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Abstract: A paradigm shift in treating the most aggressive and malignant form of glioma
is continuously evolving; however, these strategies do not provide a better life and survival
index. Currently, neurosurgical debulking, radiotherapy, and chemotherapy are the treatment
options available for glioma, but these are non-specific in action. Patients invariably develop
resistance to these therapies, leading to recurrence and death. Receptor Tyrosine Kinases (RTKs) are
among the most common cell surface proteins in glioma and play a significant role in malignant
progression; thus, these are currently being explored as therapeutic targets. RTKs belong to
the family of cell surface receptors that are activated by ligands which in turn activates two
major downstream signaling pathways via Rapidly Accelerating Sarcoma/mitogen activated protein
kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK) and phosphatidylinositol 3-kinase/a
serine/threonine protein kinase/mammalian target of rapamycin (PI3K/AKT/mTOR). These pathways
are critically involved in regulating cell proliferation, invasion, metabolism, autophagy, and apoptosis.
Dysregulation in these pathways results in uncontrolled glioma cell proliferation, invasion,
angiogenesis, and cancer progression. Thus, RTK pathways are considered a potential target in
glioma management. This review summarizes the possible risk factors involved in the growth of
glioblastoma (GBM). The role of RTKs inhibitors (TKIs) and the intracellular signaling pathways
involved, small molecules under clinical trials, and the updates were discussed. We have also compiled
information on the outcomes from the various endothelial growth factor receptor (EGFR)–TKIs-based
nanoformulations from the preclinical and clinical points of view. Aided by an extensive literature
search, we propose the challenges and potential opportunities for future research on EGFR–TKIs-based
nanodelivery systems.
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1. Introduction

Gliomas are the most common and lethal solid brain tumors and are known to affect about
0.02% of the worldwide population [1]. The occurrence of malignant gliomas and the frequency
of cancer deaths have increased at an amplified rate across the world [2]. More than 330,000 new
Central Nervous system (CNS) tumor cases and 227,000 brain cancer-related deaths were documented
globally in the Global Burden of Disease (GBD) 2016 tumor database [3]. Despite the increase in cancer
awareness programs, advancement in diagnostic tools, and treatment strategies in the United States,
the prevalence of gliomas has been unstoppable [4–6].

Based on the molecular characteristics and origin of apparent cell types, the CNS tumors were
classified using I to IV grade criteria by the World Health Organization (WHO) in 2007 and 2016 [7].
Accordingly, Grade, I, II, III, and IV are pilocytic astrocytomas, gliomas including diffuse astrocytomas,
anaplastic astrocytomas, and glioblastoma multiforme (GBM), respectively [8,9]. The current standard
treatment approaches across the world are dependent on surgery, radiotherapy, and chemotherapeutic
drugs, i.e., temozolomide (TMZ), which resulted in the average survival rate of about 14 months [10–12].
Therefore, there is a definite need for understanding the molecular pathways and mechanisms involved
in GBM pathology and thereby determine better management [13].

Generally, Receptor Tyrosine Kinase (RTKs) are commonly identified cell surface receptors that
are considered to be pivotal regulators of critical cellular processes (epidermal growth factor receptor
(EGFR) and vascular endothelial growth factor receptor (VEGFR)). EGFR is a transmembrane receptor
tyrosine kinase that controls cancer cell proliferation, migration, differentiation, and homeostasis [14].
Nearly 50–60% of GBMs have EGFR genetic variants, with mutations, readjustments, selective linking,
and amplification [15].

Over the past decades, many investigators have hundreds of designs and synthesized small
molecular drugs as RTK inhibitors with extensive research. The Food and Drug Administration
(FDA) has approved a few medications as first-line therapy for various forms of cancer (Table 1) [16].
However, the significant development of anti-cancer components has developed new problems [17].
For example, clinical studies that were conducted for the first and second generation of anti-EGFR
drugs on the inhibition of cell growth, angiogenesis, and proliferation were found to be of no
therapeutic benefit in GBM treatment. Many researchers also reported significant limitations such as
low solubility, poor oral bioavailability, and severe adverse effects in the existing EGFR–TKIs drugs.
In addition, the gradual rise of drug resistance during therapy instantly needs to be addressed [18].
The third generation of EGFR–TKIs drug (AZD9291) was developed recently and confirmed to have an
effective preclinical investigation in GBM the in vitro and in vivo models’ above-listed drawbacks [15].
The advantages of nanotechnology offer a potential drug delivery approach with apparent benefits
of nanoformulations such as lesser particle size, bulky surface area, excellent surface reactivity,
active sites, and appropriate adsorption ability. Nano particles (NPs) applied as drug transporters
have the potential to increase drug absorption and bioavailability, enrich effective targeting delivery,
prolong the circulation time, and limit the dangerous side effects on healthy tissues [19].

In the present review, the authors have summarized epidemiology and risk factors associated with
GBM, RTKs, and their inhibitors of intracellular signaling pathways in glioma, the clinical profile of small
molecule inhibitors (EGFR–TKIs) drugs, and the associated multiple failures/resistance. In addition,
the current progressive research of various nanopreparations for EGFR–TKIs and the combination of
chemotherapeutic drugs to target GBM have been discussed. Aided by an extensive literature search
and review, the authors have also proposed the possibilities and challenges for upcoming research on
EGFR-TKIs and other chemotherapeutic agents.
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Table 1. Approved small molecular tyrosine kinase inhibitors for cancer therapy [16,19].

