6 months before presentation at our service, characterized by the

onset of periocular and expression muscles, increasing in intensity and frequency.
The patient had the antecedent of one episode of left facial palsy 6 years ago with full
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recuperation 2 months later. The first management was with botulin toxin, showing
alow response to initial treatment. Clinical examination at our functional neurosur-
gery service, found left HFS with labial commissure deviation, palpebral occlusion,
and extension of the spasm to the neck. The patient did not refer pain and has no
evidence of facial palsy. HSF presented every 2 min with a 15 seconds duration. Other
cranial nerves did not show any alterations, and hearing was not affected. Clinical
assessment was complemented with Brain MRI with gadolinium, showing a tumoral
growth in the floor of the fourth ventricle that homogeneously captured gadolinium
without infiltrating the floor of the fourth ventricle (Figure 4A and B). Preoperative
and intraoperative electromyography (EMG) recordings were considered for the
management. The preoperative register showed normal auditory and motor-evoked
potentials. EMG was free from synchronic neuromyotonic discharges in muscles
innervated by the left facial nerve, corresponding to the HFS clinically founded.

It was decided to perform surgery to remove the tumor growth of the superior
colliculus to improve the clinical status of the HFS. A telovelar approach with
intraoperative neurophysiology recordings of the facial nerve was performed. The
surgical procedure was performed with the patient in the prone position and head
fixation. An incision of 1 cm was made above the inion up to the C2 spinous process,
the C1 posterior arch was recognized, and the tectorial membrane was dissected.
Conventional suboccipital craniectomy was conducted. Dural opening in Y was
realized before transverse sinus identification. Under the microscopic vision, the tela
choridea was opened, and the tumor was identified. The tumor had a pearly appear-
ance. After dissection complete resection was made. At the extraction of the tumor,
there was a nervous hyperexcitability correction in intraoperative EMG recording

Neuroimaging Histopathology

@ Intracperative neuromonitoring
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Figure 4.

Neguroimuging: Preoperative gadolinium-enhanced T1-weighted MRI showed that the right side of the fourth
ventricle was occupied by a hyperintense tumor (arrows). (A) Axial view. (B) Sagittal view. T1-weighted
sequences with gadolinium showing complete resection of the tumor. (C) Axial view. (D) Sagittal view.
Histopathology: Chovoid plexus papilloma. (E) HE x40: Cylindrical coating epithelium with flat apical
domain and multiple microvilli (arrow). Cells have round-to-oval nuclei, moderate amount of acidophilous
cytoplasm, and some focally pseudostratified (arrowhead) and oriented to the basal domain. (F) HE x10:
Lesion mimics the papillary architecture of a normal choroid plexus with thin fibrovascular stems and coated
by a simple cylindrical epithelium. (G) HE x4: Epithelial neoplasia. (H) Intraoperative neuromonitoring:
Electromyographic activity shows synchronic neuromyotonic discharges in muscles innervated by the left facial
nerve (blue arrow). Cessation of irritative activity over the left orbicularis oculi and orbicularis oris after
en-bloc removal of the tumor (green arrow).
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of the facial musculature (Figure 4). Motor-evoked potentials did not show altera-
tions during the surgical intervention. Postoperative histopathology examination
demonstrates CPP in the fourth ventricle (Figure 4E-G). The clinical outcome of
the patient in the immediate postoperative period was a diminution in the intensity
and frequency of spasms. At 12 months of follow-up, complete symptom resolution
was observed without associated neurological deficits. Postoperative MRI at 1 year
of follow-up showed complete resection of the tumor (Figure 4C and D).

3.2 Case discussion

HFS’s most common pathophysiological mechanism corresponds in 60-70%
of the cases to mechanical compression over the cisternal portion of the facial
nerve in the root entry zone by an aberrant or ecstatic vessel in the 60-70% of the
cases. Conversely, secondary common etiologies are pontocerebellar angle tumors,
traumas, demyelination conditions, and infections. Therefore, the tumors in adults
related to HFS are rare (0.3-2.5%), and the tumoral compression at the facial col-
liculus level, at the floor of the fourth ventricle is considered an exceptional etiol-
ogy, being gliomas, subependymomas, ependymomas the neoplasia’s reported [19].
The pathological mechanism of HFS is unclear. However, different theories suggest
that the direct compression of the facial nerve in its cisternal portion by a vascular
structure is the most related mechanism of injury, which leads to local demyelin-
ation. On the other hand, another hypothesis suggests a central/nuclear origin,
that states change in the reorganization of functional connections within the facial
nerve nucleus, generating irritative activity that produces abnormal discharges,
precipitating HFS. A hypothesis that would be more related to the mechanism of
HFS production in the presence of a tumor mass growing in the superior colliculus.
This case supports the central theory of direct facial nucleus irritability, generating
a hyperexcitability state that precipitates the discharges [23]. Microvascular decom-
pression is the most frequent surgical treatment used for HFS. It is usually indicated
when a vascular contact is found by MRI, which is usually effective management in
more than 80% of cases [24]. However, because in this case a vascular contact was
not found, the surgical management is different, focused on the complete resection
of the tumor. Therefore, due to the uncertainty that may exist in the clinical out-
come as it is an infrequent presentation, intraoperative monitoring is a very useful
tool that helps to define the effectiveness that surgical intervention could have
in symptomatic improvement, observing changes in symptoms, and synchronic
neuromyotonic discharges during resection [25].

In conclusion, secondary HFS are infrequent conditions. Direct compression
by tumors at the facial colliculus level associated with HFS is an exceptional case.
Clinical findings do not allow differentiation between primary and secondary HFS,
for this reason we recommend an adequate evaluation of the brain MRI, supported
by electrodiagnostic studies. Tumoral compression at the facial colliculus level at
the floor of the fourth ventricle is an exceptional etiology, and there is very few
information in the medical literature about management and diagnosis. Therefore,
about our experience, in Table 1 we describe the fundamental aspects in the man-
agement of this pathology.

4. Neuroenteric cyst on posterior fossa associated with Klippel-Feil
syndrome

Neuroenteric cysts (NEC) are rare benign (the malignant transformation is
extremely rare) lesions of the spinal axis composed of heterotopic endodermal
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tissue generally located in the intradural extramedullary space in the lower cervi-
cal and upper thoracic spine, comprising 0.03% of intracranial lesions and 16%

of cystic lesions of the CNS, they can found rarely intracranially, examples in the
posterior fossa are ventral to the brainstem or in the cerebellopontine angle, and
they present with hydrocephalus, headache, and cranial nerve deficits [26, 27]. The
origin of these lesions is not completely understood, histologically are composed

of cuboidal epithelium that resembles the gastrointestinal or respiratory tract.
Therefore, are thought to arise from rostrally located vestigial remnants of the
neuroenteric canal [28]. The consensus for treatment is complete surgical resection,
when possible, partial resection should be avoided because of the high risk of recur-
rence. However, due to their rarity, there is a lack of information about management
[29]. On the other hand, Klippel-Feil syndrome (KFS) is defined as the fusion of
two or more cervical vertebrae, with a classic triad of limitation of cervical move-
ments, short neck (brevicollis), and low hair implantation in 52% of patients [30].
Association between NEC and KFS has not been described.

4.1 Case presentation

A 21-year-old male patient began his current disease with a severe occipital
headache of one month of evolution, the headache was aggravated by Valsalva
maneuvers, occasionally associated with nausea and emesis. Physical examina-
tion showed brevicollis with restricted range of motion, low hair implantation
(KFS). Moreover, examination shows papilledema, dysdiadochokinesia, and
right dysmetria. Head CT exhibited a heterogeneous cystic lesion located on
the posterior fossa, conditioning an obstructive hydrocephalus, for which an
urgent ventriculoperitoneal shunt was placed (demonstrating clear cerebrospinal
fluid). Sagittal section of a spine CT (Figure 5A) that demonstrates C1-C2 and
C3-C4 anterior and posterior elements fusion, without thoracic, lumbar, or
sacral alterations. Anteroposterior and lateral static and dynamic cervical spine
radiographs and spine CT exposed lordosis rectification, flexion, and extension
limitation. Brain MRI showed (Figure 5B and C) an infratentorial lesion, dorsal
to the right cerebellar hemisphere, ovoid shape, with regular and defined borders,
composed of a nodular portion in contact with pia mater, and multiple punctate
flow absences, isointense on T1, heterogeneously hyperintense on T2 and FLAIR
sequences, with diffusion restriction on its central portion and contrast enhance-
ment, whose measurements were 17 x 14 x 15 mm in major axes, and spectroscopy
displayed increased N-Acetyl-Aspartate and choline peaks (Figure 5D); another
remaining cystic portion was hyperintense on T1, hypointense on T2, FLAIR, and
apparent diffusion coefficient, without diffusion restriction or contrast enhance-
ment, whose measurements were 46 x 49 x 46 mm. Due to data compatible with
KFS, simple contrasted thoracoabdominal CT, echocardiography, and renal func-
tion tests were obtained; otorhinolaryngology assessment cursed without hearing
alterations, and medical genetics confirmed the syndromic diagnosis.

A total complete surgical resection was decided. Subsequently, a midline
suboccipital craniectomy was performed. The surgical procedure involves resec-
tion of the C1 posterior arch and tumor excision, obtaining a cystic lesion with
a mural nodule at the inferolateral right torcular level, with leakage of greenish
fluid (Figure 5E). Complete resection of the capsule was achieved, with a his-
topathological study that reported smooth, opaque, light gray color walls, with
tortuous vessels, and peripheral solid, anfractuous, gray-green areas of firm
consistency, clear brown content, and soft consistency compatible with NEC,
positive to alcian blue and negative to periodic acid-Schiff stains (Figure 5F). The
patient had a favorable clinical evolution, receiving medical discharge to home
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Figure 5.

(A) Cervical spine computed tomography (CT) with evidence of C1-C2 and C3-Cy4 anterior elements fusion
(white arrow). Presurgical brain contrast-enhanced T1-weighted magnetic vesonance imaging (MRI). (B) Axial
section, there is evidence of an extra-axial lesion in the posterior fossa, which is contrast enhanced and displaces
the cerebellum and brainstem ventrally, collapsing the fourth ventricle (white arrow). (C) MRI sagittal section.
(D) Spectroscopy without choline (Cho) elevation accovding to the indicated voxel on T2-sequence hypointense
lesion. Intraoperative images: (E) The tumor capsule with a good cleavage plane presents liquid content of oily
material inside the capsule. (F) Histopathology image: HE (400X), demonstrate a cyst wall and proteinaceous
content with some spaces for cholesterol crystals.

after 3 weeks, with adequate follow-up 9 months after surgery, identifying by
MRI a residual nodular image adhered to the straight sinus.

4.2 Case discussion

NEC was described for the first time in 1928 and the first intracranial NEC
was reported in 1962 [26], with more than one hundred cases reported since then
[31]. Relative to the epidemiological characteristics of the patients, frequency is
higher in men, and the age of presentation ranges from the neonatal period to
70 years. Regarding intracranial location, the initial findings are at the second or
third decades of life. The predominant localization is on the posterior fossa (90%),
specifically at prepontine and prebulbar cisterns, cisterna magna, cerebellopontine
angle, fourth ventricle, and dorsal to the cerebellum. The etiopathogenesis is due to
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abnormal endodermal-ectodermal adhesion during gastrulation at embryological
development, with the persistence of endodermal elements near the notochord in
the neuroaxis, which would explain the association with spinal disorders (spina
bifida, diastematomyelia, and vertebral body alterations). Supratentorial localiza-
tions are exceptional. Infratentorial lesions usually present headache, nausea, and
cranial nerve alterations such as vertigo, hearing loss, tinnitus, hypoesthesia, or
trigeminal neuralgia. Diagnosis can be suspected in recurrent meningitis due to a
fistula to the aerodigestive tract that causes slow growth because of active secretion
from epithelial cells. Accompanying disorders are intestinal malformations and
cutaneous abnormalities. Clinical manifestations can be acute or insidious, with a
course ranging from 4 months to 40 years [30, 32].

Regarding the characteristics observable by neuroimaging studies in the diag-
nosis of NEC, in head CT is hypodense lesions without contrast enhancement.
However, density depends on protein concentration. MRI shows heterogeneous
lesions (well-defined, extra-axial, rounded or lobulated cysts), hyperintense on T1,
T2 and FLAIR, without contrast enhancement, with slight diffusion restriction in
Diffusion-weighted imaging due to xanthogranulomatous changes or presence of
melanin, hemosiderin, proteins, mucopolysaccharides and cholesterol. Differential
diagnoses on the posterior fossa are mainly cystic lesions; arachnoid cysts, epider-
moid cyst, dermoid cyst, neurocysticercosis, or metastases, cholesteatoma, epen-
dymoma, schwannoma, hemangioblastoma, and pilocytic astrocytoma [33, 34].
During surgery macroscopically visualization corresponds to yellow, milky white,
gray, or red cysts, with thin walls similar to arachnoid, and transparent, mucoid or
xanthochromic liquid content, unusually blood, pus, calcifications, or keratinized
debris adhering to the adjacent pia mater. Histopathological studies reveal benign
lesions with simple, pseudostratified, columnar epithelium and collagenous fibrous
connective tissue lined with gastrointestinal epithelium, with the presence of goblet
cells [26]. In immunohistochemistry, they are positive for cytokeratin, epithelial
membrane antigen, and carcinoembryonic antigen. Degeneration to adenocarci-
noma is extremely unusual and only occurs in intracranial locations (9 patients
reported) [27]. In these cases, carbohydrate antigen 19-9 (CA 19-9) is positive [26],
elevated MIB-1 labeling index suggests malignancy [27]. No correlation between
imaging findings and pathology has been found [35].

The surgical treatment recommended for NEC is complete resection. Wang
etal. [35] described a technique that shows an improvement in prognosis and limits
recurrence [35]. If resection is partial, remnants adhered to neurovascular struc-
tures should be electro-coagulated to avoid reaccumulation. Surgical approaches
depend on the location and the optimal visualization of the lesion and adjacent
structures to minimize the risk of neurological deficits [36]. Cystoperitoneal and
ventriculoperitoneal shunts are second-line procedures recommended in recurrence
with high difficulty for a new excision [28]. Postoperative complications are aseptic
meningitis, abducens nerve palsy, pseudomeningocele, and cerebrospinal fluid
fistula [36]. Although the prognosis is mostly favorable, one-third of patients expe-
rience a symptomatic recurrence in a period of 2 months to 32 years [36]. Minimum
follow-up is recommended for 10 years, every 6 months at the first 2 years [35] and
can be complemented with CA 19-9 measurement on cerebrospinal fluid to deter-
mine recurrence [37].

In this case report, we did not find a specific genetic alteration that explains the
relationship between KFS and NEC. The commonly associated disorders in KFS are
mostly spinal disorders how congenital scoliosis and spina bifida occulta, in some
cases this disease is related to hearing alterations, genitourinary defects, cardio-
vascular anomalies, and other skeletal abnormalities [38]. The association between
KFS and intracranial tumors is mainly related to teratomas, and dermoid cysts [39].
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The diagnosis of KFS is usually incidental, the cervical spine X-rays show scoliosis,
vertebral fusion, and instability, spinal CT with three-dimensional reconstruction
is useful in surgical planning, and the spinal MRI is useful to detect neurologically
(spinal compression, stenosis, and syringomyelia). Surgical treatment is based

on the detection and management of associated systemic alterations, only 43% of
patients will require decompression and spinal stabilization depending on risk pat-
terns determined by Samartzis classification. Our patient did not require surgical
management of this malformation due to the lack of clinical repercussion [40].

In conclusion, NEC prognosis is generally favorable, but a significant proportion
of individuals undergoing partial resection experience recurrence. The association
between KFS and NEC can be related to the persistence of embryological structures.
The correct diagnostic approach must be carried out to choose the optimal surgical
approach. Therefore, about our experience, in the points of Table 1, we describe the
fundamental aspects in the management of this pathology.

5. Conclusion

Because these intracranial tumors are uncommon, studies that compare the
benefits of various management strategies about outcomes and prognosis factors
are lacking. Therefore, the level of evidence of management recommendations is
low. However, we consider the knowledge of these entities important, so we deter-
mine the important characteristics in the diagnosis, management, and prognosis to
establish a comprehensive review of these neoplasms.

Acronyms and abbreviations

CA19-9 Carbohydrate antigen 19-9
CNS Central nervous system

CPP Choroid plexus papilloma
CT Computed tomography
EMG Electromyography

FLAIR Fluid attenuation inversion recovery
HFS Hemifacial spasm

KFS Klippel-Feil syndrome

MRI Magnetic resonance imaging
NEC Neuroenteric cysts

RDD Rosai-Dorfman disease
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Awake Surgery for Brain Tumors
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Abstract

Surgery is one of the most important steps in most of brain tumors management.
In this regard, the extent of resection has been considered as an important prognos-
tic factor. However, the resection may be limited by the presence of functional brain
tissue around or in the tumor. Preventing functional damage during brain surgery
is essential to keep a good postoperative performance status and for facing the suc-
cessive steps in brain tumor management (i.e., radio- and/or chemotherapy). This
chapter will describe all the procedures around an awake surgery for a brain tumor:
from presurgical preparation to postoperative treatments and follow-up. It will not
focus only on surgical approaches, but also on the specific aspect of the disciplines
that are involved in this procedure.

Keywords: brain tumor, awake surgery, intraoperative neuromonitoring

1. Introduction

Principles of brain tumor surgery consist of the achievement of maximal resec-
tion by preserving the function. In this regard, different tools have been developed
in the last decades, which help neurosurgeons to achieve that goal. Presurgical
functional and anatomical studies, neuronavigation, fluorescence-guided surgery,
and intraoperative neurophysiological monitoring (IONM) have become a standard
in neuro-oncological surgery.

IONM has not only demonstrated being useful in preserving the function, but
also its use is associated with an increase in the extent of resection and an improve-
ment in the quality of life. IONM includes different techniques, and among them,
direct cortical and subcortical stimulations in an awake patient are considered as
the gold standard for the identification and preservation of functional areas. The
information provided by direct cortical and subcortical stimulation in an awake
patient cannot be completely substituted by any presurgical imaging or functional
study. Therefore, bearing in mind that different complex functions should be pre-
served to maintain or improve, not only the neurological status, but also the quality
of life in each patient, awake surgery for brain tumors is a widespread technique.