Drugs IC50 (nmol/L) Targeting Receptor Disease

Gefitinib (Iressa®) 14.6
EGFR NSCLC, pancreatic

cancerErlotinib (Tarceva®) 2

Icotinib (Conmana®) 45

Lapatinib (Tykerb®) 10.8, 9.2 EGFR, HER2 Breast cancer

Neratinib (Nerlynx®) 92, 59 EGFR, HER2 NSCLC, breast cancer

Afatinib (Gilotrif®) 0.5 EGFR, HER2 14
NSCLC, breast cancer,

squamous cell carcinoma
of the head and neck

Imatinib (Glivec®,
Gleevec®)

600, 100

Abl, PDGFR, Kit SRC,
PDGFR

CML, CMML, GIST

Dasatinib (Sprycel®) <10 CML resistant to
imatinib

Nilotinib (Tasigna®) <30 CML resistant to
imatinib

Sunitinib (Sutent®) <100
VEGFR1-3, PDGFR, Kit
FLT3, RET, CSF1R GIST,

BRAF

Advanced RCC, CML
resistant to imatinib,

Hepatocellular
carcinoma

Sorafenib (Nexavar®) <100

Pazopanib (Votrient®) <150

2. Molecular Pathology of Glioma

Different genetic investigations determine various noteworthy biomarkers. Many of these
were utilized in neuro-oncology to identify glioma patients, specifically the combined losses of
the chromosome arms 1p and 19q in oligodendroglial cancer. Then, the methylation status of O-6
methylguanine–DNA methyltransferase gene promoter and modifications in the EGFR pathway in
GBM, isocitrate dehydrogenase 1 (IDH1) and IDH2 gene mutations in diffuse gliomas, as well as B-Raf
status in pilocytic astrocytomas. These groups are associated with different prognosis, germline variants,
and the median age at diagnosis, highlighting different pathogenic mechanisms [20]. Although most
GBM patients receive standard treatments, significant variations in clinical outcomes are often seen
due to the heterogeneity of the tumors [21,22]. Hence, it is essential to determine more significant
and practical biomarkers for analyzing the prognosis in GBM patients. Inflammation and immunity
are critically involved in glioma initiation and progression [23,24], and various study reports suggested
that inflammatory response cells such as neutrophils [25], lymphocytes [26], and platelets [27] are
associated with the prognosis of cancer patients. In recent years, the prognostic value of preoperative
hematological markers, such as albumin-to-globulin ratio (AGR), monocyte-to-lymphocyte ratio
(MLR), median platelet volume (MPV), neutrophil-to-lymphocyte ratio (NLR), platelet distribution
width (PDW), and platelet-to-lymphocyte ratio (PLR), have been investigated in several cancers,
including gliomas [28–32]. However, there were no scientific investigations to the prognostic value
of hematological biomarkers in a cohort of gliomas, mainly in relation to the various molecular
classes. Therefore, a study examined the predictive value of preoperative hematological biomarkers
(AGR, MLR, MPV, NLR, PDW, and PLR) alone and in combination with the five glioma molecular
groups on the clinical trial results of a comparatively great cohort (n = 592) of Grade II–IV GBM patients.
Based on these results, we suggest an analytical model for Grade II–IV GBM based on molecular
pathology and NLR, and identify for lower-grade gliomas (LGG) four risk groups with distinct overall
survival [33].
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3. Epidemiology and Risk Factors of Glioma

In the past few decades, the investigation of adult glioma was prioritized because of a lesser global
incidence of GBM, i.e., 10 per 100,000 people. Due to the lack of new and efficient diagnostic strategies,
the survival rate (SR) of 15 months after diagnosis creates a critical public health problem [2,34,35].
GBM accounts for 50% of all gliomas in various age groups [36]. Although the peak incidence
is between 55 and 60 years of age, GBM could occur at any age, with a mortality rate of 2.5% of
the worldwide cancer death toll. GBM accounts for the third foremost cause of deaths due to cancer in
patients from 15 to 34 years [37,38]. The GBM incidence ratio was more in men when compared to
females [39]. The Western world reported a higher incidence of gliomas than less developed countries,
which could be recognized as due to under-recording glioma cases, narrow contact to health care,
and alterations in diagnostic practices [40–42]. A few studies showed that blacks were less prone to
GBM. Further, the incidence of GBM was reported to be higher in Asians, Latinos, and Whites [43].

The current global standard for the catalog and identification of gliomas is as per WHO classification.
WHO categorizes gliomas as Grade I to IV based on malignancy level, which is committed by
the histopathological measures. Class I to III gliomas relay to abrasions with less proliferative potential
and can be managed surgically with chemo and/or radiotherapy. In contrast, Grade IV gliomas are
highly malignant and invasive. GBM is the utmost aggressive, offensive, and identical type of cancer
and was labeled as Grade IV [44].

A positive family history, absence of atrophic conditions, longer length of leukocyte telomere,
and risk alleles at more than twenty genetic loci are a few of the endogenous factors that enhance
glioma risk. A high dose of ionizing radiation is also one of the environmental factors attributed to
a higher risk of glioma [45]. Identifying modifiable factors that would enable primary prevention
approaches remain the quintessential goal of glioma epidemiologic research.

Several studies on the allergic and nutritional epidemiology of glioma showed an inverse
association between allergy and gliomas but did not provide any causal relationship between them [46].
The nutritional epidemiology studies suggested that various food groups and nutrients were associated
with glioma risk; the results were inconclusive and not replicable in subsequent research [24,47].
The results of epidemiological analysis also suggested the presence of an inverse association between
cancer and certain neurological conditions, mainly age-related neurodegenerative diseases [48].
In recent research, a potent negative association was observed between the expression levels of
microRNAs in GBM than Alzheimer’s disease (AD), suggesting that although the molecular pathways
behind the development of these two pathologies are the same, they appear to be inversely controlled
by microRNAs [49]. Another epidemiological study indicated that the patients suffering from AD have
a lower risk of developing lung cancer (LC) and suggest a higher risk of developing GBM [50].