This chapter performs a narrative review about awake surgery in brain tumors,
addressing the whole procedure (from patient selection to postsurgical rehabilitation)
and adding the author’s point of view derived from their own experience.

2. Indications of an awake surgery in brain tumor patients

Awake craniotomy is indicated in any patient with a supratentorial intra-axial
lesion adjacent or in eloquent areas, that is, regions with functional importance for
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the patient, among which, we highlight the motor and language areas. However,
there are other functions, relevant and frequently underestimated in patients who
are undergoing surgical treatment, such as working memory, attention, mental-
izing, semantics [1]. In fact, monitoring during the surgical procedure must be
adapted not only to the lesion location, but also to preserve all relevant functions
that ensure a good quality of life.

The lesions that are usually operated by awake craniotomy are mainly low- and
high-grade gliomas, since in these cases an attempt is made to achieve the maximum
tumor resection with the least possible neurological damage (overall survival is
related to the extent of tumor resection). However, it is also used in patients with
refractory epilepsy, deep brain stimulation, and vascular injury surgery, especially
arteriovenous malformations [2].

Regarding glial lesions, there is controversy in the indication of awake surgery in
tumor recurrences, but there are several studies that confirm that glioma recurrence
surgery does not provide neuropsychological sequelae, since no significant differ-
ences are detected in the pre- and post-surgical neuropsychological status of the
patient in his/her first- and second-surgery [1].

Until a few years ago, patients with right hemisphere lesions were usually oper-
ated under general anesthesia, except if it was necessary to monitor sensorimotor
function and motor evoked potentials or somatosensory evoked potentials were not
available. However, to maintain the quality of life of brain tumor patients, it is also
necessary to preserve other functions (visuospatial function, executive functions
such as memory, attention, judgment). For this reason, nowadays the benefit of an
awake craniotomy is considered for all patients with a supratentorial glial lesion,
regardless of their location (dominant or non-dominant hemisphere).

Therefore, the awake surgery aims to maximize the extent of resection (EOR)
but mainly preserve (but not restricted to) the following functions:

Sensorimotor function. It is considered when the lesion is located within or
adjacent to the perirrollandic cortex, the supplementary motor area, or the corti-
cospinal tract. Direct electrostimulation (DES) has elucidated the complexity and
breadth of motor function. The corticospinal tracts present a somatotopic organi-
zation, like the supplementary motor network, responsible for stopping or accel-
erating movement when stimulated in awake patients [3]. Furthermore, there is
evidence of bilateral motor responses caused by unilateral subcortical stimulation,
which indicates the existence of a wide and complex bilateral cortico-subcortical
network that connects premotor areas, basal ganglia, and spinal cord to control
bimanual coordination, language, movement, and cognition [4].

Likewise, the use of DES has demonstrated motor interference when stimulating
sensitive tracts, probably related to transient inhibition of fibers, indicating the exis-
tence of a wide fronto-thalamic-parietal network involved in sensorimotor control [3].

Visual area. Direct stimulation of optical radiation can cause a temporary visual
field deficit (homonymous hemianopia) if the stimulation is of the fibers that connect
with the calcarine fissure, or visual hallucinations if the stimulation is of the fibers
that connect with the association visual cortex, involved in visual processing [3].

Language. Since the introduction of direct intraoperative cortical and subcortical
stimulation, Broca-Wernicke’s model (“localizationist model”) has been re-evaluated,
providing a new model based on the existence of multiple interconnected direct and
indirect cortico-subcortical networks involved in phonological, articulatory, syntac-
tic, and semantic processes [5]. Theoretically, there is a dual-flow language model:

a ventral pathway (semantics) and a dorsal pathway (phonological and articulatory
processes). The dorsal pathway is projected toward the parietal and inferior frontal
lobe, involving the superior longitudinal fasciculus (DES) and the arcuate fasciculus
(AF) as white matter pathways [6]. During the picture-naming task, the DES of the
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inferior parietal lobe and inferior frontal gyrus is associated with the appearance of
phonological paraphasias, while cortical stimulation of the ventral premotor cortex,
supramarginal gyrus, and posterior portion of the superior temporal gyrus generates
articulatory mistakes. Likewise, AF stimulation causes conduction aphasia and SLF has
been implicated in working phonological memory, essential for learning new words
and syntactic processing. In the ventral or semantic pathway, one has to consider the
role of the inferior fronto-occipital fascicle (IFOF) and an indirect circuit composed
of the inferior longitudinal fascicle (ILF), temporal pole, and the uncinate fasciculus
(UF). IFOF stimulation during the picture-naming task leads to semantic paraphasias
[7] and can also produce verbal perseveration, suggesting a role in semantic control
[8]. The indirect circuit (ILF and UF) participates in verbal semantic processing and
the posterior portion of the ILF is important for visual recognition and reading [9].
Others. Depending on the patient’s profile, the cortico-subcortical mapping
can be adapted to preserve specific functions that may be associated with the self-
perceived quality of life. For example, multi-language mapping and the ability to
voluntarily switch languages, mathematical calculation in teachers, music process-
ing and interpretation in musicians, visuospatial perception in dancers, or bimanual
coordination in pianists.

2.1 Contraindications

The only absolute contraindication for awake craniotomy is the patient’s denial
of it. Relative contraindications include the following: neurological causes (severe
dysphasia, drowsiness, confusional state, or cognitive disorders that limit patient
collaboration); claustrophobia; psychiatric instability; tumor characteristics (large
size producing midline displacement >2 cm or highly vascularized lesions); difficul-
ties to control the airway (uncontrollable cough, morbid obesity, obstructive apnea);
and medical conditions that associate with high surgical risk and contraindicate
any type of neurosurgical intervention. Age is not considered a contraindication for
awake craniotomy (ages recorded in the last 10 years range from 9 to 90 years) [1].

2.2 Advantages and disadvantages

The main objective of glioma surgery is to improve overall survival and quality
of life by maximizing tumor resection and it is known that awake surgery, with
direct cortical and subcortical electrostimulation, allows locating and protecting
the relevant functions for each patient. Thus, greater and safer resection can be
achieved, by reducing postoperative sequelae and improving the prognosis.

Awake surgery has been demonstrated to reduce morbidity and mortality, with bet-
ter control of postsurgical seizures and a higher postsurgical Karnofsky performance
status (KPS). All of this leads to a shorter hospital stay and lower healthcare costs.

The main disadvantage that may be associated with awake surgery is the emo-
tional stress for the patient (10-40% of patients experienced anxiety periopera-
tively) and up to 30% reported pain during the procedure [10].

3. Presurgical preparation for an awake surgery
3.1 Neuropsychological evaluation
Awake surgery for brain tumors aims to extend the life of the patient, preserve

their capabilities, functionality, and quality of life through real-time intra-surgical
monitoring of sensorimotor, visuospatial, language, executive, and behavioral
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functions [11]. For this reason, pre- and intrasurgical work requires careful prepa-
ration in which different professionals are involved: neurosurgeon, anesthesiolo-
gist, neuropsychologist. Regarding the work of neuropsychology, the importance
of its role in awake brain surgeries has been already highlighted in international
protocols [12].

The presurgical neuropsychological evaluation allows to know the psychologi-
cal, cognitive, and functional state of the person. A presurgical neuropsychological
evaluation should include the following aspects:

Personal aspects: Decision-making capacity, previous experiences (especially
with cancer), disposition of social and family resources, coping strategies, person-
ality type, substance abuse, patient expectations in relation to surgery, and their
disease or stress level.

Emotional aspects: It will especially affect the presence of anxiety. Anxiety
may be related to the patient’s own characteristics but also to the uncertainty
associated with the disease and/or the procedure, fear, or the lack of perception
of control. This is a factor that can affect attention/concentration capacity and
leads to emission mistakes and generates difficulties in establishing the baseline
and surgical intervention. Depressive symptoms should also be evaluated. These
symptoms may be related to the tumor pathology itself, the difficult adaptation
process, or other characteristics or circumstances of the patient. In any case, the
preparation of a depressed patient will always require a higher level of attention
from the staff.

As Boele et al. highlighted, a wide range of brain tumor patients present psy-
chotic symptoms or hallucinations that should also be explored before surgery as
well as a decrease in the level of arousal, irritability, or agitation [13].

Cognitive factors: The evaluation of these aspects will allow the establish-
ment of a baseline and increase the chances of success during the intervention.
Some cognitive functions have been described as basic for the correct participa-
tion of a patient in awake surgery [14]. A complete neuropsychological evaluation
allows to examine normal or impaired performance and determine the strengths
and weaknesses that a patient has, as well as the implications that their cogni-
tive deficits have so that they can reintegrate, in the best way, in the activities of
their daily life or at the same time. In any case, a minimum evaluation protocol
should include the analysis of the following: attentional processes, language in
all its aspects, amnestic processes, executive functions, and perceptual abilities.
A fluent language to express oneself and be able to communicate cognitive and
physical alterations and discomfort during surgery; verbal comprehension for
cooperation and following instructions; memory to guarantee the storage of
information and instructions to follow during the surgery; care for the perfor-
mance of intraoperative activities and visual skills in case of picture-naming
tasks is needed.

Most studies show that language is the cognitive domain that has been most
evaluated in awake surgery. However, in recent years various tests have already been
used to map other cognitive functions, such as visuospatial functions, calculation,
emotions, facial recognition, or executive functions. This fact, together with the
great diversity of psychological variables that must be evaluated, makes it necessary
to have a neuropsychology professional within the multidisciplinary team involved
in the management of awake brain surgery candidate patient. In our team, the
neuropsychologist is the expert who not only supports the patient in this surgical
situation but is also the professional who must determine if the affectation observed
during the mapping is due to electrostimulation or if it is caused by other causes,
such as problems to concentrate or psychological factors.
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3.2 Task selection and adaptation

The selection of tasks for intraoperative monitoring is done during the presur-
gical phase considering the location of the lesion, the age, and the educational-
cultural level of the patient and cognitive abilities. To minimize the risk of false
positives, only those items in which the patient performs flawlessly will be selected.

Using language domain as an example of function monitored during an awake
surgery, the most common tasks used are naming objects, counting, naming verbs,
naming famous people, reading sequences, naming colors, naming days of the week
or months of the year, or repetition. These tasks can be associated with other motor
control tasks such as the movement of an arm or tapping tasks or previous tasks
such as promoting spontaneous language through a conversation about the patient’s
life (with information that has been obtained in the presurgical evaluation), or if
the patient is comfortable or feels pain or cold, etc.

Regarding language monitoring, one must bear in mind:

Language without semantic content: Automatic speech tasks require motor
planning and articulatory processing. To evaluate this type of language, the patient
is encouraged to recall the numbers from 1 to 20 or to say the months of the year.
This type of tasks uses overlearned sequences of words. Repetition of phonemes
quickly (e.g., Fa-Ma-Ba) or word/nonword repetition can also be used.

Lexico-semantic processes: The most frequently used task is the presentation
of drawings or pictures of objects for naming. In several studies, an introductory
phrase has been added (thisisa...). Following Ojemann and Mateer, adding the
introductory phrase allows us to distinguish between an anomic error and a speech
arrest, but a failure could be the result of an orthographic mistake or an inability
to read. Another frequently used task is action-naming [15]. A drawing, image, or
video of a person performing an action are presented to the patient and the patient
must name the action in the infinitive. The famous face naming requires the same
processes as object naming, adding facial recognition and access to biographical
information. Auditory object naming is used too. In this case, the patient hearsa
description of the object and its use, and then it must be named.

The pyramids and palms test is frequently used in intrasurgical monitoring. The
patient must choose between two stimuli that are associated with an image pre-
sented at the top of the screen. This test allows to know the capacity of access to the
semantic information of the pictures and the words and associate this information.

Grammatical processes: Naming actions (already described previously)
have been used frequently. Other tasks are reading sentences slowly or complete
sentences, in which one word is missing (to allows assess different grammatical),
sentence repetition, writing sentences.

3.3 Evaluation of presurgical imaging studies

When the decision to perform an awake surgery must be taken, one can use
the information provided by a set of tools that allow us to decide the degree of
eloquence for a specific function. The location of the lesion or the clinical informa-
tion is not enough to evaluate the relationship between the lesion and its functional
boundaries.

However, in this point, it is essential to define more precisely what we under-
stand as an “eloquent area.” This concept has significantly evolved in the last
decades, from considering eloquent areas only those involved in motor control and
language, to considering other regions involved in sensorial and cognitive process-
ing. The evolution of this concept is also associated with the better understanding
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of brain function that has currently been achieved. The “localizationist” vision has
again been abandoned and substituted by an hodotopic view, where connectivity
between one brain regions to another becomes relevant to the development of a
function [16]. Furthermore, the hodotopic model includes a dynamic representa-
tion of functional systems (i.e., that change with time), fitting better with the
current knowledge in brain plasticity. Therefore, an “eloquent area” can be consid-
ered as the gray matter and white matter pathways that are essential for the devel-
opment of a specific function that, in the personal context of each patient, must be
preserved. Each “eloquent area” can change its location with time, thanks to brain
plasticity mechanisms that are activated in disease situations.

The identification of eloquent areas before a surgical procedure for a brain
tumor may help in different ways:

1. To identify the anatomical relationship between the tumor and eloquent areas.

2.To decide which tasks are the most appropriate to activate eloquent areas
involved in a specific function.

3.To establish an anatomic and functional map of gray matter regions and white
matter pathways that is useful for the planification of the surgery.

4.To evidence the existence of functional migration to nonexpected location
secondary to the plasticity mechanisms.

One of the tools that have demonstrated to be useful in achieving these aims
is magnetic resonance imaging (MRI) [17]. The use of this technique is widely
extended, and it constitutes an essential part of the diagnostic protocol of a brain
lesion. Apart from the images acquired for diagnosis, additional sequences and pro-
cedures can be performed to obtain functional information. More specifically, the
use of functional magnetic resonance imaging (fMRI) and diffusion tensor imaging
(DTI) allows us to identify cortical regions and white matter tracts, respectively,
that are involved in specific functions [18].

Functional MRI is based on the detection of changes in magnetization sec-
ondary to the levels of oxyhemoglobin, which increases in brain regions whose
neurons increase their activity to be able to perform a specific task. fMRI has been
demonstrated to be useful in the identification of the somato-motor regions using
simple motor tasks with high sensitivity and specificity. However, the reported
values of sensitivity and specificity for the identification of language processing
areas are much lower. This difference is more pronounced during the evaluation
of the sensitive component of this complex task. Furthermore, there is also a lack
of evidence about the use of fMRI to map the regions involved in other cognitive
tasks in patients with a brain tumor, although a significant amount of literature
has described the relationship between the activities in specific regions with a
specific function, but they are all in the research environment. In this regard,
the development of new language tasks or paradigms to be used in fMRI studies
might improve the reliability of the information provided by this technique. In
the same way, cognitive tasks adapted to fMRI should be tested in brain tumor
patients, to identify their usefulness in presurgical brain mapping.

Regarding the selection of fMRI tasks for presurgical mapping, one must bear in
mind that there is a significant restriction of movement inside the scanner; thus, the
selected task must not be associated with the excessive movement. Furthermore, we
consider that the fMRI task should be as similar as possible to the task that is going
to be performed during the surgical procedure.
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The combination of fMRI with DTI would give us much information that may be
useful to predict the cortical regions that will be positive during stimulation as well
as the white matter tracts that are associated with the tumor. All this information
will help us to decide which tasks will be used during the procedure; to decide the
location and the size of the craniotomy; to predict the entry point to perform the
corticectomy; and to give a precise information to the patient and relatives about
the risks and prognosis.

3.4 Training and preparation of the patient

Once an awake craniotomy is considered for a patient, a multidisciplinary team
should discuss about the feasibility of performing this procedure in this patient. The
multidisciplinary team includes, necessarily, anesthesiologists, neuropsychologists/
speech therapists, and neurosurgeons. Additionally, this team could also include
radiologists and clinical psychologists. These professionals would finally decide if
the patient is a good candidate for an awake surgery and they will plan the training
of the patients for the procedure.

Keeping awake during the whole or part of a surgical procedure that involves the
brain is an additional stress not only for the patient but also for the surgical team. This
stress would be associated with the beliefs or expectations that may have the patient in
terms of pain, immobility, or the experiencing of intraoperative complex situations.
Regarding the surgical team, the lack of familiarity with the procedure may hinder the
anticipation of possible complications that may appear during the surgery.

Bearing all this in mind, to achieve a successful procedure, it is essential that both
the patient and the surgical team have to be instructed and trained before the surgery.

Regarding the surgical team, the ideal would be to designate a specific team
for this kind of surgery. A group of anesthesiologists, surgeons, and nurses, after
adequate training, should accumulate experience in such procedures, avoiding
global changes in the members of the team, but allowing the occasional participa-
tion of new members to acquire experience.

On the other hand, regarding the training of the patient, we consider that he/she
must know and understand the purpose of each step of the procedure. The patient
must understand why an awake surgery is planned and what are its aims. After that,
the patient must be explained in detail how the procedure will be taken place, from the
arrival to the surgical area, to the admission in the postsurgical area. Apart from all the
explanations, it is adequate to perform a specific training that should include the tasks
that have been selected for the surgery, the positioning, and the layout of the operating
room. In this sense, it is advisable that this training is performed in simulation condi-
tions, mimicking the conditions that the patient will find during the surgery.

In our center, the training of the selected tasks is performed by the same neu-
ropsychologist who has evaluated the patient and who is going to be during the
surgery. This reinforces the link between the patient and the professional and con-
tributes in reducing the anxiety and stress related to the procedure. Furthermore,
the neuropsychologist can use the training sessions to adapt the tasks to the situa-
tion and features of the patient. This may lead to a more efficient procedure, thus
lesser surgical times. The simulation of the procedure (positioning and operating
room distribution) is performed in a room with a stretcher and with furniture
that mimics those, we found in an operating room. The patient is explained about
the positioning and is indicated about the interlocutors during the surgery. This
may help to know the people with whom the patient must communicate with. The
number of training sessions is adjusted by the functional and cognitive status of
each patient. We usually recommend at least two training sessions for tasks and two
for simulating the procedure.
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3.5 Surgery planning
The plan of the surgery should consider different aspects:
a.The aim of the surgery (resection vs. biopsy).