4. Receptors Tyrosine Kinase (RTK) and Their Inhibitors of Intracellular Signaling Pathways in
Glioma

RTKs belong to the family of cell surface receptors and are receptors for hormones, growth
factors, neurotrophic factors, cytokines, and extracellular signaling molecules. The tyrosine
kinase (TK) comprises the intracellular TK domain, extracellular ligand-binding domain, and a
hydrophobic transmembrane domain. The domains as mentioned above get activated upon binding
of the ligand, leading to the TK domain’s autophosphorylation and dimerization. This receptor,
when activated by ligands in turn, activates two downstream signaling pathways, Rapidly Accelerating
Sarcoma/mitogen activated protein kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK)
and phosphatidylinositol 3-kinase/a serine/threonine protein kinase/mammalian target of rapamycin
(PI3K/AKT/mTOR) [51] (Figure 1), which play a prominent role in cell differentiation, survival,
proliferation, and angiogenesis. Thus, RTKs and their ligands were proven to be promising targets in
the treatment of GBM. Among the several receptors belonging to the RTK group in human glioma,
the signaling pathways such as EGFR and VEGF receptor mutations have played a significant role in
GBM described below in detail [52].
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Figure 1. Schematic representation of Receptor Tyrosine Kinases (RTK) activation and the downstream
signaling. RTKs, particularly epidermal growth factor receptors (EGFR), are amplified in
glioblastoma, which significantly alters the nutrient uptake and utilization. The Rapidly Accelerating
Sarcoma/mitogen activated protein kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK)
and phosphatidylinositol 3-kinase/a serine/threonine protein kinase/mammalian target of rapamycin
(PI3K/AKT/mTOR) pathways get activated through the stimulation by growth factor receptor (GFR).
Physiologically, these two pathways orchestrate to execute cell proliferation, survival, motility, adhesion,
and angiogenesis. Any deregulation in these pathways leads to an activation of oncogenic signaling
cascades causing glioma.

4.1. EGFR Family and Its Mutations

RTKs that generally control the proliferation, migration, and differentiation of neural progenitors
via signaling EGFR and its downstream MAPK and PI3K/AKT/mTOR pathways (Figure 1) [17].
EGFR, a member of the ErbB family, is commonly expressed in neural progenitors during brain
growth and initiated stem cell astrocytes and transit-amplifying cells in the adult rodent subventricular
zone (SVZ) [53,54]. Among 45–57% of GBM patients, the mutation and amplification in EGFR ErbB1
(EGFR, HER1) were detected, which indicated its major role in the pathogenesis of GBM [55,56].
In addition, about 8–41% of GBM patients showed mutations in erythroblastic oncogenic B/human
epidermal growth factor receptor (ErbB2/HER-2) [55,57]. Its expression reduces significantly in the adult
human cortex (Cx) and white matter (WM) under non-reactive conditions but is retained within the adult
human SVZ astrocyte ribbon. The mechanisms maintaining more EGFR expression in human neural
growth and its silencing upon difference are not well understood and not have been investigated
before at the epigenetic level [58]. Excitingly, the most diffuse gliomas of LGG and high-grade glioma
(HGG) have shown the pathological expression of EGFR. Generally, EGFR overexpression in gliomas
has been mainly recognized to gene amplification, the activating mutation EGFRvIII, and gene fusion
events, which overall comprise approximately half of GBM and are rarely observed in LGG [59,60].
EGFRvIII, a truncated species, is often expressed in GBM and independently activated by a ligand,
resulting in cell survival and proliferation. Despite the growth-enhancing properties of the EGFRvIII,
its expression has been linked to the increasing overall survival of patients. Furthermore, EGFRvIII,
being a neoantigen, equally elicits an immune response [60,61]. Recent investigations have started to
explore EGFR overexpression mechanisms in gliomas outside of genetic alterations, including the role
of epigenetics. Still, there is no study that has analyzed the EGFR promoter in human glioma samples.
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4.2. VEGF Family and Its Mutations

VEGF, a potent angiogenic protein, is known to enhance vascular permeability. Although VEGF
has a role in normal tissues, malignant transformation has been shown to induce VEGF
expression—especially under hypoxic conditions inducing the transcription factors (HIF1α and HIF1β)
to translocate to the nucleus, thereby activating the VEGF gene [61] (Figure 1). Upon activation
of the VEGF gene, angiogenesis is enhanced to neutralize the hypoxia. GBM tumors enhanced
the expression of VEGF and hypoxia, which in turn caused irregular vasculature [62]. The enhanced
expression of VEGF in GBM tissues was due to the up-regulation of the VEGF receptor, VEGFR2,
which acted by RAS (Rapidly Accelerating Sarcoma) or PI3K (phosphatidylinositol 3-kinase) or
the PLCγ–PKC–MAPK pathway in contrast to RTKs [63]. VEGFR3 operates similarly to TK activities.
The PKC and RAS pathway is known to be stimulated by lymphangiogenesis in VEGFR-3. VEGF was
also shown to play a vital role in vascularization and endothelial cells’ neoplastic growth [64].

5. Molecular Drug Therapy Targets and Its Clinical Profile of EGFR Family in Glioma

5.1. Small-Molecule Kinase Inhibitors

Various active components prevent the EGFR activity, and its ligands have been under progress
since the starting of this era. Small molecular EGFR protein tyrosine kinase inhibitors (EGFR–TKIs)
have become the most innovative active component in anti-cancer management [52]. EGFR–TKIs
are a 4-anilinoquinazoline structure that could covalently link with the ATP binding site of the RTK
to procedure the dynamic conformation. The initiation loop was phosphorylated and consequently
inhibited the phosphorylation of TK (Figure 2) [65].
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Figure 2. RTKs (EGFR) signal transduction and are a target site for small molecule and monoclonal
antibody in glioma treatment. Small-molecule tyrosine kinase inhibitors block the downstream signaling
by competing for ATP at the catalytic site of the kinase domain whilst the monoclonal antibodies
(mAbs), which have an outstanding degree of specificity, block downstream signaling by binding
to the leucine-rich and cysteine-rich ectodomains. Compounds that inhibit mammalian target of
rapamycin (mTOR), a downstream signal in the EGFR pathway, facilitate the autophagic clearance of
cancerous cells.

Erlotinib, an EGFR-TKI drug, prevents the phosphorylation of the TK intracellular domain of
EGFR [66]. Several phase II studies for GBM were not efficient in recurrent GBM [67] patients. In contrast,
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Erlotinib’s combination therapy with temozolamide was well tolerated and enhanced the survival
rate in the newly diagnosed GBM patients [68,69]. Gefitinib (ZD1839/Iressa®), another EGFR–TKI,
radio sensitized U251 GBM cells in vitro [70]. Still, there was no improvement in the survival rate
shown in the phase II clinical trial with newly diagnosed GBM patients [71]. AEE788 and Vandetanib
inhibited both EGFR and VEGFR TK (Table 2), but when tested on GBM, patients showed lesser efficacy
or enhanced toxicity. AEE788, in a phase I clinical trial, exhibited less efficacy and higher toxicity
in treating recurrent GBM patients [72]. Although AEE788 showed very little efficacy in an in vitro
GBM cell line, it decreased cell proliferation in vitro when administered in combination with histone
deacetylase inhibitors (HDACIs) [73]. In a phase II trial, when incorporated into the standard regimen
(surgery + chemotherapy + radiotherapy), AEE788 showed no/little effects, due to which the study
was terminated [74].

Lapatinib, an inhibitor of both EGFR and HER2 TKs, showed little effect in a phase I/II
clinical trial [75], but in combination therapy with CUDC-101, an HDAC inhibitor, it enhanced
the radiosensitivity of the GBM cell line in vitro [76]. Few VEGFR–TKIs such as vatalanib (PTK787),
sorafenib, and tivozanib showed lesser efficacy when individually administered (Table 2). Vatalanib
and tivozanib did not affect the tumor volume; however, they were well tolerated in a phase II
trial [77,78]. Sorafenib’s combination therapy with the standard regimen had little effect on recurrent
GBM patients in a phase II trial [79]. A phase III trial of Cediranib (AZD2171), another VEGFR–TKI,
failed to improve the progression-free survival, both in monotherapy and lomustine recurrent GBM
patients [80].

5.2. Targeting Extracellular Domain of RTKs through Antibody Therapies

Among the various therapies targeted toward the kinase domains of RTK, the extracellular domain
also served as a probable target for antibody therapy. The antibodies antagonized the ligand-binding
site of RTKs, preventing the ligand binding and thereby activating the kinase domains [81]. An EGFR
targeting the antibody cetuximab showed antagonistic activity by inhibiting the activation of RTKs,
which in turn inhibited the tumor malignancy [82]. The antibody was used as rescue therapy in patients
who have not responded to standard treatment. In addition, cetuximab monotherapy was well tolerated,
and minimal recurrence of GBM was reported by a phase II clinical trial [83]. Another monoclonal
antibody (mAb), ornartuzumab, targeting the hepatocyte growth factor receptor/tyrosine-protein
kinase Met (HGFR/c-MET) receptor’s extracellular domain was reported to prevent the cancer growth
in orthotopic U87 GBM xenograft. MK-0646 (H7C10/F50035/dalotuzumab), a humanized monoclonal
insulin-like growth factor receptor type 1 (IGF-1R) antibody, was shown to be an antagonist that
decreased cell proliferation and induced apoptosis [84].

The antibody therapies are still in the preliminary stages of investigation and are promising
therapeutic targets for GBM compared to the small molecule kinase inhibitors [85,86]. In addition,
the primary constraint faced in the antibody therapy was the Blood Brain Barrier (BBB) penetrability
and the large size of molecules, which could be overcome by engineered antibodies capable of
penetrating the BBB [87]. Antibodies binding with the transferrin receptors were used to cross the BBB
in both murine and primate models. On the other hand, using Ommaya reservoirs or during surgery,
the antibodies could directly be delivered to the brain, bypassing the BBB [88].
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Table 2. Ongoing trials targeting the EGFR in glioblastoma (GBM).

Drug GBM Phase Characteristics NCT No.

Small-Molecule Kinase Inhibitors and/or Combination with Other Therapy

GC1118 R II
Focuses on overall response rate

and exploration of
predictive/prognostic biomarkers

NCT03618667

Osimertinib
Fludeoxyglucose

F-18 (FDG)
R II

Studied the intra-patient variability of
tumor FDG uptake, which was

determined using double baseline
FDG PET prior to osimertinib

exposure

NCT03732352

EGFR BATs with
SOC RT and TMZ R I

Immune measures in blood anti-GBM
cytotoxicity of peripheral blood

mononuclear cells directed at GBM
cell lines

NCT03344250

Dacomitinib C II

Progression-free survival (PFS) at six
months (PFS6m) and Safety

and tolerability of oral administration
of PF-00299804.