Most of the awake surgeries are performed to maximize the extent of tumor
resection, but, in some cases, an awake surgery may be indicated for a biopsy.
This is the case of lesions located in or near eloquent regions and/or the patient
may not be in good condition for a long surgery. In those cases, less time will be
required for the surgery and probably only direct cortical stimulation will be
performed.

b.The clinical status of the patient (including cognitive evaluation).

As it was previously explained, a complete cognitive evaluation is manda-

tory in any patient considered for awake surgery. This evaluation added to the
clinical assessment will draw a precise picture of the clinical situation of the
patient, determining the functional and cognitive state of the patient. In our
experience, patients, who present any neurological or cognitive deficit, usually
present shorter periods of adequate attention and collaboration in performing
the selected tasks, independently of precise anesthetic management. In other
words, patients with functional or cognitive dysfunction usually show fatigue
symptoms before the patients without the neurological impairment. This
must be considered in the planification of the procedure, trying to shorten the
presurgical period (vascular accesses, material preparation, patient position-
ing, surgical field preparation), and the surgical approach (cutaneous phase
and craniotomy). Bearing this in mind, the first DCS will be performed in a
brief period and, if the surgery course is adequately developed, the subcortical
stimulation may also start sooner. This can limit the negative effect of fatigue
in the development of awake surgery.

c.Structural and functional findings of presurgical studies.
DTI for tractography and fMRI studies have both a significant role in surgical
planning. DTI studies are useful to identify the white matter pathways around
or in the tumor, while the fMRI allows identifying cortical regions that are
functionally involved in specific tasks. Both imaging techniques may help us
to decide the size and location of the craniotomy, as well as the place of the
corticectomy. They also allow us to predict the result of the direct cortical and

subcortical stimulation.

Regarding these considerations, an awake procedure should fulfill the following
premises:

* The procedure must be safe.
* The patient must not feel pain or discomfort.
* The patient must not feel anxiety or fear.

* The procedure must be efficient regarding time.
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4. Anesthetic considerations in awake surgery

The role of the anesthesiologist during awake brain surgery is to ensure that the
patient can actively and comfortably participate in tasks during DCS in a comfort-
able way. As we previously indicated, the first thing when considering awake
surgery is to make a correct patient selection through a prior clinical and neuro-
psychological evaluation. It is essential to assess the airway and inquire about sleep
apnea, cognitive impairment, psychiatric disorders, and to know the neurological
deficits that the patient presents before the surgery.

4.1 Anesthetic modalities for performing awake brain tumor surgery

There are three anesthetic modalities that may be considered for an awake
surgery: asleep-awake-asleep, conscious sedation, and completely awake.

4.1.1 Asleep-awake-asleep

It consists of general anesthesia in the initial phase, waking up the patient dur-
ing stimulation/mapping and subsequently, reintroducing general anesthesia for
closure. During the general anesthesia phase, the ideal is to achieve airway control
with a laryngeal mask (it offers advantages over the placement of a tracheal tube as
it is easier to place, avoids head extension, and associates less risk of coughing with
vomiting).

Generally, this anesthetic modality is achieved with the use of propofol and
remifentanil, since they are short-acting drugs and allow sedation with rapid
awakening (5-20 min). The great advantage of propofol is its rapid recovery and a
titratable sedative effect, which helps to avoid excessive and unnecessary sedation,
but also reduces intracranial pressure and has anti-seizure and anti-emetic proper-
ties [19]. In the case of propofol, the infusion should be stopped 15 minutes before
the onset of cortical stimulation in adults, 20 minutes before in children [2], and
should be restarted for dura closure. It is usually given in combination with a low
dose of remifentanil.

The advantages of this modality are better airway control and adequate deep
sedation with greater comfort for the patient in the initial phases. In fact, this is the
modality that best adjusts to prolonged procedures (>5 h). However, the drawbacks
include the complexity involved in repositioning the device in the airway for closure
and that general anesthesia increases the risk of hypoventilation, nausea, and agita-
tion during brain mapping [2, 20].

4.1.2 Conscious sedation

It consists of the administration of sedation during the first stage of the awake
craniotomy without airway control (patient breathes spontaneously) [20]. A
combination of propofol and remifentanil has been the standard for sedation, but it
has been associated with a higher risk of respiratory depression. Dexmedetomidine,
a selective alpha2 agonist with sedative, anxiolytic, analgesic, and opioid-sparing
properties, has recently been shown to provide easily reversible sedation without
associated ventilation depression risk [21]. Likewise, compared with the propofol-
remifentanil combination, it reduces the incidence of vomiting and coughing,
increasing patient comfort during surgery, and facilitating surgical resection by
reducing cerebral blood flow [2]. The advantages and disadvantages of this anes-
thetic modality are registered in Table 1.
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Asleep-awake-asleep

Conscious sedation

Awake

Advantages Good airway control No adverse effects of Less adverse effects tan
sedation AAA
Greater comfort for the Better communication Greater comfort in
patient with the patient adjusting the patient’s
position
Preferable for prolonged Less postoperative pain
procedures (> 5h)

Disadvantages Complexity for device Not recommended for Not recommended for
repositioning in the long-term procedures long-term procedures
airway.

Increased risk of Worse airway control Worse airway control
vomiting, agitation,
hypoventilation
Requires more Requires more
collaboration from the collaboration from the
patient patient
Table 1.

Advantages and disadvantages of each anesthetic modality for awake brain surgery.

4.1.3 Awake

This modality is the least commonly used. It consists of using local anesthesia
and avoiding sedation in any of the stages of surgery with the idea of avoiding the
inconveniences of general anesthesia/sedation. It raises the option of avoiding
pain, through the infiltration of the scalp and selective blocking of the trigeminal
sensory branches [2]. In addition to reducing postoperative pain, it has the great
advantage of being able to optimize patient position and improve considerably
communication with the patient by avoiding sedative medication [20, 22]. In
these cases, some protocols propose the use of hypnosis to produce a dissociative
state [23, 24]. The advantages and disadvantages of this anesthetic modality are
registered in Table 1.

4.2 Anesthetic monitoring during the procedure. Complications

Premedication is not standardized. Corticosteroids are often used to reduce
the mass effect of the tumor lesion and nausea. The risk of seizures is higher than
standard surgery due to DCS; thus, anticonvulsant therapy is also usually adminis-
tered prophylactically, although there is not enough literature evidence to support
this indication.

In addition to premedication, it is essential to carry out rigorous anesthetic
monitoring during the procedure. This monitoring should include electrocardio-
gram, invasive blood pressure measurement, pulse oximetry, respiratory rate,
capnography, temperature, urinary catheterization, and BIS encephalographic
recording.

Although it is usually a safe procedure in experienced professionals, some
intraoperative complications related to the anesthetic procedure may occur: seizures
(3-30%), high blood pressure (17-24%), desaturation/hypoventilation (7-16%),
nausea and vomiting (0-9%), and brain swelling (7-14%) [25]. However, the
conversion to a general anesthesia procedure only occurs in less than 2% of surger-
ies and there is no relationship between failure rate and the type of anesthetic
modality [26].
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5. Development of awake brain tumor surgery
5.1 Surgical field preparation

Awake surgery involves several specialists (neurophysiologists, neuropsycholo-
gists, surgeons, anesthesiologists, nurses) that must stay together in the operating
room; thus, an adequate distribution of the space is essential. First, the position
of the patient must ensure not only its comfort but also access to the surgical field;
an access to the airway and vascular catheters; and the possibility to perform the
corresponding tasks during the procedure. As in any operation, care must be taken
to avoid nerve, vascular, ischemic, and musculo-ligamentous injuries related to
compression or traction.

Regarding positioning, the most common position for temporal, insular, and low
frontoparietal lesions is the patient lying supine with slight lateralization toward the
contralateral side of the lesion with cephalic support (Mayfield®, Integra), with the
contralateral arm extended and the ipsilateral resting on the body. If the lesion is in
the frontal or parietal lobes, it is also possible to use a semi-sitting supine position.

After confirming that the patient is comfortable, the surgical field is prepared.
The first step is to remove the hair that interferes with the opening and closure
of the skin incision, preferably with an electric razor, followed by washing with
antiseptic shampoo. Then, the skin is cleaned with antiseptic (povidone lodine or
chlorhexidine) for three times. Subsequently, the drapes are placed to isolate the
surgical field, preferably using a sterile and transparent paper that is placed toward
the basal side; in this way, we allow the surgeon to have visual access to the content
that is being shown to the patient in any moment.

5.2 Local anesthesia and regional block

Regardless of the anesthetic modality, local anesthesia must also be used.
Bupivacaine, mepivacaine, levo-bupivacine, and lidocaine are the local anesthetics
most frequently used in skull surgery. Lidocaine is very useful for dura mater infil-
tration, but it increases the risk of seizures. The use of an anesthetic with a vaso-
constrictor reduces the risk of bleeding, ensures a prolonged duration, and reduces
the risk of toxicity (once infiltrated, it is necessary to wait 15 minutes to rule out
acute toxicity). The total amount of local anesthetic use during the procedure will
be determined by the patient’s weight, comorbidities, and the concentration of the
anesthetic.

Bearing in mind the locations for local anesthesia, the infiltration of the head
support anchor points and infiltration of the skin incision is recommended. If we
want to achieve a selective blockade (more effective for pain control during the
procedure), the following locations should be also infiltrated:

* Supraorbital and supratrochlear nerves (branch of the frontal nerve).

* Zygomatic-temporal nerve (terminal branch of the zygomatic nerve).

* Temporal auricle and great occipital nerve (posterior branch of C2).

* Occipital minor (anterior branches of C2-C3).

In long-term procedures, the appearance of pain in the temporal area and its
relationship with the manipulation of the dura mater are common. In these cases,

additional infiltration of the zygomatic-temporal branch is recommended.
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5.3 Brain mapping

Direct cortical and subcortical stimulation is used to identify the cortical regions
and tracts involved in the functions we are interested in. This stimulation produces
depolarization of a specific region, leading to a neuronal excitation by current dif-
fusion, both anti- and orthodromic. The stimulation can be performed using bipo-
lar or monopolar probes. Bipolar stimulation is performed using a pair of 2-mm-tip
stimulators with 5 mm of separation between tips. This is considered a more precise
method for stimulation than monopolar (2-3 mm single-tip stimulator). However,
when a more precise sensorimotor mapping is going to be performed, monopolar
stimulation is preferred, because the use of bipolar probes may result in ambiguous
spatial distribution.

The stimulation is initiated from 1.5 to 2 mA and progressively increases 0.5 mA
to achieve 6 mA of stimulation current when no response is observed. The generator
supplies a constant current with biphasic quadratic waves of 1.25 ms in 4-second
trains at 60 Hz. Subcortical stimulation must be done each 2 mm of resected tumor
near eloquent areas.

Regions considered with positive stimulation are those where a disruption dur-
ing the performance of the task is observed during the stimulation. Those regions
will be identified by using a kind of marker. The positive region covered approxi-
mately 1 cm” around the position of the tip of the stimulator.

Apart from the direct stimulation, in most of the centers that awake surgeries
with direct stimulation are performed, electrocorticography is usually performed
for the detection of after-discharge potentials, which are a subclinical indicator of
epileptic activity.

During brain mapping, we do not usually use mannitol or hypertonic saline to
avoid brain shift and changes in the elastance of the brain that may influence the
results of mapping or make the dissection of the lesion more difficult. Furthermore,
if subarachnoid dissections must be done, we perform it once the lesion is func-
tionally disconnected from subcortical pathways because the excessive release of
cephalo-spinal fluid may also influence the results of mapping.

5.4 Concomitant use of other tools to maximize the degree of resection

Brain mapping during an awake procedure can also be combined with other
techniques or tools that are useful in brain tumor resection. Image-guided sur-
gery, using neuronavigation or real-time imaging systems (intraoperative MRI or
ultrasound), is perfectly compatible with awake surgery. On the other hand, the
use of fluorescent compounds (5 aminolevulinic acid, fluorescein, or indocyanine
green), which allows to identify the areas of tumor invasion or regions where
the blood-brain barrier is disrupted, can also be used during awake surgeries. In
any case, the limitations of the resection will always be defined by the functional
boundaries established by the direct cortical and subcortical stimulation during
task performance.

5.5 Continuous evaluation of patient’s feedback

It is essential to maintain continuous communication with the patient during
the surgery. The key to succeeding in an awake surgery lies in adequate preparation
of the patient; adequate control of sedation levels; the correct use of analgesia; and
ensuring a comfortable position for the patient. Therefore, continuous monitor-
ing of all these aspects contributes to achieve good results in awake surgery for
brain tumor.
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6. Postsurgical follow-up after an awake surgery
6.1 Cognitive follow-up

Apart from the regular clinical-radiological assessment after the surgery, a
neuropsychological evaluation is particularly important in patients who have been
operated awake.

Cognitive deficits are one of the most frequent symptoms in patients with
brain tumors, mainly in attention, memory, language, and executive functions.
These deficits may not only be present before surgery but can also appear after it
because of the tumor itself or due to the surgical procedure. Cognitive dysfunction
negatively impacts the quality of life of patients and their reincorporation into their
daily functioning. Therefore, it is necessary to plan an intervention adapted to the
circumstances of each patient.

Neuropsychological rehabilitation combines the application of cognitive interven-
tion strategies and compensatory systems. These targeted strategies reduce emotional
problems and promote socio-labor integration. According to scientific evidence,
effective intervention methods are those that combine metacognitive and emotional
regulation strategies and generalization of their effects on daily life [27, 28]. These
interventions combine psychoeducational programs (providing information on
cognitive functioning and their consequences in daily life, from both the patients and
their families) with direct or compensatory training of the affected functions and
environmental strategies (focused on restructuring the patient’s environment to meet
the new demands of daily activity).

6.2 Optimization of postsurgical rehabilitation in the context of adjuvant
treatments

After any brain surgery, even when it has not been associated with any com-
plication, a recovery period for normal brain function is needed. Sometimes, the
improvement in the neurological function appears immediately after the surgery
because the de-lesion was producing a mass effect or dysfunction in the surround-
ing regions. However, it is relatively common that, after surgery, brain tumor
patients (mainly those whose lesion is in or near eloquent regions, as those who
present an indication for an awake procedure) show a worsening in some neuro-
logical functions, even when the mapping technique and the surgery have been
adequately performed. In fact, a worsening in language function has been reported
in 14-50% of patients, but 78-100% of patients have recovered a normal function
at 1 month. Furthermore, postsurgical transitory cognitive dysfunction in 55%
of patients treated with an awake procedure has been reported. This worsening is
associated with the increase of edema related to surgical handling, as well as the
presence of blood resting in the tumor cavity. In our experience, this worsening is
normally higher in patients with high- than low-grade gliomas.

In any case, after the surgery, a recovery period must be considered in all
patients, which may include the indication of simple tasks to facilitate the spontane-
ous recovery process or an organized rehabilitation program. This therapy would
try to accelerate and/or modify brain plasticity mechanisms to make them more
efficient. However, the recovery period after brain surgery may be truncated or
limit their effectiveness due to the use of other oncological adjuvant treatments.
More specifically, the early use of radiotherapy in low- and high-grade gliomas or
brain metastasis may slow the normal process of recovery down by damaging and
limiting the development of brain plasticity mechanisms. From a tumoral biology
point of view, the best moment for applying radiotherapy is in the first 4-6 weeks
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after the surgery. Plasticity mechanisms can develop until 8-12 weeks after surgery;
thus, radiotherapy may constitute a limitation in the recovery capacity of neuro-
oncological patients. This aspect may be considered in future studies because if

the surgical aim is to achieve the maximal extent of resection but preserving the
function, adjuvant treatments should not undermine what surgery has achieved. In
this regard, we consider that radiotherapy should be delayed as much as possible,
without limiting its effectiveness related to tumor biology. On the other hand, the
rehabilitation program should start as soon as possible after the surgery, in an inten-
sive and integrative manner. This will allow us to take advantage of the “plasticity
window” after the surgery. In any case, it would be useful to identify serological

or imaging neural plasticity biomarkers for a better follow-up, to decide the best
moment to start the rest of the oncological treatments.

7. Conclusions

Awake surgery for a brain tumor is a safe procedure that should be considered in
all patients with a brain tumor whose neurological function may be compromised
during the surgical procedure, especially in those cases in which the function that
must be preserved cannot be monitored under general anesthesia. The implica-
tion of a multidisciplinary team, a presurgical training period, and a standardized
surgical protocol are essentials for the success of the procedure. Finally, adequate
recovery periods, attending to brain plasticity mechanisms, must be considered in
each patient by appropriately scheduling the rest of adjuvant treatments.
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Chapter7

Immunotherapy against Gliomas

Mathew Sebastian, Bayli DiVita Dean and Catherine T. Flores

Abstract

Immunotherapy has been demonstrably effective against various cancers,
particularly those in the hematopoietic system and those with a high tumor-specific
antigenic burden. Unfortunately, the development of immunotherapeutic strategies
has proven more challenging against central nervous system (CNS) malignancies
due to several unique characteristics of brain tumors that pose extraordinary barri-
ers. To date, there is a lack of phase III trials demonstrating improved progression-
free survival (PFS) and/or overall survival (OS) using immunotherapies in brain
cancers. However, a better mechanistic understanding of current resistance to
immunotherapies along with data from novel innovative techniques to overcome
these barriers has been encouraging. This chapter gives an overview of current
immunotherapies in the development of brain cancers. We will evaluate the present
studies available in the clinical setting and any of their potential findings. The chap-
ter will also discuss pertinent preclinical strategies whose translation for human use
would potentially prove efficacious or provide invaluable scientific discovery.

Keywords: immunotherapy, brain cancer, immune system, malignancy

1. Introduction

Primary malignant brain tumors remain one of the most lethal and clinically
challenging of all cancers. Despite comprising only an estimated 1.3% of all new
cancer cases, brain tumors represent one of the highest causes of cancer mortality
with 18,600 (3.1%) deaths predicted in 2021 [1]. Glioblastoma (GBM) is one of the
most common and aggressive of the primary malignant adult brain tumors with
a median survival of less than 21 months despite standard of care which includes
surgical resection, targeted radiation therapy, high-dose chemotherapy, and tumor-
treating fields [2-8].

Cancer immunotherapies have emerged as new therapeutic mainstays in a
variety of cancers [9-14]. However, the unique characteristics of brain tumors pose
extraordinary barriers that, thus far, have foiled efforts and the success of immuno-
therapeutic approaches. These characteristics include high tumor heterogeneity and
relatively few coding mutations [15, 16], an immunosuppressive microenvironment
[17-23], arelative lack of immune effector cell types [19, 24], and relative isolation
from systemic circulation because of the blood-brain barrier [25-29]. This chapter
will discuss some of the current immunotherapy types with emphasis on the promi-
nent clinical trials for each and the limitations observed.

However, despite a lack of phase III trials demonstrating improved progression-
free survival (PFS) and/or overall survival (OS) in many of these immunotherapies,
incremental progress continues to be made in brain malignancies in both the clinical
and preclinical settings. Novel immunotherapeutic strategies and combinations are
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currently being tested in the preclinical setting. This chapter will also discuss novel
preclinical strategies to enhance immunotherapies, including modified chimeric
antigen receptor (CAR) T cells, small molecular inhibitors that target immunologic
pathways, and combinatorial checkpoint approaches.

2. Current immunotherapies
2.1 Cancer vaccines

Cancer vaccines involve exogenous administration of tumor antigens that can
stimulate an adaptive immune system against tumor cells. The basic requirements
for cancer vaccines include the delivery of tumor-specific antigens to antigen-pre-
senting cells (APCs) such as dendritic cells (DCs), DC activation, activation of both
T cell subsets and infiltration into the tumor microenvironment to exert durable
responses [30]. Vaccine strategies have been employed against primary brain tumor
targets using a variety of antigen substrates, including peptides, full-length pro-
teins, RNA, and DNA in various formulations including antigens alone, antigens
in combination with various local or systemic adjuvants, or dendritic cell vaccines.
Though vaccination strategies have demonstrated a survival benefit in early phase
clinical trials, there have yet to be any phase III clinical trials in patients with GBM
demonstrating survival benefit. However, vaccination strategies continue to hold
great promise with the rationale and hope that they would stimulate effective
tumor-specific immunity, target tumor cells but not normal brain, and provide
immunological memory against tumor recurrence [31].

2.1.1 Single peptide vaccines

Multiple single peptide vaccines have been generated to target a variety of
tumor antigens including mutated isocitrate dehydrogenase 1 (IDH-R132H),
survivin, Wilms Tumor 1 (WT1), and epidermal growth factor receptor variant
IIT (EGFRVIII). Peptide vaccinations are highly specific and provide the benefit of
reduced off-target effects, preventing autoimmune toxicities.

Mutated IDH1 defines a molecular subtype of diffuse glioma. A phase I trial of
an IDH1(R132H)-specific peptide vaccine was conducted in 33 patients with newly
diagnosed WHO grade 3 and 4 astrocytomas [32]. This study met its primary safety
endpoint and demonstrated a three-year progression-free rate of 63% and a three-
year death-free rate of 84% [33]. This study assessed intratumoral inflammatory
reactions associated with the use of vaccines by the presence of pseudoprogression.
Intriguingly, this study found high frequencies of pseudoprogression, 37.5% in
the treatment group compared to 16.7% in a molecularly matched control cohort,
indicating intratumoral inflammatory reactions. In one patient with pseudopro-
gression, the analysis found that a cluster of T cells was dominated by a single
IDH1(R132H)-reactive T cell receptor.

Survivin is an anti-apoptotic protein expressed in malignant gliomas. One early
phase study assessed the survivin peptide vaccine in nine patients with survivin-
positive malignant gliomas and found it to be safe and tolerable [34]. The treatment
group had a median PFS of 17.6 weeks and a median OS of 86.6 weeks compared to
an analysis of phase I chemotherapy trials of patients with recurrent glioma with
a PFS of 10 weeks and OS of 30 weeks [35]. A phase II trial was initiated with the
survivin peptide vaccine in 63 participants with newly diagnosed glioblastoma
[36]. In 2020, a trial update found 96.8% of patients did not experience disease
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progression within 6 months with a 93.5% survival rate a year after diagnosis [37].
This is an ongoing study.

Wilms Tumor 1 (WT1) is a pleiotropic transcription factor with functional roles
in GBM that range from driving cellular proliferation [38] to inhibiting apoptosis
[38, 39]. An uncontrolled nonrandomized phase II trial of WT1 peptide vaccination
for patients with recurrent WT1-positive GBM was conducted with 21 patients. This
study demonstrated that the vaccination was safe and produced a clinical response
with a median PFS period of 20.0 weeks, median overall survival after initial
vaccination of 36.7 weeks, and a 6 month PFS of 33.3% [40]. The median PFS and
median OS found in this study were said to be comparable to various combination
regimens of chemotherapy and/or radiotherapy.

Epidermal growth factor receptor (EGFR) amplification is enriched in the
classical subset of GBM and is seen in 57.4% of primary GBM patients [41, 42].
Epidermal growth factor receptor variant III (EGFRvIII) regulates EGFR activity by
inducing the expression of EGFR ligands [43]. A phase II trial assessed the immu-
nogenicity of an EGFRvIII-targeted peptide vaccine [44]. The 6-month PFS after
vaccination was 67% (versus 59% in the historical cohort) with a median overall
survival of 26.0 months (versus 15.0 months in the matched control group) [45].
However, no benefit was observed in a randomized phase III trial [46]. Further
analysis found significant loss of EGFRVIII expression in a subset of patients with
tumor tissue available at recurrence in both those that received the vaccine and in
those receiving standard-of-care chemoradiation [47].

To date, single peptide vaccines have yet to lead to clinical benefit in phase III tri-
als in brain cancers. The EGFRVIII work hints that the selection of a single molecular
target as a peptide vaccine might be inadequate to overcome the considerable chal-
lenges of tumor antigen down-regulation and tumor heterogeneity. Thus, targeting
multiple targets could lead to robust durable responses. Thus, studies investigating
multi-peptide vaccines, with several tumor antigen targets, have now been initiated.

2.1.2 Multipeptide vaccines

To identify multiple tumor-associated peptides for immunotherapy, a study
set out to assess the potential of using HLA-associated tumor peptidomes as a
source of tumor-associated antigens to be used in immunotherapy [48]. The
components found gave rise to the multipeptide vaccine IMA950. A phase I/II set
out to assess IMA950 and its 11 tumor-associated peptides which include brevican
(BCAN); chondroitin sulfate proteoglycan 4 (CSPG4); fatty acid-binding protein
7, brain (FABP7); insulin-like growth factor 2 messenger mRNA-binding protein
3 (IGF2BP3), neuroligin 4, X-linked (NLGN4X); neuronal cell adhesion molecule
(NRCAM), protein tyrosine phosphatase, receptor-type, z polypeptide 1 (PTPRZ1);
tenascin C (TNC); Met proto-oncogene (MET); baculoviral IAP repeat-containing
5 (BIRCS); and hepatitis B virus core antigen [48]. In this study, IMA950 was
adjuvanted with poly-ICLC (polyinosinic-polycytidylic acid stabilized with poly-
lysine and carboxymethylcellulose) [49]. The multi-peptide vaccine was used in 19
patients, 16 with GBM and 3 with grade III astrocytoma. Results showed a median
overall survival of 19 and 17 months for the whole cohort and GBM patients-only,
respectively, with a PFS of 68% at 6 months for the whole cohort and 69% for GBM
patients only when calculated from the study entry [50]. There was no mention of
a historical control group used as a comparator in this study. Due to the findings in
this study, a follow-up trial is actively recruiting patients with recurrent GBM to
test IMA950/poly-ICLC alone or in combination with pembrolizumab, a checkpoint
inhibitor that will be discussed later [51].
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Another multi-peptide vaccine was generated based on observations of three
tumor-associated antigens that were observed to be highly expressed in pediatric
gliomas. This vaccine targets the peptide epitopes of EPH receptor A2 (EphA2;
atyrosine kinase), interleukin-13 receptor alpha 2 (IL-13R02), and survivin.

This study was conducted in 26 pediatric patients with diffuse brainstem gliomas
(BSG) or high-grade gliomas (HGG) [52]. Results showed a median survival

of 13.3 months from diagnosis in the overall cohort with a median survival of

12.7 months in the BSG group and a median survival of 25.1 months in the HGG
group. Though no historical control group was discussed in this phase I study, the
authors mentioned that for children with BSGs, current therapies at the time failed
to increase median overall survival beyond 9-12 months [53].

Though these studies are showing promising results, the lack of clear indication
of efficacy and eventual tumor progression in these phase I-III trials may be attrib-
uted to the multiple obstacles in place by brain cancers including the high degree of
heterogeneity of antigenic expression, an outgrowth of subclones not expressing
the antigens, lack of major histocompatibility complex molecules and/or an immu-
nosuppressive tumor microenvironment.

2.1.3 Dendpritic cell (DC) vaccines

The aforementioned peptide cancer vaccines require uptake and activation of
endogenous antigen-presenting cells (APCs) such as DCs. These DCs then present
antigens to tumor-specific T cells leading to T cell activation. To circumvent the
reliance of endogenous DC antigen loading and activation, some studies utilize DC
vaccines and load DCs ex vivo with a variety of tumor antigens including autologous
tumor lysates, tumor-associated peptides, and tumor-associated viral antigens.
DC vaccines have a variety of advantageous characteristics making them an ideal
choice for antitumor vaccines. They are considered to be the professional APC and
most effective in sensitizing naive T cells to specific antigens. They also are able
to cross-prime, allowing them to present exogenous antigens for presentation on
major histocompatibility complex (MHC) class I molecules, activating cytotoxic T
lymphocytes.

A phase I trial of the DC vaccine DCVax-L was completed which loads autolo-
gous DCs with tumor lysate from newly diagnosed or recurrent GBM participants
[54]. In this trial that enrolled 23 patients, the 1-year survival rate was 91% with a
median OS of 31.4 months from the time of initial surgical diagnosis. The authors
compared this median OS to the median OS of 18.6 months found in a large study
of GBM patients who underwent tumor resection and chemoradiotherapy [55].
However, the study noted that it was unclear whether the extended survival of
participants is a direct result of the vaccine effects or good responses to follow-up
therapies after failing the vaccine [56]. DCVax-L has since gone on to a large phase
III clinical trial with 331 participants with the primary endpoint of PFS and the
secondary endpoint of OS [57]. Preliminary results of the study reveal a median OS
of 23.1 months from surgery in the overall intention-to-treat population (ITT) and
34.7 months from surgery in patients with a methylated O°-methylguanine-DNA-
methyltransferase (MGMT) gene promoter. The authors compared the median OS
in the ITT population to a median OS of 15-17 months from surgical intervention
typically achieved with a standard of care in past studies. The PFS was not evalu-
ated in this interim analysis. In this blinded interim survival analysis, the authors
found that patients were living longer than expected and that this warrants further
follow-up and analyses [58].

ICT-107 is another DC vaccine loaded with synthetic tumor-associated peptides
of antigens commonly overexpressed in CD133-positive cancer stem cells that
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includes Erbb2 (HER?2), second tyrosinase-related protein (TRP-2), glycoprotein
100 (gp100), melanoma-associated antigen 1 (MAGE-1), IL-13Ra2, and absent
in melanoma 2 (AIM-2). In a phase I trial of 21 participants who were HLA-A1 or
HLA-A2-positive and with newly diagnosed GBM (n = 17), recurrent GBM (n = 3),
or with a brain stem glioma (n = 1), the median PFS was 16.9 months with a median
OS of 38.4 months. These results suggest a correlation with prolonged OS and PFS
though no comparator group or historic controls were mentioned [59]. The same
group then conducted a phase Il randomized, double-blind, placebo-controlled
study using ICT-107 in 124 participants with newly diagnosed GBM following
resection and radiotherapy with concomitant temozolomide [60]. The primary
endpoint of median OS was not increased but a significant increase in the PFS by
2.2 months was observed in the intent-to-treat population treated with ICT-07
(11.2 months versus 9 months) [61]. A phase III trial was halted due to insufficient
financial resources [62].

Another pair of studies made use of the immunodominant cytomegalovirus
(CMV) antigen phosphoprotein 65 (pp65) in their DC vaccines. This antigen
is expressed in GBM but not in normal brains [63]. The first was a randomized
blinded phase I clinical trial in 12 patients with newly diagnosed GBM who received
pre-conditioning in the form of tetanus/diptheria toxoid (a potent recall antigen)
or unpulsed mature DCs before bilateral vaccinations with DCs pulsed with CMV
pp65 RNA [64]. Td pre-conditioning led to a significant increase in both median
PFS and median OS compared to the DC alone cohort which had a median PFS and
OS of 10.8 and 18.5 months (consistent with patients treated with standard of care)
[65]. A later study from the same group evaluated DCs pulsed with CMV pp65 RNA
along with dose-intensified temozolomide (TMZ) and adjuvant GM-CSF [64].
Here they observed a median PFS of 25.3 months and a median OS of 41.1 months
in the treatment group compared to 8.0 months and 19.2 months in historical
controls, respectively [66]. A phase Il randomized, blinded, placebo-controlled
trial of DCs pulsed with CMV pp65 and Td is underway with a target of 120 patients
[67]. Another phase II trial utilizing DCs pulsed with CMV pp65 was recently
completed with results pending which is assessing whether basiliximab, a mono-
clonal anti-CD25 antibody, may inhibit the functional and quantitative recovery of
T-regulatory cells after TMZ-induced lymphopenia in newly diagnosed GBM [68].

The potential for DC vaccines is vast in their ability to generate antitumor
immunity however, to date, they have provided suboptimal and overall unsatisfac-
tory clinical benefits in large trials. Work now includes methods to improve iz vitro
APC generation [69, 70], improve DC vaccine activity with additional treatments
[65], and increase inflammation at the vaccine site [56, 66, 71]. It is now thought
that the next major advances in DC vaccines will come from their combination with
other immunotherapies such as checkpoint inhibitors [20].

2.2 Immune checkpoint inhibitors

The principal breakthrough in cancer treatment over the last 15 years is the
introduction of immune checkpoint inhibitors (ICIs) blocking the immune check-
points programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and
cytotoxic lymphocyte antigen 4 (CTLA-4). Immune checkpoints are negative regu-
lators of T-cell immune function and are central for the modulation of physiological
immune responses and the maintenance of self-tolerance. T cells are created in the
thymus where they undergo positive and negative selection and undergo apoptosis
if they fail to recognize self-MHC or bind too strongly to MHC with self-peptides.
This process is called central tolerance [72]. T cells that appropriately respond to
MHC molecules are then sent into the circulation where they eventually interact
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with APCs displaying mutated self-proteins (in cancers) or foreign antigens (in
infection) [73]. However, central tolerance is sometimes incomplete and some T
cells escape and become autoreactive. To prevent autoreactivity, there are multiple
inhibitory checkpoint pathways that regulate the activation of T cells at multiple
levels during an immune process called peripheral tolerance [74].

Central to cancer immunotherapy is that tumor cells can take advantage of
peripheral tolerance and hijack these checkpoint mechanisms, inhibiting T cells
from attacking. The arrival of checkpoint inhibitors in 2011 introduced a new
mechanism to treat cancer and revolutionized cancer management in a variety of
solid tumors [75-78]. There are now several FDA-approved monoclonal antibodies
against solid tumors including ipilimumab targeting CTLA-4, pembrolizumab, and
nivolumab targeting PD-1, and atezolizumab and durvalumab targeting PD-L1.
However, despite numerous articles describing preclinical efficacy of checkpoints
in central nervous system (CNS) tumors, activity against brain metastases from
melanoma and non-small-cell lung cancer [79, 80], and multiple studies describ-
ing increased PD-L1 expression in GBM [81, 82], no FDA approval has occurred
for immune checkpoints in GBM. Here, we will discuss some of the phase III trials
that have occurred with immune checkpoint inhibitors, what has been learned, and
where the research is going.

2.2.1 Phase I11I trials

One randomized phase III study assessed the effect of nivolumab versus beva-
cizumab (anti-vascular endothelial growth factor A) in 439 patients with recurrent
glioblastoma [83]. The study found no statistical difference between the median OS
of nivolumab monotherapy (9.8 months) and bevacizumab (10.0 months) [84].
Interestingly, this study observed that corticosteroid use at baseline seemed to be
associated with worse outcomes in the nivolumab group. This may be due to the
direct effects of corticosteroids on T cell function which may abrogate activation or
priming of the immune system.

Additionally, a phase III study compared nivolumab versus temozolomide in
newly diagnosed patients with unmethylated MGMT GBM [85]. In 2019, Bristol-
Myers Squibb announced that the study did not meet its primary endpoint, which
assessed overall survival [86].

Another randomized phase III single-blind study set out to compare TMZ plus
radiation therapy combined with nivolumab or placebo in newly diagnosed patients
with MGMT-methylated glioblastoma [87]. In 2019, Bristol-Myers Squibb provided
an update that the nivolumab group did not meet one of its primary endpoints,
progression-free survival, but that the data monitoring committee recommended
continuing the trial to allow the other primary endpoint, overall survival, to mature
[88]. The final results are pending.

It remains to be seen whether the lack of demonstrated efficacy of checkpoint
therapeutic efficacy is due to difficulty getting to the tumor site or the tumor
itself. Though it has been shown that T cells can traffick to the CNS, the relatively
immune-privileged CNS may prove to be a limitation if checkpoint inhibition must
enter into these tumors to be effective [20]. However, at least one study demon-
strated clinically meaningful intracranial efficacy with ipilimumab combined with
nivolumab in patients with melanoma with untreated brain metastasis, suggesting
that immune checkpoint strategies can target tumors located intracranially [80].
Lack of effective checkpoint strategies in primary CNS tumors could be due to a
variety of challenges that interplay with one another. First, glioblastomas gener-
ally are considered cold tumors, lacking intratumoral inflammatory cells though
this is also considered to be heterogenous. Lack of efficacy could also be due to
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the relatively low mutational burden since it has been consistently shown that
malignancies with a high burden of clonal neoantigens have a higher response rate
to checkpoint inhibition [89]. Also, the high degree of heterogeneity found within
gliomas, makes specific immunological targeting difficult. Lastly, the observed
systemic T cell dysfunction and sequestration imposed by an intracranial tumor
remain another domineering challenge as this singly does away with the require-
ment of a viable T cell compartment for immune checkpoints to act on [90].