NCT01520870

Temozolomide,
ABT-414, Radiation A, NR II

III Overall Survival (OS) NCT02573324

EGFR(V)-EDV-Dox R I

Overall Survival (OS)
and identification of recommended

phase 2 dose of EGFR(V)-EDV-Dox in
subjects with recurrent GBM

NCT02766699

C225-ILs-dox R I
Tumor response achieved in

the treatment phase was assessed as
per RANO criteria

NCT03603379

Protein expression
analysis C -

Overall survival and the free survival
was predicted based on the molecular

characteristics
NCT00897663

EGFRvIII-CARs R I Assessment of T cell trafficking within
the brain tumor NCT03283631

EGFRBi Armed
Autologous T Cells W I

II

Overall survival, change of cytokine
profile, incident toxicity,

and the overall survival was assessed
as per the National Cancer Institute
Common Terminology Criteria for

Adverse Events Version 4.0

NCT02521090

Erlotinib
hydrochloride T II

Disease response measured
objectively by MRI of brain duration

of progression-free survival (PFS)
NCT00387894

Radiation,
temozolomide

depatuxizumab
mafodotin

A, NR III Cumulative dose of depatuxizumab
mafodotin NCT03419403

Gefitinib +
Radiation therapy C I

II Overall survival by EGFR status NCT00052208

Cetuximab,
Mannitol R I

II
Composite overall response rate was

assessed through RANO NCT02861898

AMG 596 R I Number of subject with
treatment-emergent adverse events NCT03296696

AMG 596 C I Overall survival and anti-AMG 595
antibody formation NCT01475006
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Table 2. Cont.

Drug GBM Phase Characteristics NCT No.

PI3K/ART/mTOR

PX-866 C II
Measurement of progression
and response of brain tumor

using MRI or CT scan
NCT01259869

INC280 T I, II

Number of Patients
Reporting Dose Limiting

Toxicities (DLTs) in Phase 1
and Phase II Surgical Arm:
Concentrations of INC280
and Buparlisib in Tumor

NCT01870726

XL765 (SAR
245409) + XL147

(SAR 245408)
C I

To assess the biological effect
and PI3K/mTOR

modulations of XL 765
and XL 147 in GBM tissue

NCT01240460

BKM120 + Surgery C II BKM120 brain plasma ratio
at time of surgery NCT01339052

MK-3475 +
PI3K/AKT
Inhibitors

# I, II Progression-free survival NCT02430363

GDC-0084 + Radio
Therapy R I

To estimate the maximum
tolerated dose (MTD) or
RP2D of GDC-0084 after
radiation therapy (RT)

NCT03696355

AZD2014 A, NR I Recommended phase II dose
(RP2D) of AZD2014 NCT02619864

GDC-0084 R II Dose-limiting toxicities
(DLTs) NCT03522298

AZD8055 C I
Establishment of MTD of
AZD8055 with recurrent

gliomas
NCT01316809

GDC-0084 +
Radiation Therapy R I To estimate the MTD or

RP2D of GDC-0084 after RT NCT03696355

CC-115 A, NR I
To determine the MTD,

Non-tolerated dose
and Dose-Limiting Toxicity

NCT01353625

R—Recruiting, C—Completed, A—Active, NR—Not Recruiting, T—Terminated, W—Withdrawn, and #—Study has
passed its completion date and status has not been verified in more than two years.

5.3. Therapies Directed at RTK Ligands

Antibodies not only bind to the extracellular domains but also are capable of trapping the ligands
that activate the RTK signaling pathways [89]. Targeting the ligands might serve as an attractive
means for GBM therapy. However, the usage of antibody was reduced due to various factors such
as mutations in EGFRvIII and the inability to cross the BBB, which limited the tumor penetration
and efficacy of the therapy. Bevacizumab, a humanized murine mAb, was reported to bind to VEGF
and prevent it from binding to the receptor [90]. Bevacizumab was granted accelerated approval by
the FDA in 2009; however, the drug demonstrated reduced efficacy against the newly diagnosed GBM
and had no benefit on the patient’s overall survival [91]. Aflibercept, another trap for VEGF, prevented
its binding to the receptor, and recurrent GBM patients were proven to have only 7.7% of participants
resulting in progression-free survival rates after six months in a phase II trial. Rilotumumab (AMG102),
an anti-HGF mAb, was shown to bind to HGF, thus preventing the binding to the HGFR/c-MET
and thereby activating downstream targets. In combination with temozolomide in vitro, rilotumumab
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was shown to inhibit the growth of U87MG glioblastoma cells. The combination showed only minimal
effects on GBM in the phase II clinical trial [18].

5.4. Targeting Downstream Pathway of EGFR

A comprehensively studied downstream pathway of EGFR is the PI3K/AKT/mTOR, which is
critically involved in regulating cell apoptosis, autophagy, proliferation, and metabolism. Dysregulation
of the pathway, as mentioned earlier, played a prominent role in various cancers [92,93]. Therapeutic
strategies targeting PI3K/AKT in GBM have given promising results in the in vitro and in vivo xenograft
models; however, clinical safety and efficacy need to be proven. Sonolisib (PX-866), an irreversible
PI3K inhibitor, inhibited the angiogenesis and invasion of GBM cells in vitro but did not induce
the apoptosis of GBM cells; nevertheless, the drug caused cell cycle arrest. Sonolisib was well tolerated
but showed disease progression in almost 73% of recurrent GBM patients in the phase II clinical
trial [94]. Various other inhibitors such as XL765 (SAR245409) and GDC-0084, both PI3K and mTOR
inhibitors, showed efficacy against GBM in the in vitro and in vivo models. However, the results as
mentioned above lack the support from relevant clinical data [95].