Though multiple challenges must be overcome for immune checkpoint inhibi-
tors to overcome glioblastoma specifically, a better understanding of treatment
resistance in addition to many promising synergistic combinatorial approaches
will provide important incremental advances to efficacy. Finally, as seen in other
solid tumors, resistance to immune checkpoint blockade leads to upregulation of a
host of alternative inhibitory immune checkpoint molecules that are currently also
being targeted in ongoing clinical trials. These new inhibitory immune checkpoint
targets potentially offer increased therapeutic targets to be used as single agents or
in combination with other immunotherapies [91].

2.3 Adoptive cellular therapy (ACT) immunotherapy

Immunotherapy can be considered active or passive. The difference between
each centers on how they modulate the immune system. Active immunotherapy,
such as the aforementioned vaccines, relies on the process of endogenous immune
cells activation, producing a durable response and generation of immunological
memory. Passive immunotherapy, however, produces an immediate response due
to the administration of cytokines, antibodies, or immune cells. A form of passive
immunotherapy is adoptive cellular therapy (ACT) which specifically allows for the
ex vivo generation and expansion of autologous immune cells that can then be given
back to patients. This section will first discuss the non-specific adoptive cellular
therapies such as lymphokine-activated killer (LAK) cells and natural killer (NK)
cells followed by adoptive T cell therapies.

2.3.1 Lymphokine-activated killer (LAK) cells

LAK cells were thought to be a promising candidate for adoptive cellular thera-
pies due to their ease of generation (culturing peripheral blood lymphocytes in the
presence of IL-2), rapid expansion, the long shelf life iz vitro, and tumor lysing
capabilities [92]. These characteristics and favorable results in other cancers led to
a phase I/II clinical trial in adult patients with recurrent or progressive supratento-
rial malignant glioma who were candidates for reoperative surgery. In this study,

19 eligible patients underwent craniotomy with debulking and placement of LAK
cells and IL-2 in a reservoir inserted in the tumor resection cavity. Compared to an
institutional historical control group of GBM after reoperation with a median OS of
28 weeks, LAK-treated patients had a median OS of 53 weeks. After treatment, the
1-year survival was 53% compared to less than 6% in a control contemporary che-
motherapy group after reoperation suggesting improved long-term survival [93].

Another phase I/II trial was initiated in 40 patients with GBM who had
autologous LAK cells placed in the tumor cavity. Findings from this study showed
a median survival from the original diagnosis of 17.5 months compared to
13.6 months in a contemporary age-matched group [94]. The same group conducted
a phase II trial with LAK cell treatment in 33 GBM patients who had not experi-
enced clinical or radiographic evidence of progressive disease during or shortly
after completion of initial therapy which showed a median survival from diagnosis
of 20.5 months with a 1-year survival of 75%. The authors stated that 20.5 months
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median survival is 88% longer than the 12-month survival associated with GBM
and 33% longer than the 15-month median survival observed in the clinical trials
that established the benefit of temozolomide therapy [95].

Overall, the use of LAK has since fallen out of favor [20, 96]. In phase III
randomized trial of IL-2 with or without LAK in the treatment of patients with
advanced renal cell carcinoma (RCC), the addition of LAK did not improve the
response rate against RCC [97]. It is thought the efficacy of LAK cell ACT is due to
the amplification of a subset of therapeutic cells found in the peripheral blood that
are reactive against tumors [96]. Thus, the use of tumor-infiltrating lymphocytes
(TILs; discussed later), which are more specific to the target tumor, might have
better potential.

2.3.2 Natural killer (NK) cells

The NK cell ACT field is rapidly expanding in both biological understanding
of NK cells, including their distinct immune checkpoints [98, 99] in addition to
clinical development of NK cell ACT. These cytotoxic cells are part of the innate
immune system and have many advantageous characteristics which include rapid ex
vivo activation and expansion without the use of autologous tumor cells and are not
MHC restricted [100]. It is recognized that NK cells target other cells types based
on a lack of MHC-I expression [101]. Glioblastoma is known to employ immune
evasion tactics including downregulation of MHC-I [102-104] which may make it
amenable to ACTs using NK cells.

An early preliminary trial was conducted in nine patients with recurrent
malignant gliomas using autologous NK cells injected into the tumor cavity, using a
reservoir system, and intravenously. This study found that NK cell therapy was safe
with some clinical benefit demonstrating three patients with partial response (50%
decrease in tumor volume), two with a minor response (25% decrease in tumor
volume), seven with progressive disease (increase of 25% in tumor volume), and
four with no change [100].

Currently, there is at least three phase I trials in the process utilizing NK cells in
high-grade gliomas [105-107].

2.3.3 Tumor-infiltrating lymphocytes (TILs)

As mentioned before, ACT allows for ex vivo generation and expansion. During
expansion, several modifications and enhancements can occur to confer advanta-
geous characteristics in antitumor activity. T cells can be positively selected based
on specificity to tumor antigens and increased effector function. Or, they can also
be transduced to express specific tumor-associated T cell receptors (TCRs) that,
though MHC-restricted and MHC-dependent, can target intracellular antigens.
Alternatively, T cells can be modified to express chimeric antigen receptors (CARs)
for specific tumor cell surface proteins.

As the name implies, tumor-infiltrating lymphocytes are thought to have
undergone iz vivo recognition of their cognate antigen and migration into the
tumor. Thus, the administration of autologous TILs have produced durable objec-
tive responses in patients with advanced melanoma [108]. However, TILs are less
feasible in GBM owing to the difficulty in isolating and expanding them [109] and
T cell exhaustion while within the tumor microenvironment [110]. A more feasible
approach is the aforementioned targeting of the ubiquitously expressed human
CMYV antigen pp65 in GBM tissue [111]. This approach was conducted in an early
phase clinical trial and was able to successfully expand CMV-specific T cells from
13 out of 19 patients of which 11 received all four T-cell infusions and found that
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the median overall survival of these patients since the first recurrence was 403 days.
The overall median OS in this study was >57 weeks (a range of 19-345 weeks) and

a median PFS of >35 weeks (a range between 15.4-254 weeks). No comparator
group or historic controls were mentioned in this early phase trial. Interestingly,
molecular profiling of CMV-specific T cells from the patients revealed distinct gene
expression signatures which correlated with their clinical response [111]. Another
phase I randomized study was initiated in 22 CMV-seropositive, newly diagnosed
GBM patients. This study assessed CMV pp65-specific T cells that were generated ex
vivo with autologous CMV pp65 RNA-transfected DCs with or withouta CMV-DC
vaccination [112]. Though this study was not powered to detect differences between
cohorts with regard to PFS and OS, the study found an association between higher
IFNy*, TNFa®, and CCL3" polyfunctional, CMV-specific CD8" T cells and OS [113].

2.3.4 Chimeric antigen receptors T cells (CAR T cells)

A major recent advancement in adoptive cellular therapies has been the develop-
ment of chimeric antigen receptors as a means for T cells to bypass MHC restriction,
and dependence and have specificity for a cell surface antigen. CAR T cell therapy
recently received approval targeting CD19 in B cell leukemia and lymphoma
[114]. CART cells are genetically modified to express an extracellular single-chain
variable fragment that specifically recognizes a tumor cell’s surface antigen. The
extracellular binding fragment is bound to intracellular signaling domains and/or
co-stimulatory domains that allow for T cell activation when the fragment is bound
to its cognate antigen. CAR T cells have the advantage of recognizing target antigens
independent of HLA and also disregarding tumor cell immunoevasion by MHC
expression reduction.

A phase I safety study was conducted using autologous CAR T cells targeting
EGFRvIII in 10 recurrent EGFRvIII* GBM patients [115]. The median OS was
251 days (~8 months; PFS could not be calculated due to the confounding factor of
neurosurgical intervention in most of the patients). No specific historical controls
were mentioned though the authors stated that GBM patients with significant
residual disease after surgery have an average survival that is around ~6 months.
The group demonstrated that EGFRVIII specific CAR T cells were found in the
brain tumor and exerted antigen-directed activity. They also found that most of
the patients had decreased expression of EGFRVIII in tumors resected after CAR T
therapy [116].

Another member of the family of EGFR-related receptor tyrosine kinase is
HER?2. HER2 is commonly overexpressed in high-grade gliomas [117-120]. A phase
I dose-escalation study was initiated to assess the safety and antitumor efficacy
of autologous HER2-specific CAR T cells in 17 patients with progressive recur-
rent GBM [121]. This study found that though HER2-specific CAR T cells did not
expand, they were detected in peripheral blood for up to 12 months. They found
that eight patients had clinical benefit from either partial response or stable disease.
The median OS was 11.1 months from the first CAR T cell infusion and 24.5 months
from diagnosis with an 18-month OS of 29.4% [122]. As a comparator, this study
mentions achieving similar outcomes as another study that used bevacizumab and
lomustine where the median OS was 12 months with an 18-month OS of 20% [123].

Similar to the aforementioned peptide and DC vaccines, there are CAR T
approaches targeting IL-13Ro2 due to its expression in a majority of adult and
pediatric GBM tumors but not in normal brains [124, 125]. One group demon-
strated that administration of IL-13Ra2-specific CAR T cells was feasible and
showed evidence for transient anti-glioma responses in two out of three patients
with recurrent GBM [126, 127]. The same group has initiated an ongoing phase I
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study utilizing IL-13Ra2-specific CAR T cell administration into the resected tumor
cavity and the ventricular system in patients with recurrent or refractory malignant
glioma [128]. A case report derived from this phase I study observed regression of
all CNS tumors along with concomitant increases in cytokines and immune cells in
the cerebrospinal fluid. Subsequent relapse was later found to be due to IL-13Ra2-
negative tumors [129].

These studies demonstrate the barriers found in targeting single antigens in
a highly heterogenous tumor. Newer approaches for enhanced CAR T therapy
efficacy will require targeting multiple antigens, a combinatorial approach with
other immunotherapies, or the development of CAR T cell designs that induce
significant epitope spreading [20]. Aside from antigen target constructs, current
work in CAR T therapy looks toward maximizing and maintaining the activity of
the administered CAR T cells to overcome barriers in the solid tumor microenviron-
ment [130]. As mentioned with cancer vaccines, the benefit will likely occur with
the combination of CAR T therapy and immune checkpoint blockade. Another
strategy is to express chemokine receptors in CAR T cells to improve their tumor-
directed trafficking (discussed below) or, conversely, express blocking chemokines
and receptors expressed by tumor cells to inhibit recruitment of inhibitory immune
cells. Another strategy is disrupting the tumor vasculature with anti-VEGFR CAR
T therapy. Strategies are also looking into the combination of depleting immune-
inhibitory cells to then allow for CAR T therapies to maintain durable responses.
Though CAR T therapy remains a promising therapy for GBM, further work is
needed to lead to clinical benefit.

3. Novel preclinical strategies
3.1 Targeting glioma stem cells (GSCs)

Glioma stem cells (GSCs) are a subpopulation of glioma cells with stem-like
properties. These cells are thought to promote tumor initiation, chemo- and radio-
resistance, and tumor invasiveness. GSCs were first defined by their expression of
prominin 1 or CD133, however, it was later discovered that CD133-negative cells
were also capable of causing tumor initiation. In addition, several different models
of GSC initiation have been proposed.

Voraet al. generated three different therapeutic modalities to target CD133*
GSCs and tested their efficacy using human GBM models. The first modality, a
CD133-binding IgG, was found to be ineffective at causing a significant reduction in
proliferation i vitro and in vivo tumor burden. The second modality, a dual-antigen
T cell engager or DATE, specific for CD133 and CD3, caused significant tumor-
killing both in vitro and in vive. Finally, the CD133-specific CAR T cells provided
profound T cell proliferation and secretion of the anti-tumor cytokines IFNy and
TNFa upon co-culture with various human GBM cells. In addition, when mice were
intracranially injected with human GBM cells followed by subsequent intracranial
injection of CD133-specific CAR T cells, a significant reduction in tumor burden
and prolonged survival was observed relative to control-treated mice. Importantly,
they found administration of CD133-specific CAR T cells did not significantly
impair hematopoiesis [131].

An additional novel method of targeting GSCs is through the use of NK cells.
These cells are cytotoxic lymphocytes capable of killing target tumor cells. GSCs
have been shown to express activating ligands of NK cells, such as CD155 and
B7-H6. In addition, NK cells were shown to be able to lyse GSCs iz vitro upon
co-culture with target GSCs. Contrarily, GSCs were found to promote NK cell
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dysfunction that was determined to be contact-dependent. Mechanistically, the NK
cell dysfunction was found to be mediated via TGFp-1 released by GSCs and upon
treatment with a TGFp inhibitor, the dysfunction could be significantly diminished.
When evaluated in an iz vivo model of human GSC, the combination of allogeneic
NK cells and a TGFp inhibitor provided superior survival relative to any control
groups. These results suggest combinatorial NK cell therapy and TGF inhibitor
may provide promising anti-tumor responses [132].

3.2 Modified CAR T cells

CAR T cells combine the single-chain variable fragment (scFV) of monoclonal
antibodies with the internal component of the T cell receptor. There are three main
generations of CAR T cells—first-generation CAR T cells include an scFV as well as
CD3( endodomain. The second generation built upon this by adding a costimula-
tory molecule such as CD28 or 4-1-BB to promote expansion. Finally, third-gen-
eration CAR T cells consist of an scFV, CD3(, as well as two or more costimulatory
molecules. CAR T cells, especially third-generation CAR T cells, have had great
success in patients with B cell malignancies [133].

However, single-agent CAR T cells have had limited success in patients with
CNS malignancies. This is likely due to several factors, including a high degree of
heterogeneity in the tumor microenvironment (TME), loss of antigen during tumor
progression, exhaustion of the CARs within the TME, and finally upregulation of
immunosuppressive molecules that inhibit CAR T cell killing [134].

Bielamowicz et al. utilized human GBM cells to identify three antigens expressed
on human glioma cells: HER2, IL-13Ra2, and EphA2. Single-agent CAR T cells,
bispecific CAR T cells targeting IL-13Ra2 and EphA2, as well as trivalent CAR
T cells specific for all three antigens were developed and tumor-killing was first
assessed in vitro. Upon coculture with target human glioma cells, secretion of IL-2
and IFNy were significantly higher upon treatment with trivalent CAR T cells
relative to nontransduced T cell controls. In addition, the specific lysis of target
cells was significantly greater when co-cultured with trivalent CAR T cells rela-
tive to controls. Efficacy was also evaluated using intracranially injected human
glioma cells followed by intracranial injection of single CAR T (targeting IL-13Ra2),
bivalent CAR T (targeting EphA2 and IL-13Ra2), trivalent CAR T cells (target-
ing HER2, IL-13Ra2, and EphA2), or nontransduced T cell controls. The authors
found the trivalent CAR T cells provided superior anti-tumor efficacy relative to
controls [135].

Several other modified CARs have shown increased efficacy relative to their
first-generation counterparts. Krenciute et al. modified IL-13Ra2-specific CAR T
cells to secrete IL-15, a cytokine that promotes activation, proliferation, and cancer
cell lysis. Relative to IL-13Ra2 CAR T cells that did not secrete IL-15 (first-genera-
tion), these second-generation CAR T cells showed increased lysis of target tumor
cells and increased proliferation iz vitro. In addition, when evaluated iz vivo, mice
treated with the second-generation CAR T cells had significantly increased PFS and
OS relative to those treated with the first-generation CAR T cells. The authors found
mice that succumbed to the tumor after treatment CAR T cell therapy downregu-
lated the expression of IL-13Ra2 [136].

In the context of neuroblastoma, disialoganglioside (GD2) represents a promis-
ing tumor-associated target for CAR T cell therapy. GD2 has been shown to promote
malignant phenotypes such as proliferation, migration, and invasion [137]. Ina
phase I clinical trial, GD2-specific CAR T cells were evaluated in neuroblastoma
patients in combination with cyclophosphamide and fludarabine as well as the
checkpoint inhibitor, anti-PD-1 [138]. Although the therapy was found to be safe,
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only modest anti-tumor responses were observed [139]. To improve upon the
efficacy of these CAR T cells, Moghimi et al. modified GD2-specific CAR T cells to
express B7H3 and found enhanced anti-tumor responses both i vitro and in vivo
relative to untreated controls. They go on to determine the enhanced efficacy is
likely due to improved metabolic function [140].

Another promising CAR T cell target for brain tumors is CD70. In terms of
normal immunology, CD70 is a co-stimulatory molecule expressed in activated
immune cells. However, Jin et al. found CD70 to be overexpressed in tumor samples
isolated from IDH wild-type low-grade glioma and GBM patients [141]. Using a
model of high-grade glioma, modified CD70 CAR T cells that express CXCR1 or
CXCR?2 improved T cell migration to the tumor site. In addition, survival of tumor-
bearing mice was improved when treated with CXCR1 or CXCR2 modified CD70
CART cells relative to unmodified CD70 CAR T cells [142]. Collectively, these
results suggest modified CAR T cells may hold promising anti-tumor responses
relative to their first-generation counterparts.

A huge limitation of CAR T cells is the eventual expression of exhaustion
molecules, leading to a lack of anti-tumor efficacy. Weber et al. recently utilized
transient periods of rest using a small molecule as well as dasatinib, a tyrosine
kinase inhibitor that inhibits T cell signaling. The authors utilized GD2.CD28¢ CAR
T cells in a model of human osteosarcoma. The use of rest in pre-exhausted CAR
T cells redirected their fate from a state of exhaustion toward a memory-like state.
Furthermore, in T cells that already acquired markers of exhaustion, the use of rest
reversed the exhaustion phenotype and caused epigenetic remodeling similar to
non-exhausted controls. CAR T cells subjected to intermittent rest through alter-
nating CAR expression or dasatinib-treatment demonstrated superior anti-tumor
effects. These findings have profound translational implications to improve thera-
peutic response using CAR T cells [143].

3.3 Small molecule inhibitor

Myeloid-derived suppressor cells (MDSCs) have been shown to be expanded in
the periphery of GBM patients [144]. MDSCs within the TME have been shown to
contribute to tumor immunosuppression via the secretion of immunosuppressive
molecules such as arginase 1 and inducible nitric oxide synthase (iNOS). Alban
et al. expanded upon these findings and found the monocytic subset of MDSCs
(mMDSCs) express high levels of CD74 and its ligand, macrophage migration
inhibitor factor (MIF). They used MN-166, a small molecule inhibitor of phospho-
diesterase capable of penetrating the blood-brain barrier to inhibit the CD74/MIF
interaction on myeloid cells and therefore prevent mMDSC formation. They found
MN-166-treated MDSCs prevented MDSC-mediated T cell suppression. In addition,
increased intratumoral CD8* T cells were found when tumor-bearing mice were
treated with MN-166. Despite no difference in survival being observed, the authors
suggest this therapy could combine well with activating immunotherapies [145].