Sirolimus (rapamycin), temsirolimus (CCI-779), and everolimus (RAD001), the mTOR inhibitors
were evaluated in the various clinical phases and showed little efficacy in treating GBM patients.
Everolimus showed very little effectiveness and a low survival rate in monotherapy and combination
with temozolomide radiotherapy in a phase II clinical trial [96]. Sirolimus monotherapy and in
combination with erlotinib [97] and temsirolimus [98] failed to show any effect in the treatment of
GBM patients in a phase II clinical trial.

Other inhibitors such as vistusertib (AZD2014), palomid 529, and mTOR kinase inhibitor (CC-223)
were dual inhibitors of mTORC1 and mTORC2. Vistusertib showed radiosensitization in GBM cell
lines both in the in vitro and in vivo models, due to which the participants were recruited to phase I
and II clinical trials [99] (clinical trial ID: NCT02619864). In a GBM xenograft model (U87MG cells),
CC-223 exhibited an anti-tumor effect, while Palomid 529 exhibited anti-tumor activity in the orthotopic
murine tumor model [100].

6. Mechanism of Drug Resistance to EGFR–TKIs in Glioma

Although the mechanism of drug resistance to EGFR–TKI in GBM remain unclear, few reports
discussed the possible mechanisms in this regard. The absence of mutation in exons 19 and 21
of the TK domain was reported, especially in first-line EGFR-TKIs such as erlotinib and gefitinib.
Their pharmacological actions were dependent on the modifications, as mentioned above [101].
Another possible mechanism mentioned was an alternative activating signal that compensated for
the inactivation of EGFR signaling by EGFR–TKIs. In addition, the absence of EGFRvIII and loss
of phosphatase and tensin homolog (PTEN) were the other determinants of resistance in certain
studies [102].

The inhibition of mTOR, a downstream molecule of the PI3K/PTEN/AKT pathway, promoted
the response of glioma cells to EGFR-TKIs in vitro [103,104]. Conversely, there was no responsiveness
to erlotinib and no expression of EGFRvIII and PTEN in the phase II clinical trial with relapsed GBM
patients [105]. In addition, a combination of the mTOR and EGFR–TKIs inhibitors (sirolimus) did not
improve the patients’ responsiveness in recurrent GBM patients [106]. On the other hand, erlotinib
inhibited EGFR in EGFRvIII expressing U87 GBM cells and enhanced the expression of PDGFRα,
thereby compensating the signaling pathway inhibited by erlotinib [97].

Despite the numerous studies on GBM treatment targeting EGFR, no therapeutic efficacy has been
reported [107,108]. The therapeutic efficacy was minimal or nil in the case of first and second-generation
EGFR inhibitors for the treatment of recurrent GBM [109,110]. The primary reasons for the above
drugs’ failure were their inability to cross the BBB and the requirement of a relatively high amount of
drug concentrations in the brain [92], which in turn limited their usage. By overcoming the above-said
limitations, effective therapy for GBM could be discovered [92].
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7. Current Pharmaceutical Drug Targets in Glioma

Despite the great activity of EGFR–TKIs, mAb, and chemotherapeutic agents, the therapeutic
outcomes limited by BBB penetration in both preclinical and clinical studies have urged the thought
of using TKIs-loaded nanoformulations in the management of GBM [111]. For example, lipophobic
and less molecular weight drugs could not achieve specific delivery in tumor tissues and were
characterized by a short circulation half-life [112]. Furthermore, compared to the other cancer types
harboring EGFR amplification, clonal resistance was not observed in GBM after the EGFR inhibitor
treatment. However, multiple failures and/or resistance such as the absence of exons 19 and 21 of
the TK domain, an alternative activation of signals, rapid adaptive responses due to EGFR inhibitors,
and the lesser ability of EGFR–TKI drugs to cross the BBB were reported in various studies [113].

Consequently, the novel drug delivery systems (NDDS) were employed for the specific delivery
of FDA-approved drugs to increase its therapeutic outcomes and reduce the adverse effects during
GBM treatment. Among the above-mentioned NDDS, the NPs (Figure 3) with various structures
and properties to serve as the desirable carriers for anti-cancer drugs were invented [114,115].
In addition, the systems appear to be promising approaches to solve the existing problems in
the management of GBM [114]. NPs-based systems have many unique benefits. Firstly, NPs can be
loaded with the hydrophilic and hydrophobic drugs simultaneously, which results in an enhanced
solubility and anti-cancer effect when employed with the suitable combinations of medicines in carriers.
Secondly, the uniform particle size distribution and surface modifications enabled passive or active
cancer targeting and resulted in improved drug availability in the tumor region. Lastly, the NPs as drug
carriers also aided the sustained and controlled drug release at a specific region. The augmented drug
release profiles with extended circulation time permitted improved pharmacokinetics and decreased
the dose-dependent toxicity of therapeutic agents [116,117]. Hence, the subsequent portion reviews
the benefits of various classes of NPs used in EGFR-targeted drug delivery to manage glioma.
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7.1. Organic Nanoparticles

7.1.1. Albumin Nanoparticles

Due to the greater biodegradability and low immunogenicity of serum albumin, it has been
identified as a suitable nanocarrier for the cancer management in recent years. In addition, the ability
of binding or absorbent proteins around the NPs was showcased as the foremost prominent factor for
prolonged circulation time and phagocytosis [118]. As an endogenous substance, albumin might inhibit
therapeutics drugs from unnecessary stability interaction and targeting efficiency. The human serum
albumin-based paclitaxel (PTX) nanoparticles exhibited superior anti-tumor activity by the prolongation
of survival and pro-apoptotic effect, as depicted by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) analysis, thereby serving as a novel strategy for treating GBM (Figure 4A,B) [119].
Furthermore, radioiodine cross-linking anti-EGFR (cetuximab) and bovine serum albumin (BSA)
polycaprolactone (PCL) nanoparticles were also useful to induce tumor regression, which in turn
enhanced the cytotoxicity on tumor cells and limited the adverse effects of chemical agents [120].
Thus, it can be stated that albumin NPs exhibited an improvement in therapeutic outcomes.

Tsutsui et al. demonstrated bio-nano capsules (BNCs) as an efficient way to deliver drugs to
brain tumors in Gli36 cell lines. BNCs are composed of a hepatitis B surface antigen, small interfering
ribonucleic acid (siRNA), genes, chemical components, and proteins that selectively target brain tumors.
BNCs, when conjugated with an EGFR antibody, were capable of recognizing EGFRvIII, which in
turn was overexpressed in various human malignancies. EGFRvIII was reported to be overexpressed
in the variability of human malignancies of epithelial origin, particularly in gliomas. As mentioned
above, the reports indicated BNC’s potential as a means to achieve tumor targeting delivery [121].

The intravenous (i.v.) administration of T7 peptide modified core–shell NPs (T7-LPC/siRNA
NPs) consisting of protamine/chondroitin sulfate/siRNA/cationic liposomes assembled layer by layer
followed by modification using T7 peptide resulted in siRNA targeted delivery. T7-LPC/siRNA
NPs, when compared with PEG-LPC/siRNA NPs, showed increased fluorescence intensity in
microvascular endothelial cells of the brain (BMVECs) and U87 glioma cell lines. The NPs resulted in
the downregulation of expression of EGFR protein in U87 glioma cells in vitro. The accumulation of
NPs was more specific to the tumor tissues and penetrated the deep region ascertained by the co-culture
model of BMVECs and U87 cells and in vivo imaging. The reports also confirmed that the NPs
demonstrated the most prolonged survival period and highest down-regulated expression of EGFR,
thereby showing the potential of siRNA delivery for the targeted therapy of GBM [122].

7.1.2. Immunoliposomes (IL) and Solid Lipid Nanoparticles (SLNs)

The sustained and targeted drug release profiles of the immunoliposomes (ILs) and solid
lipid nanoparticles (SLNs) nanosystems enabled the enhanced cancer cell inhibition and decreased
the adverse effects throughout the tumor therapy [123]. Lipids (phospholipids) were utilized to
manufacture NPs due to their safety and biocompatibility [124]. The dual targeting SLN loaded
with etoposide (ETP) containing mAb for insulin receptors and anti-EGFR was used to treat GBM.
The dual-functionalized SLNs crossed the BMVECs/HA (human astrocytes), which is an in vitro model
for BBB, and showed enhanced cytotoxicity against U87MG cells [125], thus proving its potential against
GBM. In another study, the Cetuximab (C225)-immunoliposomes (ILs) encapsulating boron anion
were constructed by using novel maleimido–Polyethylene Glycol (PEG)–cholesterol for the targeted
delivery of boron compounds to EGFR (+) glioma cells for boron neutron capture therapy (BNCT).
It was concluded that the prepared ILs could serve as an efficient delivery vehicle for the BNCT of
glioma [126].
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Figure 4. (A) Schematic representation of preparation and mechanism of action of albumin nanoparticles
(NPs); (B) Fluorescent microscopic terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay images of in vivo anti-cancer efficacy of SP–HSA–PTX NPs (Green: TUNEL-stained
apoptosis cells. Blue: 4′,6-diamidino-2-phenylindole (DAPI)-labeled nucleus, Yellow dashed lines:
boundary between (N) normal brain and (G) glioma section). Reprinted with permission from [119],
Elsevier, 2018.

Quantum dot immunoliposome (QD-IL), a hybrid nanoparticle, was targeted toward EGFR to
treat GBM. QD-ILs were taken up efficiently by the malignant cells. In addition, QD-ILs served as
imaging methods proven in both the in vitro and in vivo models. Furthermore, the NPs were also
employed in ligand-directed delivery that allowed targeted drug delivery to the desired site to achieve
efficient treatment for GBM [127]. Moreover, the anti-tumor effect of the combination of bevacizumab
(Bev) and gemcitabine (GM) loaded IL (Bev-GM-IL) in a xenograft mice model (XMM) showed that
the combinational therapy is better than monotherapy. This is due to the synergistic activity of two
different drugs on GBM stem cells. Likewise, the combinational treatment extended the mean survival
time of XMM. Altogether, the above results suggested that the combination of Bev-GM-IL offered
promising outcomes in the treatment of GBM [128].

In another study, doxorubicin (DOX) and vincristine (VCR) were loaded with T7 and DA7R
dual peptides-modified liposomes (T7/DA7R-Ls) to treat glioma. The in vivo (Figure 5) results of
T7/DA7R-Ls showed improved glioma localization compared with mono ligand-modified liposomes
or the free drug. In conclusion, the dual-targeting, co-delivery approach delivered a potential method
for successful brain drug delivery in the glioma treatment [129].