Signal transducer and activator of transcription 3 (STAT3) is a transcription
factor shown to be upregulated in GBM and is correlated with decreased sur-
vival. Wightman et al. have shown treatment of GBM cells with IL-6 increased
phosphorylation and overall STAT3 expression. The authors used bazedoxifene, a
selective estrogen receptor modulator, to inhibit IL-6-mediated STAT?3 activation.
Importantly, they show treatment of GBM cells with bazedoxifene decreases mark-
ers of GSCs, such as SRY-box transcription factor 2 (SOX2) and octamer-binding
transcription factor 4 (OCT4). In addition, they demonstrate treatment of tumor-
bearing mice with bazedoxifene significantly prolongs survival relative to vehicle-
control treated mice [146].
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3.4 Gene therapy

Alghamri et al. recently published a thorough investigation of mutant versus
wild-type IDH (wtIDH) gliomas in both murine and human models. Focusing
on the murine data, the authors found wild-type IDH gliomas possessed more
suppressive CD11b"Ly6G* granulocytic MDSCs (gMDSCs) as well as increased
PD-L1, iNOS, and Argl relative to gMDSCs derived from mutant IDH (mIDH)
glioma bearing mice. Furthermore, murine mIDH glioma neurospheres were found
to secrete significantly more G-CSF relative to their wtIDH counterparts. This
increased secretion was determined to be caused by enrichment of H3K4me3 in
the Csf3 gene, which encodes G-CSF. Finally, when the immune-stimulatory gene
therapy herpes simplex virus 1—thymidine kinase/Feline McDonough sarcoma
(Fms)—like tyrosine kinase 3 ligand (TK/FIt3L) was used in combination with
recombinant G-CSF (rG-CSF) in a wtIDH mouse model, a significant survival
benefit was observed relative to TK/Ft3L or rG-CSF alone [147].

3.5 Combination checkpoint inhibition

Tumor-treating fields (TTFs) work as a non-invasive anti-cancer therapy via
alternating electric fields. As stated earlier, TTFs are already FDA-approved for
GBM in combination with temozolomide. Voloshin ez al. expanded upon these
findings and found TTFs elicited tumor cell death in murine models of lung and
colon cancer. In addition, the authors found TTFs could induce maturation of bone
marrow-derived DCs. Furthermore, using an orthotopic model of murine lung can-
cer, the combination of TTFs and the ICI, anti-PD-1, was found to reduce growth
relative to control-treated mice. This anti-tumor effect was found to be mediated by
the expansion of macrophages, DCs, and CD8" T cells within the TME. In addition,
when subcutaneous colon cancer-bearing mice were treated with anti-PD-1, TTFs,
or the combination, a reduction in tumor growth was observed in combination-
treated mice relative to controls. Combination-treated mice were found to have
a decrease in intratumoral DCs and macrophages but increased CD3'CD4" and
CD3"CD8" T cells. These results suggest the combination of an ICI such as anti-PD-1
and TTFs could enhance anti-tumor responses in the context of brain tumors [148].

As stated earlier, ICI as monotherapies has had limited success in patients with
CNS-derived malignancies. Therefore, several groups are evaluating combinatorial
ICI approaches to enhance anti-tumor effects. Flores et al. found the combination
of lineage-negative hematopoietic stem and progenitor cells (HSPCs) and the ICI,
anti-PD-1 provided significantly prolonged survival relative to HSPC or anti-PD-1
monotherapy. The authors found the enhanced survival is likely due to increased
secretion of IFNy by T cells in the TME. In addition, they found the CCR2" HSPCs
were the population responsible for providing the enhanced anti-tumor efficacy.
Interestingly, they observed that utilizing CCR2* HSPCs in the context of an adop-
tive cellular therapy (ACT) platform, which combines tumor RNA-pulsed DCs,
tumor-reactive T cells, and radiotherapy, significantly enhanced survival relative to
ACT using bulk lineage-negative HSPCs. These results suggest these CCR2" HSPCs
cells may be combined with various types of immunotherapies to enhance anti-
tumor efficacy [149].

Alternatively, Flores-Toro et al. identified an expansion of CCR2" myeloid cells
within the TME using two models of intracranial glioma. The authors used a small
molecule inhibitor of CCR2, CCX872, in combination with the ICI, anti-PD-1
to enhance survival using a murine model of high-grade glioma as well asa GSC
model. They went on to determine this mechanism of anti-tumor efficacy was likely
due to a combination of reduced recruitment of Ly6C* myeloid cells to the TME,
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an increase in intratumoral CD4", CD8*, CD3* IFNy* cells, and a reduction in CD8"
TIM3* PD-1* T cells relative to vehicle control-treated mice [150].

Finally, Sabbagh et al. used novel combinatorial immunotherapy approach to
enhance anti-tumor efficacy. They utilized low-intensity pulsed ultrasound (LIPU)
to open the BBB for better penetration of various therapeutics. Although LIPU as
monotherapy did not provide a robust anti-tumor response, when combined with
anti-PD-1, enhanced median survival was observed relative to IgG control-treated
mice. In addition, the authors used EGFRvIII-specific CAR T cells in combination
with LIPU and found increased trafficking of administered CAR T cells to the TME
as well as enhanced survival relative to CAR T cells alone. These results suggest
utilizing combinatorial immunotherapeutic approaches with LIPU may lead to
enhanced anti-tumor efficacy [151].

4, Conclusions

Malignant brain tumors pose a unique and difficult set of challenges including
high tumor heterogeneity and tumor antigen loss, low mutation burden, an immu-
nosuppressive microenvironment, systemic T cell dysfunction, and relative isola-
tion from systemic circulation due to the blood-brain barrier. These overwhelming
obstacles have, thus far, limited immunotherapy efficacy. Despite these hurdles,
immunotherapies are making incremental advances to overcome these challenges
simultaneously [152, 153]. New developments are occurring in the peptide vaccine
platforms by the conjugation with toll-like receptor agonists which can enhance
activation of DCs to elicit tuned immune responses [154-156]. Studies are also
moving forward to focus on targeting multiple antigens simultaneously to combat
tumor antigen loss in CAR T therapy [157]. Other groups are working on address-
ing the immunosuppressive tumor microenvironment and T cell exhaustion with
several studies underway in a variety of cancers that combine vaccines and immune
checkpoint inhibitors [158]. In the CAR T therapy arena, groups are overcoming
T cell exhaustion by knocking out the checkpoint molecules [159, 160], endowing
CAR T cells with the capabilities of secreting anti-PD-L1 antibodies [161], and
linking the PD-1 extracellular domain to the CD28 intracellular domain to lead to an
activation signal instead of inhibition [162, 163]. Other groups are working on over-
coming the blood-brain barrier challenge by using laser interstitial thermal therapy
or the aforementioned low-intensity pulsed ultrasound to cause local disruption
and permeability which may increase trafficking of therapies to the tumor site [151,
164, 165]. These approaches utilizing various combinations and novel technologies
may provide solutions to the aforementioned obstacles.

In summary, the next advances in immunotherapies for CNS malignancies will
come from enhanced foundational understanding of immune cells and the tumor
microenvironment, better mechanistic understandings of current immunotherapy
resistance, increased rational combinations of current immunotherapies with
complementary mechanisms of action, and novel immunotherapeutic approaches.
Together, the above-mentioned clinical studies and novel preclinical work provide
an optimistic future in cancer with much-needed improvement in patient survival.
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Chapter 8

Crossing Blood-Brain Barrier with
Nano-drug Carriers for Treatment
of Brain Tumors: Advances and
Unmet Challenges

Sukanya Bhunia and Arvabinda Chaudhuri

Abstract

Blood-brain barrier (BBB), a unique membrane barrier formed by closely
stitched brain capillary endothelial cells (BCEC) with tight cellular junctions,
separates brain from the circulating blood to protect it from bloodborne pathogens.
BBB greatly limits the entry of chemotherapeutics to brain, and in consequence, it
is a major obstacle for treating brain tumor. Advances in designing efficient nano-
drug carriers are opening new avenues for overcoming this uphill systemic chal-
lenge. This book chapter describes current understanding of nanocarriers-mediated
noninvasive drug targeting to brain tumor. Design principles behind the construc-
tion of the most promising recently designed receptor and transporter selective
nano-drug carriers for combating brain tumors have been highlighted.

Keywords: blood-brain barrier, brain tumor, nanocarrier, drug delivery,
nanomedicine

1. Introduction

Gliomas are the deadliest primary central nervous system (CNS) neoplasms
arising from rapid proliferation of glial cells, the non-neuronal cells present in
brain. Based on histopathologic features and progression of the disease, gliomas
are classified by WHO into four grades: grade I (pilocytic astrocytoma), grade II
(astrocytomas and oligodendrogliomas), grade III (anaplastic astrocytomas and
oligodendrogliomas), and grade IV (glioblastoma multiforme). The low-grade
(I and II) glial tumors often evolved with time into high-grade (grade IV) glio-
blastoma multiforme (GBM). However, irrespective of their grading, glial tumors
almost invariably exhibit marked infiltrative growth pattern with tumor cells travel-
ing long distances away from their origin into the surrounding healthy brain tissue.
Furthermore, they are highly proliferative along with their significant angiogenic
potential and resistance to apoptosis. GBM has a median survival of 14-17 months
post diagnosis and only 3-5% survivability beyond 5 years. Current standard of
care to treat gliomas includes safe surgical resection of the tumor followed by
radiotherapy and chemotherapy. Despite significant advances in the cancer treat-
ment, therapeutic success against gliomas remained an unmet challenge mainly
because of their diffusive infiltrating growth pattern with rapid proliferation rate
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and physiological location, which made them difficult to cure completely either by
surgical excision or application of radiotherapy/chemotherapy [1, 2]. More often
than not rapid recurrence of tumor ensues. Poor drug accumulation in glioblastoma
tissue, unfavorable pharmacokinetic behavior, and toxicity to off-target organs are
retarding the clinical success of systemic chemotherapy of glioblastoma.

1.1 Physiology and anatomy of human brain

Toward developing an effective therapeutic strategy for combating glioblastoma,
a basic understanding of brain physiology is very important. Brain is an integral
part of the central nervous system. Primary brain cells include equal number of
neuron and glial cells [3]. Where neurons connect different body parts by trans-
mitting information, glial cells provide structural support and protection to the
neurons. Both cells together organize into specialized structures, which can be
classified as gray matter (dominated by cell bodies) and white matter (dominated
by axons). The three major subdivisions of human brain are the cerebrum, cerebel-
lum, and the brain stem (Figure 1) [4]. The largest part cerebrum is divided into
the right and left hemispheres along the mid-sagittal plane. These hemispheres are
made up of an outer layer of gray matter named as the cerebral cortex responsible
for language and information processing. Cerebral cortex cells communicate with
each other and with the spinal cord via the underlying cerebral white matter.
Communication between the two cerebral hemispheres primarily occurs via a major
white matter tract called the corpus callosum. The cerebellum contains a similar
kind of gray and white matter organization but at a smaller scale. It functions pri-
marily to control balance and coordinated movement. The brain stem, responsible
for involuntary functions such as heart rate and breathing, connects the brain to the
spinal cord. It also contains both gray and white matter regions. However, unlike in
cerebrum and cerebellum, they are not organized into inner and outer layers. Most
of the brain tumors occur in the parenchymal space of the cerebrum [5]. However,
getting drugs into the brain is much more difficult than that into other body tissues
as brain tissue is highly protected both externally and internally. Skull externally
protects brain tissue and regulates intracranial tissue pressure by constraining the
volume [6], which limits the regional mode of drug delivery to brain. Brain is inter-
nally protected by the blood-brain barrier (BBB), which prevents random entry of
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Figure 1.

Basic anatomy of human brain; cevebrum, cevebellum, and brain stem are the three major subdivisions of
human brain.
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molecules from blood circulation into brain tissue making delivery of systemically
administered drugs to brain an arduous task.

1.2 Blood-brain barrier (BBB)

Blood-brain barrier (BBB) is a highly selective and protective membrane barrier
that separates the central nervous system (CNS) and prevents entry of random sub-
stances from circulating blood to CNS. It protects brain from bloodborne pathogens
and maintains the homeostatic regulation of the brain microenvironment [7, 8]. The
presence of BBB was first presumed in 1885 when the German bacteriologist Paul
Ehrlich found no trace of a water-soluble aniline dye in the brain and cerebrospinal
fluid (CSF) after injecting it in the peripheral circulation while it was found in
other organ. It was initially assumed that the dye has bonding affinity toward other
organ except the brain and CNS [9]. However, in 1913 when E. Goldman, a student
of Ehrlich, repeated the same experiment and performed additional experiment
by injecting the dye into CSF of dogs, the presence of dye was found in the CNS
including brain and the spinal cord only when it is injected in CSF of dogs [10].
Then it strengthened the hypothesis, previously suggested by Bield, Kraus, and
Lewandowsky, that there must be a barrier that is preventing the transfer of dyes
between blood and brain [7]. In 1937, after the invention of the scanning electron
microscopy (SEM), the actual membrane barrier was observed.

The BBB is primarily composed of a continuous layer of brain capillary endo-
thelial cells (BCEC) securely interconnected by tight junctions and adherens
junctions, a basement membrane, pericytes, and perivascular astrocyte end-foot
processes. The BCEC cells are highly interconnect via tight junction to form a
thin wall-like structure (~200 nm), which is from the luminal side (BBB facing
blood), covered by heparan sulfate proteoglycans, laminin, collagen type IV, and
other extracellular matrix proteins. In comparison with the endothelial cells at
the peripheral micro-vessel, BCEC differs in majorly two ways. Firstly, due to
the presence of tight junction, the connection between endothelial cells at BBB is
~50-100 times tighter than endothelial cells at the peripheral micro-vessel wall,
and there is no fenestration in BBB [11-13]. In addition, BBB endothelial cells
have very few pinocytotic vesicles unlike endothelial cells in the rest of the body.
As a consequence, transport of nutrients from the blood to the brain requires
energy-dependent active transport pathway indicating the presence of ~5-6 times
more mitochondria. BBB endothelial cells offer an enzymatic barrier due to the
presence of proteolytic enzymes including c-glutamyl transpeptidase, alkaline
phosphatase, and aromatic acid decarboxylase [14]. This enzymatic barrier has
the capability to break down the neuroactive bloodborne solutes and drugs. The
pericytes are covering 20% of the outer surface of endothelial cells. The primary
function of pericytes is to form two basal laminas (BL1 and BL2) together with
the smooth muscle. The BL1 is the distinct extracellular space between endothelial
cells and pericytes, whereas BL2 is the extracellular matrix between pericytes
and the glial end feet bounding the brain parenchyma. They are responsible for
the regulation of the blood flow in the brain capillary through contraction and
relaxation. Astrocytes are a type of glial cells in the CNS with an important role in
BBB. The end feet of astrocytes form a complex supporting network surrounding
the endothelial cells, which connects endothelial cells with neurons and microglia
[15]. This complex network structure of astrocyte end feet is essential for proper
function of BBB. Astrocytes can also enhance the level of tight junction proteins,
which is crucial for the structural integrity and low permeability of BBB [16].
Moreover, it protects BBB from oxidative stress by inducing anti-oxidative activity
in the endothelial cells.
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Other than the role in BBB, astrocytes are also essential for maintaining brain
homeostasis, injury protection, clearing of synapses. For all the versatile roles,
astrocytes are considered as the primary workhorse of the CNS [17].

Other two notable cellular components of BBB are basement membranes and
microglia. Basement membranes are composed of extracellular matrix proteins. It
provides structural support for endothelial cells and separates themselves from the
inner brain tissue [18]. Microglia are a subtype of monocyte cells present through-
out the brain and spinal cord [19]. They primarily help in immune defense and
maintaining CNS [20]. In addition, current evidence indicates that the activated
microglia can enhance the expression of tight junctions, which helps in maintaining
the integrity and proper function of BBB [21].

Other than the cellular component in BBB, there exists three types of intercellu-
lar junctions, which are responsible for the extremely tight connection between two
neighboring endothelial cells: tight junction, adherens junction, and gap junction
(Figure 2). Tight junctions are formed by many transmembrane proteins and
cytoplasmic proteins. Junction adhesion molecules (JAMs), occludins, and claudins
are some examples of transmembrane proteins, whereas cytoplasmic proteins
include zonula occludins (ZO), cingulin, afadin, calcium/calmodulin-dependent
serine protein kinase (CASK), etc. JAM proteins in BBB are expressed by endothelial

Figure 2.

Characteristics of the blood-brain (BBB) in healthy and glioma bearing brain (blood-brain tumor barriers).
(A) Healthy BBB selectively permits entry of solute from blood circulation to brain parenchyma, (B) in tumor
margin zone, tight junctions become weak, tumor cells penetrate or rupture BBB, (C) at tumor core, BBB
structure is greatly disrupted (adopted from Ref. [22]).
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cells and also expressed by leukocytes and platelets. They are highly localized on the
tight junctions of BBB [23, 24] and control endothelium permeability, leukocytes
migration, and cell polarity [25]. The extracellular domain of JAMs mediates the
adhesive interaction between the endothelial cell and platelets as well as interaction
with the leukocytes, whereas the cytoplasmic domain of JAMs interacts with various
tight junction associated proteins such as ZO-1 and AF-622 [24, 25]. Claudins and
occludins are the most crucial transmembrane proteins in the tight junctions of BBB
[15, 26]. Claudins are small transmembrane proteins of ~27 kDa at the BBB. The
extracellular domains of claudins built the tight junctions among adjacent endo-
thelial cells and seal the paracellular cleft, whereas its intracellular parts connect to
the actin filaments. Another type of transmembrane protein is occludin, which is
expressed by brain microvascular endothelial cells and exclusively localized at the
tight junctions. Occludins have similar function of claudins [27] (Figure 3). Besides
these abovementioned transmembrane proteins, several other cytoplasmic proteins
also contribute to constituting the intact tight junction structures.

Adherens junction is another type of junction that is crucial for the structural
integrity of interendothelial cell connections and proper assembly of tight junction
proteins. Any alteration of the adherens junction leads to the BBB disruption [29].
Gap junction is newly invented junction located between the tight and the adherens
junction. Structurally it is an intercellular channel that connects to endothelial cells.
Gap junctions allow the exchange of ions, small metabolites, and metabolic signals
between adjacent endothelial cells in BBB and thereby play crucial role of maintain-
ing tissue homeostasis in BBB [30]. In addition, gap junction also regulates perme-
ability of BBB by interacting with scaffolding proteins ZO-1 via afadin-6 protein.
Overall, the presence of tight junctions between endothelial cells significantly
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Figure 3.

(a) The cellular components of BBB; (b) structure of junctions at the BBB; (c) transport routes across the BBB
(adopted from Ref. [28] with permission).
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restricts the random exchange of substances through the BBB. Also, x there exists
high electrical resistance (1500-2000 Q cm?) between the endothelial cells caused
by the encapsulation of capillaries by the astrocytes and pericytes [31].

In the presence of a primary or secondary brain tumor, structural integrity of
BBB is disrupted during tumor progression and then the BBB in glioma-bearing
brain is named as the blood-tumor barrier (BTB) [32]. BTB is characterized by loss
of junctional proteins in endothelial cells, loss of astrocytic end feet and neuronal
connections, aberrant distribution of pericytes, and tumor vascularization, which
greatly hampered the structural integrity of BBB with progression of glioma [33, 34].
The compromised structural integrity in BTB allows circulating immune cells, e.g.,
T cell and peripheral monocytes to enter in brain tumor area [35]. Notably, although
BBB is disrupted at the tumor core, it may retain its characteristics intact in other
area of brain and still act as barrier there. For instance, with an average-size tumor
about 10% may have open junction and 30% may have fenestrations, which permits
330 kDa or smaller nanoparticles (NPs) through it [36, 37]. BTB retains the char-
acteristics of expressing efflux transporters in endothelial cells and tumor cells and
often exhibits higher expression of some receptors favoring the tumor growth such
as GLUT1 and BCRP [38].

1.3 Crossing the bar: transport pathways across the blood-brain barrier

Current approaches of drug delivery to brain include regional and systemic
mode of delivery. In regional mode of delivery, therapeutics are directly injected
(intracranial injection) into the brain by stereotactic surgery. However, this method
results only in localized delivery of drug around the injection site with limited pen-
etration into the brain parenchymal space. Moreover, stereotactic surgery of brain
involves drilling of the skull, which is too invasive for human therapy. Systemic
mode of delivery via intravenous administration is the ideal noninvasive therapeutic
modality to deliver chemotherapeutics into the brain. Rich vascularity of the brain,
with blood capillaries spreading virtually throughout all the brain cells, enables
efficient assimilation of chemotherapeutic agents into the brain parenchyma
provided the therapeutics could cross the BBB [39]. A great deal of effort, there-
fore, is presently focused on development of BBB-permeable therapeutics. Recent
trends to overcome BBB are directed toward exploitation of some active transporter
expressed in BBB for supplying nutrients to maintain brain homeostasis. The
transports of molecules across BBB can be broadly classified into two ways, passive
transport and active transport (Figure 4). The passive transport is nonspecific and
energy (ATP)-independent process, for example, diffusional transport via para-
cellular or transcellular transcytosis and passive accumulation of drugs in tumor
vasculature via enhanced permeability and retention effect (EPR). On the other
hand, the active transport routes such as receptor-mediated transcytosis (RMT),
carrier-mediated transcytosis, adsorption-mediated transcytosis (AMT), and cell-
mediated transcytosis, all of which require adenosine triphosphate (ATP).

In paracellular diffusion, solute molecules enter the brain through the space
between two adjacent endothelial cells. Only aqua-soluble small molecule with
molecular weight less than 500 Da can pass through the paracellular space driven
by the negative concentration gradient from blood to brain [41]. Modulation in
the tight junction can enhance paracellular diffusion rate although it may expose
brain parenchyma to unwanted substances [42]. In transcellular diffusion, the
solute particles diffuse through the endothelial cells from blood to brain driven by
negative concentration gradient similarly. However, for transcellular diffusion, the
solutes should be non-ionized, with desirable hydrophilicity and lipid solubility. For
instance, steroid and hormones cross BBB via transcellular diffusion.
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Transport Mechanisms across BBB

(utilized in NPs based drug delivery)
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Figure 4.
Different types of transport pathway across BBB (adopted from Ref. [40] with permission).

Among active transport systems, receptor-mediated transcytosis (RMT), where the
particles cross BBB by using the receptors expressed on apical surface of the BBB endo-
thelial cells, is an important pathway for transporting drugs to the brain. Currently, it is
widely being used for nanocarrier-mediated targeting of drug to the brain. The mecha-
nism of RMT relies on endocytosis where the ligand specifically binds to the receptor
followed by formation of an intracellular vesicle via membrane invagination. The
membrane invagination occurs either via clathrin or via caveolae-mediated mechanism.
In both cases, after vesicle formation, the vesicles are detached from the membrane
and trafficked to three different fates. The major portion is directed to the basolateral
membrane, fuses, and releases their payload, whereas some vesicles are recycled to the
apical side, and some other undergoes lysosomal degradation. Transferrin receptors,
low-density lipoprotein receptors, lactoferrin receptors, etc., are some of the most com-
monly targeted receptors for drug delivery to brain tumor.

Carrier-mediated transcytosis or transporter-mediated transcytosis is another
active transport mechanism across BBB. Nutrients such as glucose, amino acids,
etc., are transported via specific transporter protein. In this process, nutrient
molecule first binds to the specific transporter at the blood side and then the
transporter protein undergoes some conformational changes to transfer the nutri-
ents molecules into the brain side. Large amino-acid transporter (LAT) and glucose
transporter isoform (GLUT-1) are examples of such transporter. High specificity of
the ligand-transporter interaction of this process limits its applicability in trans-
porting large-molecular drugs.

Charged nanoparticles or macromolecules generally cross BBB via adsorption-
mediated transcytosis (AMT), which uses the electrostatic interaction between
the positively charged nanocarriers and the negatively charged cell surface of
endothelial cells facing blood side. In this process, the interactions are nonspecific,
and many nanoparticles can be delivered. However, this nonspecific method of
nanoparticles transport may also lead to accumulation in other organs under
systemic settings.

Besides the transport routes mentioned above, cell-mediated transcytosis can
also be used for drug delivery across BBB. This approach depends on exploiting
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the immune cells including neutrophils, macrophages, and monocytes, which are
capable of crossing BBB in both healthy and diseased brain. In this strategy, drugs
are first loaded into liposome followed by internalization of such liposome in
immune cells circulating in the blood. Then those immune cells cross the BBB and
migrate to the inflammation sites in the brain by diapedesis and chemotaxis. Cell-
mediated transcytosis is also named as ‘“Trojan horse” strategy.

Despite the presence of transporters or receptors mentioned above, drug
delivery across BBB is still challenging due to the presence of tight junction as
discussed earlier. This challenge of drug delivery across BBB is further enhanced by
some efflux pumps present at the luminal side of brain capillary endothelial cells.
The efflux pumps are protein complex in the endothelial cell surface that expel
out the hydrophilic anticancer drug molecules such as doxorubicin, daunorubicin
etc., against the negative concentration gradient (from blood to brain) in ATP-
dependent pathway. Those pumps also prevent accumulation of hydrophobic drugs
in the brain capillary endothelial cells by mitigating cellular uptake. P-glycoprotein
(P-gp) is class of multidrug resistance proteins, which acts as an efflux pump in
drug-resistant tumor. Therefore, regulation of efflux pump at BBB is also another
potential strategy for delivering drug to brain tumor, although the efflux pumps
positively impact healthy brain by protecting it from harmful neurotoxin.

1.4 Nanoparticles for drug delivery across BBB for combating glioma

Various approaches have been developed to enhance accumulation of chemo-
therapeutics across BBB. They include both invasive methods such as post-surgical
local delivery into the brain [43, 44], convection enhanced delivery [45, 46], and
noninvasive method, e.g., temporary opening of the tight junctions by external
energy [47], and nanoparticles-mediated delivery [48]. However, application of
external energy such as ultrasound [49], osmotic pressure [50], or microbubbles
[51] to open BBB via temporary disruption of tight junctions is risky. They hamper
integrity of the BBB making CNS susceptible to unwanted toxins or an uncontrolled
influx of medicines [52]. To this end, nanoparticles (NPs) drug delivery through
the BBB, although challenging, holds significant promise to achieve a reasonable
concentration of chemotherapeutics in brain tumor and to avoid unwanted off-
target toxicity in other organs.

Over the past few decades, many types of nanocarriers including polymeric, inor-
ganic, liposomes, etc., have been explored for delivery of chemotherapeutics such as
small molecules, nucleotides, peptides, proteins to brain tumor. Such NPs are designed
to load drugs efficiently, to selectively deliver the payloads to brain tumor crossing the
BBB or BBTB by avoiding opsonization followed by clearance by the reticuloendothe-
lial system (RES). Delivery of the NPs across the BBB is broadly mediated by two ways:
passive accumulation of plain nanocarriers and active targeting of the BBB or BBTBs
via nanocarrier decorated with targeting ligand on their exo-surface [53].

Among polymeric NPs, poly(butylcyanoacrylate) (PBCA) NPs are the first (in
1995) to be used for drug delivery across the BBB [54]. Surface modification of the
PBCA NPs by coating with a surfactant polysorbate 80 was reported to enhance
their cellular uptake in human and bovine endothelial cells by 20-fold compared
with the conventional NPS [55]. The surface coating of PBCA NPs with polysorbate
80 causes absorption of plasma apolipoprotein E (Apo-E), which further enables
recognition of the coated NPs by low-density lipoprotein (LDL) receptor expressed
in the brain endothelial cells. Thus, the polysorbate 80 coated PBCA NPs are inter-
nalized by the brain endothelial cells through LDL receptor-mediated endocytosis
[56]. Since then, polysorbate 80 coated nanoparticles of PBCA or other polymers
such as PLA, solid lipid nanoparticles (SLNs), SPION NPs are being used to deliver
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Nanoparticles Chemotherapeutics  Invivo model Outcome References
Polysorbate 80 T™Z Biodistribution in Enhanced uptakeof  [57]
coated PBCA healthy rats TMZ in brain
nanoparticles DOX Biodistribution in Enhanced DOX (58]
glioma models accumulation in
tumor tissue
Gemcitabine Survival analysis in Prolonged survival [59]
rat glioma model of glioma bearing
rat
PLA NPs coated TMZ Pharmacokinetic and Enhancement [60]
with polysorbate biodistributioninrats  in half-life of
80 TMZ with higher
deposition in the
brain
SLN NPs coated CPT Pharmacokinetic and Increased brain [61]
with polysorbate biodistribution in rats accumulation of
80 CPT
SPION NPs DOX Biodistribution Enhanced brain [62]
coated with and efficacy in C6/ accumulation
polysorbate 80 Sprague Dawley of SPION and
glioma model increased anti-
tumor efficacy
under magnetic
field
Table 1.

Nanocarrier-mediated passive targeting of drug to brain tumor.

different drugs including temozolomide, doxorubicin, gemcitabine, etc., to brain
tumor that are listed in Table 1.

Solid lipid nanoparticles (SLNs) have also been explored for drug delivery across
BBB into glioma via passive lipophilic interaction. Such NPs are demonstrated to
stabilize therapeutics such as temozolomide, or RNA-based therapeutics from non-
enzymatic degradation in the blood stream. Such NPs also prevent rapid clearance
from blood circulation and enhance therapeutics efficacy [63-65]. Also, the posi-
tively charged nanoparticles enhance cellular uptake in BBTB cells or glioma cells
[65]. In addition, such SLNs and liposomes increase the circulation time and medi-
ate better accumulation in brain tumor via EPR effect [66]. It is worth mentioning
here that such NPs are often nontoxic, and they do not hamper BBB integrity, which
is consistent with the observed insignificant changes in expression levels of BBB
junction proteins occludin and claudin-1 (analyzed by Western blot) in the BBB
cells following SLN administration [67]. Similarly, SLNs coated with surfactants
such as polysorbate 80 or Brij 78 also enhance BBB permeability and improve drug
accumulation in glioma-bearing rat brain [67, 68].

Cell penetrating peptides (CPPs) are also explored for facilitating drug delivery
across BBB. For instance, pegylated liposomes decorated with CPP CB5005 in
their exo-surface showed better penetration to glioma cells, delivered DOX, and
enhanced the survival of animals xenografted with glioblastoma [69]. Other than
polymeric NPs and SLNs, additional nanoparticles that have been used for passive
delivery of drugs across BBB are listed in Table 1.

The most widely used approaches for drug delivery across the BBB is active
targeting of some receptor or transporter expressed in BBB or BBTB by nanopar-
ticles exo-surface of which is decorated with targeting ligands of such receptors/
transporters (for achieving RMT or AMT to cross the BBB).
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Several receptors including transferrin, LDL, GLUT1, integrin receptors, nico-
tinic acetylcholine, etc., have been employed during the past decades. Transferrin
receptor (TfR) and LDLR are the most widely used receptors to facilitate BBB
crossing of NPs due to the high affinity of their ligands transferrin and LDL. For
instances, using an iz vitro BBB model, Chang et al. have demonstrated that the
uptake of TfR-coated PLGA NPs is 20 times higher than that of non-coated PLGA
NPs, and the uptake is mediated via receptor-mediated endocytosis (RMT) [70].
Many other NPs such as gold nanopartcile (AuNP) [71], SPION [72], etc., have also
been explored for drug delivery to glioma. For example, conjugation of carbon dots
(CDs) with transferrin increased the efficiency of DOX delivery into brain tumor
[73]. Transferrin receptor-mediated drug delivery across BBB is reviewed in detail
elsewhere [74]. However, the major limitation of using transferrin as a ligand for
TR is that the endogenous transferrin competes with transferrin-tagged NPs for
the receptor binding leading to reduced cellular uptake and compromised efficacy
of the NPs. To overcome it, antibodies against TfR (such as OX26, R17-217 and 8D3,
etc.) that bind TfR at different location other than transferrin are now being used
as ligands to graft exo-surface of the NPs. These antibodies exhibit different level
affinity and different organ selectivity for the same receptor. For example, uptake
of 8D3 in brain is higher than that of R17-217 while both exhibit selectivity toward
TfR expressed on the brain over that on the kidney [75].

1.4.1 Transfervin receptor

Transferrin receptors (TfRs) are attractive target for nanocarrier-mediated drug
delivery to the brain. TfRs are of two subtypes, TfR1 and TfR2, with high homology
in their extracellular domain. TfRs are associated with controlling the extracellular
iron levels by using their natural ligand transferrin, which bind to iron directly.
These receptors are highly expressed in luminal membrane of brain endothelium
and overexpressed in glioma tissues, which make them attractive target for NPs-
mediated glioma therapy. There are many reports demonstrating active targeting
of nanocarriers decorated with TfR targeting ligand (such as transferrin (Tf)
itself, antibodies, or peptides) for combating glioma. For example, Cui et al. have
developed a transferrin-conjugated magnetic silica PLGA nanoparticles (MNP-MSN-
PLGA-Tf NPs) and have demonstrated that such NPs when loaded with DOX and
PTX can effectively inhibit tumor growth in a intracranial U-87 BALB/c nude mice
model [76]. In other studies, Tf-conjugated PEG-PLA polymeric NPs are reported to
deliver TMZ, which results in prolonged survival of glioma-bearing C6 rat [77]. Guo
etal. have reported enhanced glioma growth inhibition in C6 rat when resveratrol
was conjugated with Tf-modified PEG-PLA NPs compared with free resveratrol [78].

Other than polymeric nanoparticles, gold nanopartciles (AuNPs), liposomes,
polymersomes have also been used for TfR-mediated drug targeting to brain tumor.
For instance, Dixit et al. have reported Tf-conjugated AuNPs to deliver a photody-
namic prodrug, Pc 4, to mouse brain, which exhibits a significant brain accumula-
tion after 4 h of administration [71]. To overcome the drug resistance of TMZ, Lam
e al. have used combination chemotherapy of TMZ and bromodomain inhibitor.
They have reported that transferrin-functionalize pegylated liposomes co-loaded
with TMZ and bromodomain inhibitor decreased the tumor burden and prolonged
survival of glioma-bearing mice compared with the control groups with no signifi-
cant systemic drug toxicity observed [79]. Tf is also combined with other targeting
ligand for double targeting to achieve a better drug targeting efficacy. For instance,
a dual-targeting liposomes containing Tf and RGD (ligand for integrin receptor)
at their exo-surface have been developed by Qin et al. This dual-targeting liposome
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RGD/Tf-LP has shown significantly higher brain tumor accumulation compared
with only Tf-conjugated liposome (Tf-LP), which exhibits further much higher
brain tumor accumulation than RGD-tagged liposomes (RGD-LP) in BALB/C mice
bearing C6 glioma [80]. Tf is also combined with liposome containing cell penetrat-
ing peptide TAT on their exo-surface to develop dual-targeting liposome of TAT/
Tf-LP. In vivo biodistribution of coumarin-loaded liposomes reveals that the dual-
targeting liposomes TAT/Tf-LP have shown significantly higher brain accumulation
in comparison with only Tf-LP (1.5 times) and only TAT-LP (~2 times). The anti-
GBM effect of DOX-loaded Tf/TAT-LP has been demonstrated by monitoring the
survival of U87 GBM-bearing rats. Treatment of DOX-loaded Tf/TAT-LP enhances
the median survival of GBM-bearing rat by 59 days where as it was only 10 days for
free-DOX-treated rat [81].

Other than transferrin (80 kD protein), antibodies, antibody fragments, and
peptides are also used as ligands for TfR-mediated drug targeting to brain via endo-
cytosis and transcytosis on BBB. For instance, OX26, a monoclonal antibody (mAb)
against TfR1, was used for the first time in 1992 to examine BBB-crossing ability
of the antibody-drug conjugate (ABC) via TfR-mediated transcytosis. This study
resulted in similar rate of brain accumulation for free 0X26 and drug-conjugated
0X26. Recently, Yue et al. have developed an immunomicelle where micelles are
covalently linked with OX26 antibody and have demonstrated much higher BBB-
crossing ability of the OX26-micelle compared with the free OX26 antibody [82].
Notably, similar two other monoclonal antibodies Ri7 and 8D3 are also developed
that can target TfR expressed on BCEC although not yet used in drug delivery to the
brain [83]. It is worth mentioning that antibody-toxin conjugates that target TfR
have progressed till clinical trial III for anti-glioma therapy. Initially, human Tf is
conjugated to a diphtheria toxin with CRM107 point mutation via thioester bond to
develop Tf-CRM107 IT, which exhibits higher tumor growth inhibition in preclini-
cal mouse model (U251 tumor-bearing mice) in a dose-dependent manner than
the free toxins [84]. Later, a phase I study following intra-tumoral injection reveals
no adverse effect leading to a phase II study in recurrent high-grade brain tumor
patient where 35% of the patients exhibit tumor response and improved survival.
Unfortunately, Tf-CRM107 fails to exhibit superior activity over the standard of
care in an early phase III clinical trial, and CNS toxicity is observed, which lead to
termination of this trial [85].

Despite the high targeting ability of mAb, difficulty in their preparation and
purification in rigorous laboratory condition introduces hurdle in quality control
of the mAbs, which further limit real application of mAb-tagged nanoparticles in
drug delivery. Alternatively, short peptide fragment of the antibody with similar
affinity toward the receptor has been proposed due to its small size and ease of
incorporation in nano-formulation. For instance, a heptapeptide T7 (HAIYPRH)
has been reported to specifically bind to TfR with high affinity (Kd = 10 nM) com-
parable to Tf [86]. Using T7 as TfR-targeting ligand, Jiang’s group has co-delivered
chemotherapeutic DOX and gene therapy agent pPORF-hTRAIL to enhance the
survivability of U87 tumor-bearing mice [87]. Similarly, Kuang et al., have used
another pegylated nanoparticle decorated with T7 to achieve RNAi mediated in
BABLB/c mice bearing U87 glioma [88]. In another interesting study by Kawamoto
etal., a hybrid peptide containing a targeting peptide (T7 as TfR-targeting peptide)
followed by a lytic peptide (therapeutic part) has been developed. Using this hybrid
peptide in nano-formulation, this group has reported significant iz vivo anti-tumor
effect in G1261 glioblastoma-bearing C57 mice without significant cytotoxicity [89].
All these preclinical studies indicate that targeting TfR for drug delivery across BBB
may have future clinical potential.
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1.4.2 Apolipoprotein receptors

Apolipoprotein receptors, specifically low-density lipoprotein receptor (LDL-R)
and LDL-R-related proteins (LRP), which help lipids transportation into CNS [90]
are also widely being explored to facilitate drug delivery to the brain tumor. These
receptors are overexpressed on the BBB endothelium as well as glioma cells [91]
compared with that in healthy brain tissue and thereby explored as potential molecu-
lar target for selective drug delivery to combat glioma. Apolipoprotein E (APOE) is
the most studied ligand of such receptors used for delivering NPs to the brain. Mainly
two strategies of LDL-R-mediated transcytosis are used in APOE-facilitated transport
of NPs, which rely on (i) the high avidity of APOE to the NPs and (ii) the conjuga-
tion of NPs with APOE or its derivatives on their exo-surface. In the first strategy,
NPs are coated with certain surfactant, i.e., polysorbate 80 (PS80) and poloxamer
188, which recruit APOE in the bloodstream for high-affinity-based association with
the NPs facilitating their recognition and subsequent transcytosis by LDL-R in the
brain parenchyma. Notably, J. Kreuter and his coworkers have significant contribu-
tion to reveal the mechanism of such enhanced accumulation of PS80-coated NPs.

In a preliminary study, they have found that the concentration of DOX in rat brain
2-4 h post iv. administration with DOX-loaded PBCA NPs coated with PS80 is 6 ug/g,
which is much higher than that treated with non-coated NPs (non-detectable) [92].
Subsequent i vitro study shows that PS80-coated PBCA NPs, when incubated in
plasma, adsorb apolipoproteins [93]. They further evaluated anti-glioma efficacy

of the DOX-loaded PBCA NPs coated with PS80 in glioma model of Wistar rat and
observed enhanced survivability of the animals without any neurotoxicity, which

is associated with free DOX treatment [94]. Later on, many other groups have used
such PS80-coated PBCA NPs for delivering different anticancer drugs such as DOX
[94, 95], temozolomide [96], gemcitabine [97], etc., to glioma tissue. However,
concerns are raised regarding use of surfactant PS80 due to the possible disruption

of the BBB via modulation of the capillary’s tight junctions and emerging adverse
immune response [98] in rat, which lead to necessity of modification of the surfactant
or directly conjugating LDL-R ligand to the NPs.

In the second strategy, the ligand of LDL-R is directly conjugated with the
exo-surface of the NPs to achieve LDL receptor-mediated transcytosis. Initially,
native LDL lipoprotein is presumed to be an ideal carrier due to its inherent struc-
tural core-shell features (highly hydrophobic core surrounded by a hydrophilic
shell), which is capable of drug loading in addition to the targeting LDL-R binding
domain. However, its challenging purification and limited drug loading capac-
ity of the whole protein trigger development of alternate short binding sequence
(synthetic peptides) as targeting ligand. For example, Grafals-Ruiz et al. reported
development of gold-liposome nanoparticles grafted with ApoE peptides to achieve
systemic delivery of small-nucleic acids (SNA) to glioma-bearing mouse brain [99].
In another study, Zhang et al. have conjugated peptide-22, aligand of LDL-R, to
PEG-PLA NPs for delivering paclitaxel to mouse brain, which enhances the median
survivability of glioma-bearing mice [100]. Liposomes functionalized with syn-
thetic ligand of apoB, another ligand of LDL-R, are also demonstrated to enhance
drug accumulation in the brain parenchyma and to exhibit significant apoptotic
effect in glioma tissue. The involvement of LDL-R is confirmed by using a LDLR
inhibitor, namely suramin, which significantly diminishes the apoptotic effect of
the NPs when treated in combination [101, 102].

Another receptor of the same family, namely LDL-R related proteins (LRP), has
also attracted significant attention for BBB crossing not only due to its high expres-
sion level in glioma and BBB but also for its ability to act as a common receptor for
other ligands such as lactoferin and melanotransferrin. Specifically, angiopep-2
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peptide has attracted huge attention for its potential in glioma therapy [103, 104].
For instance, PTX-loaded PEG-PCL NPs conjugated to angiopep-2 peptide have
been demonstrated to enhance survivability by 15% in U87 brain tumor mouse
model [105]. Most importantly, a phase I clinical trial with angiopep-2 peptide con-
jugated to paclitaxel, namely ANG1005, has resulted a stable disease among eight
out of 27 patients with a median of 51 days, which triggered its entry in a phase II
clinical trial (NCT01967810) for examining its efficacy in patient with high-grade
glioma [106]. Furthermore, ANG1005 is very recently demonstrated to exhibit
clinical benefit in a phase II clinical trial for treating patient with recurrent brain
metastasis from breast cancer [107]. Thus, angiopep-2 is now being considered as
one of the leading ligands among the brain-targeting peptide finding its application
in conjugation with different NPs to deliver different chemotherapeutics to glioma.

1.4.3 Targeting of adhesion molecules

Cell adhesion molecules (CAMs), other than mediating adhesion of cells to
extracellular matrix (ECM), play important roles in tumor development and
progression, tumor vasculature development, cellular migration, etc. There are five
main classes of CAMs: integrins, cadherins, selectins, the immunoglobulin (Ig)
superfamily, and cluster of differentiation (CD) molecules. The different expres-
sion level in healthy brain and tumor-bearing brain indicated a potential role of
such CAMs in brain tumor and targeting such CAMs in glioma hold promises for
antitumor therapy.

1.4.3.1 Integrin-mediated targeting systems

Integrins are heterodimeric transmembrane glycoprotein (cell surface receptors)
mediating adhesion of cells to the extracellular matrix or, in some cases, to adjacent
cells. Intracellularly, integrins are connected via associated proteins to the actin
cytoskeleton. In the human genome, 18 a and 8  subunits are encoded from 24
different functional integrins. Integrins are directly involved in tumor progression
by facilitating angiogenesis (sprouting of new blood vessels) in tumor area and by
mediating invasion and migration of both tumor endothelial cells and tumor cells.
Thus, such integrin receptors are overexpressed in brain tumor cells and tumor
endothelial cells and are attractive target of drug delivery for cancer therapy. RGD
is an exogenous peptide ligand (Arg-Gly-Asp amino acid sequence) that can specifi-
cally binds avf3, avf5, a5p1 integrin receptors, which are generally overexpressed in
tumor and tumor endothelial cells including for brain tumor. Therefore, RGD ligand
is widely used for integrin receptor-mediated drug targeting into brain tumor. Zhan
etal. are the first to report RGD-mediated drug targeting for combating brain tumor.
They have developed cyclic RGDyK-PEG-PLA micelle for delivering PTX to brain
tumor and demonstrated that the PTX-loaded micelles (c(RGDyK-PEG-PLA-PTX)
significantly enhanced the median survival of mice bearing intracranial U87MG
tumor xenografts compared with non-targeting micelle (PEG-PLA-PTX) [108].
Similarly, Jian et al. also delivered PTX to the brain of U87MG glioma-bearing Balb/c
mice using a integrin-targeting poly(trimethylene carbonate)-based nanoparticles
c(RGDyK)-NP, which enhances the median survival of the glioma-bearing mice by
22 days compared with mice treated with free PTX [109]. In another study, McNerny
et al., have functionalized poly(amidoamine) (PAMAM) dendrons with cRGDyK at
the surface for multivalent binding and with drug molecule to methotrexate to the
focal point for achieving anti-glioma efficacy [110]. A multifunctional dual-target-
ing liposomal system (c(RGDyK)/pHA-LS) containing integrin receptor-targeting
RGD moiety and dopamine receptors targeting p-hydroxybenzoic acid (pHA)
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has also been reported by Belhadj et al. for delivering DOX to intracranial US7MG
glioma-bearing BALB/c nude mice [111]. Peiris et al. have developed a nanochain
conjugated to cyclic RGD peptide for delivering CNS-1 tumor-bearing athymic nude
mice. A 2.6-fold higher DOX accumulation was observed when mice are treated with
targeting NPs compared with that of the non-targeted counterpart [112]. Another
chemotherapeutic agent Epirubicin is also loaded to an integrin-targeting micelle via
a pH-sensitive hydrazone bond (cRGD-Epi/m) by Quader et al. High concentration
of epirubicin is observed in brain tumor when mice are treated with cRGD-Epi/m,
which eventually lead to inhibition of intracranial glioblastoma growth [113].

Combination of chemotherapeutics is also delivered using integrin receptor-
targeting RGD ligand. For example, DOX and PTX are co-delivered in mouse brain
tumor by using RGD functionalized Pluronic micelle, which resulted in significant
tumor accumulation following in vivo fluorescence [114]. To this end, recently our
lab has reported co-delivery of WP-1066, a small-molecule inhibitor of STAT3 and
STAT3 siRNA to mouse brain tumor using a5p1 integrin receptor-targeting RGDK-
liposomes [115]. Cellular uptake study in the presence and absence of integrin
receptor-specific antibody shows that liposomes of RGDK enter mouse glioblas-
toma cells GL261 via a5p1 integrin receptor. The combination of WP-1066 and
STAT?3 siRNA delivered by RGDK-liposomes significantly inhibits the glioblastoma
growth and prolonged the survival of C57 mice bearing G261 orthotopic glioblas-
toma. Collectively, all the aforementioned reports demonstrate potential of integrin
receptor-mediated drug delivery for combating brain tumor.

1.4.3.2 Selectin-targeted nanocarriers

Selectins are single-chain transmembrane proteins including E, L, and P selec-
tins, which are involved in cell adhesion via binding of sugar polymers. Selectin
has distinct role in tumor inflammation and progression. Tumor cells exhibit cell
tethering and rolling via selectin-dependent recognition of carbohydrates ligands to
enhance distance during migration. An overexpression of E-selectin is observed in
endothelial cells of high-grade glioma, although their definite role is not well estab-
lished yet. Recently, Ferber et al. have reported that p-selectin is overexpressed not
only in tumor endothelial cells but also in glioblastoma cells [116]. Using a dendritic
polyglycerol sulfate (dPGS) nanocarrier, this group has delivered paclitaxel (PTX)
in combination with a peptidomimetic of the anti-angiogenic protein thrombos-
pondin-1 (TSP-1 PM) to inhibit the tumor growth iz vivo using both murine and
human orthotopic GB mouse models.

1.4.3.3 Connexin-targeted nanocarriers

Connexins, four-transmembrane glycoproteins, are major constituents of gap
junction channels. Six connexin subunits assemble to form a hemi channel in the
plasma membrane that docks with another such hemi channels of the adjacent
cells to assemble the tight junction and mediate cell-cell interaction. A mem-
brane protein connexin 43 (Cx43) is preferentially expressed in brain tumor and
peritumoral area. To achieve Cx43-targeted drug delivery, Nukolova et al. have
developed Cx43 mAb-conjugated nanogels loaded with cisplatin and using a C6
glioma model, the authors have shown that these nanogels can effectively inhibit
tumor growth and significantly enhance the survival of animals while reducing
the systemic toxicity of cisplatin [117]. In addition, the same group also function-
alized this Cx43-targeting nanogels with another antibody of brain-specific anion
transporter (BSAT1) to achieve additional tumor growth inhibition efficacy via
dual targeting [118].
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1.4.4 Other receptor and transporter-mediated targeting systems

Beyond these receptors mentioned above, there are many other receptors
or transporters protein such as insulin receptor, acetylcholine receptor, glucose
transporter (GLUT), large amino acid transporter-1, organic cation transporter
OCT3 and OCTN?2, etc., are expressed on BBB or on tumor cells that are explored
for nanocarrier-mediated drug delivery to brain tumor. For example, Zhang et al.
reported PEGylated immunoliposomes (PILs) modified with 83-14 mADbD to the
human insulin receptor to target gene that EGFR gene (which plays a major role in
brain tumor progression) in U87 cancer cells [119], and later the same group modi-
fied the nanocarrioers with additional transferrin receptor for achieving RNAi in
mice intracranially xenografted with human U87 glioma [120]. Nicotine acetylcho-
line receptors (nAChRs) expressed on BCEC are also targeted for delivering chemo-
therapeutics to brain tumor. To this end, Saha et al., from our group, have developed
a nicotinylated liposomes to deliver small-molecule STAT-3 inhibitor WP-1066 for
combating mouse glioblastoma [121]. The same group has also developed another
BBB-crossing liposomes grafted with amphetamine at their exo-surface and using
this liposome they deliver combination of paclitaxel (PTX) and PD-L1siRNA (RNAi
agent for immune checkpoint inhibitor) to the glioblastoma-bearing mouse brain.
This combination therapy is reported to enhance the median survival of mouse till
45 days while the untreated control mice died at 17 days [122]. Among transporters,
glucose transporters (GLUTs) and large amino acid transporters (LAT-1) are widely
used for nanocarrier-mediated drug delivery to brain tumor. During tumor progres-
sion, tumor cells continuously need supply of nutrients such as glucose and amino
acids, which leads to overexpression of such transporter in glioma cells as well as
BBB [123, 124]. Recently, Anraku et al. have developed a self-assembled supramo-
lecular ~30 nm nanocarrier containing multiple glucose molecules via association
of oppositely charged pairs of polyethylene glycol (PEG)-based block ionomers. A
remarkable enhancement in brain accumulation of the micelle post ~15 min admin-
istration is observed, which is much higher than that for other nanoparticles [125].
Bhunia et al. from our group have reported a LAT-1-targeting liposomes containing
L-DOPA on their exo-surface (Amphi-DOPA liposome) for delivering small-mole-
cule STAT-3 inhibitor WP-1066 to glioblastoma-bearing mouse brain. A significant
tumor growth inhibition is observed when mice are treated with WP-1066-loaded
Amphi-DOPA liposomes compared with the untreated or non-targeting control-
treated mice [124].

1.5 Conclusion and future perspectives

During the past decades, significant progressed has been made in developing
nanocarriers for glioma therapy. Major focus in this research area has been imple-
mentation of different ligands or targeting different receptors and transporters
overexpressed on BBB and brain tumor cells for delivering the payload to brain
tumor tissue. However, less is known about the key critical design parameters of
the nanoparticles facilitating BBB crossing. For example, it has been observed that
nanocarriers with size 20-30 nm are most effective in BBB crossing while among
the different shapes, nanorod is most efficient in BBB crossing followed by spheri-
cal nanocarrier. More detail information is needed in future regarding the role of
surface potential, formulation or composition, drug loading method, etc., in facili-
tating transport across BBB. In addition, the factors influencing pharmacokinetic
behaviors of the nanocarriers should be well studied and evaluated, which is very
crucial for developing an effective brain-targeting drug carrier. The poor prognosis
of GBM has also prompted to develop many new therapeutic strategies exploiting
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inherent physical properties of the nanomaterials such as photodynamic or photo-
thermal therapies and hyperthermia. However, biodegradability and nanotoxicity
of such newly developed materials should be studied in detail. In this regard, liposo-
mal or lipid-based nanocarriers exhibit reasonable safety profiles. Furthermore, as
brain tumor cells are highly infiltrating, nanocarriers that only deliver the payload
to tumor core via leaky BBB are not sufficient, rather an image-guided delivery of
therapeutics has attracted significant attention in recent years indicating the need
of developing theragnostic nanoparticles. Significant attention should also be paid
in enhancing targeting efficiency of the nanocarrier, which is far away from satis-
factory yet, either by increasing number of targeting ligand or using high-affinity
ligands with optimum ratio.

In conclusion, the following aspects should be considered on designing efficient
brain tumor targeting nanocarrier in future:

1. The small nanocarriers with multiple functionalities on the surface and with
high fluorescence. The multiple anchoring site can facilitate conjugation with a
greater number of same ligands or different ligands specific to multiple receptors and
loading of more drug molecules. The fluorescence can facilitate the bioimaging. 2.
Biocompatibility of the nanocarriers to eliminate scope of nanotoxicity. 3. Optimum
circulation stability and biodegradability of the nanocarriers. 4. Accessibility by
noninvasive advanced imaging technique such as magnetic resonance imaging
and real-time in vivo microscopy to avoid unnecessary sacrifice of the animal. 5.
Application of multiple approaches to develop multimodal nanocarriers for effective
BBB penetration followed by chemotherapy and bioimaging.
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