7.1.3. Polymeric Nanoparticles

The comparative evaluation of the other conventional nanocarriers, the polymeric NPs, exhibited
promising benefits in the biomedical applications due to their improved solubility, biocompatibility,
and biodegradability. The biodegradation through circulation in vivo can be eluded efficiently,
and the elimination half-life of the drugs is also prolonged after polymeric NPs encapsulation [130].
Additionally, the polymeric NPs with an applicable particle size distribution could passively help
accumulate medicines in the tumor region by improved permeability and retention time [131,132].
Moreover, the retention time of encapsulated drugs in the tumor region could also be precisely regulated
by various strategies [133]. For all of these advantages, the surface of polymeric NPs could be altered by
selecting specific ligands to achieve active targeting delivery [134]. A study demonstrated the delivery
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of curcumin using poly (D, L-lactic-co-glycolic acid) (PLGA) NPs tagged with an EGFRvIII, which was
internalized by EGFRvIII overexpressed GBM cells leading to the enhanced photodynamic toxicity of
curcumin [135].
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Figure 5. In vivo anti-glioma effect of doxorubicin (DOX) and vincristine (VCR)-loaded T7/DA7R-LS
immunoliposomes. (A) Distribution of Cy5.5 in the mice brain bearing intracranial C6 glioma
determined by a CLSM; (B) MRI of normal and pathological brains at 16 d after inoculation. Reprinted
from [129], Taylor and Fransis Group, 2017.

Lei Wang et al. (2015) prepared the angiopep-2 (ANG)-modified PLGA/DOX/siRNA NPs,
which inhibited the cells by inducing apoptosis and silenced the EGFR pathway in U87MG cells.
The NPs were capable of penetrating the BBB, thus resulting in the enhanced accumulation of
drugs in brain in vivo. Animal studies not only demonstrated the co-delivery of DOX and EGFR
SiRNA but also prolonged the life span of GBM-bearing mice [136]. Chengkun et al. (2019) utilized
the Golgi phosphoprotein 3 (GOLPH3) nanobody to construct an angiopep-2 (A2)-modified cationic
lipid PLGA NPs (A2-N) targeting the Ge and GOLPH3 siRNA (siGOLPH3). The NPs not only
penetrated the BBB but also silenced the expression of GOLPH3 mRNA and enhanced the expression
of EGFR and pEGFR upon entering glioma cells. In addition, the above-mentioned NPs acted
as a combinational anti-tumor therapy in vitro and in vivo [137]. In vivo imaging revealed that
the T7-LPC/siRNA NPs penetrated the deeper regions of the tumor. Furthermore, the accumulation
was more in the brain, which was an added advantage compared to PEG-LPC/siRNA NPs. The group
also demonstrated the enhanced survival period by down-regulating the expression of EGFR in
mice, and therefore, it can serve as a potential target for treating GBM [119]. In another study,
C225 was conjugated to TMZ-loaded PLGA NPs (C225–TMZ–PLGA–NPs) by cross-linking chemistry
to target the EGFR receptor. Furthermore, in vitro cellular uptake and the in vivo evaluation of
PLGA–NPs, TMZ–PLGA–NPs, and C225–TMZ–PLGA–NPs were conducted. In addition, the results
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of cell cytotoxicity, apoptosis in U-87MG, SW480, and SK-Mel 28 cancer cell lines confirmed
that the C225-PLGA-NPs can be utilized as a versatile nanocarrier for the management of EGFR
overexpressing cancers [138].

7.1.4. Dendrimers

The dendrimers are hyper-branched macromolecules that exhibit advantages over the conventional
carriers (liposome, polymeric NPs etc.) such as enhanced stability in the blood circulation and ability
to accommodate various ligands due to its chemosynthetic approach rather than self-assembly
through non-covalent interaction [139,140]. In addition, the structure, size, and molecular weight of
dendrimer have resemblance with bio-structures and proteins (insulin, hemoglobin and cytochrome),
which makes them employable in various fields as gene delivery, immunodiagnosis, and encapsulation
of drugs [141,142]. Dendrimer-based drug delivery employing polyamidoamine (PAMAM) was also
explored for its application in GBM therapy [143,144].

An antisense oligonucleotide (ASODN) delivery of conjugates of folate–PAMAM (FA-PAMAM)
inhibited the C6 cell growth in glioma. The coupling of folic acid to the surface amino groups of
PAMAM dendrimers and ASODNs (ASODN: FA-PAMAM) corresponded to rat EGFR in the ratio
of 16:1. The ASODN:FA-PAMAM combination suppressed EGFR and C6 cell growth expression,
thus enhancing the survival time [145].

Cetuximab (C225) could be covalently linked to methotrexate (MTX) by the 5th generation (G5)
of PAMAM dendrimers via its fragment crystallizable (Fc) region (C225–G5–MTX) to target EGFR
and EGFR variant III (EGFRvIII). Competitive binding assay (CBA) demonstrated that C225–G5–MTX
exhibited a higher affinity for the EGFR-expressing rat glioma cell line (F98EGFR) than the wild-type rat
glioma cell line (F98WT). Subsequently, the improved distribution of 125I bio-conjugate of C225-G5-MTX
noticed in F98EGFR was six-fold greater than F98WT cells, thereby contributing to specific molecular
targeting the GBM treatment. The animal models that received C225-G5-MTX and C-225 or MTX
exhibited 15- and 19.5-day survival rates, respectively. Correspondingly, the results were non-significant
between the control and test animals [146].

PAMAM dendrimer and Tat peptide were fabricated to bacterial magnetic NPs
(Tat–BMPs–PAMAM), which were then complexed with the siRNA expression plasmid of human EGFR
(psiRNA–EGFR) through electrostatic interplay (Tat–BMPs–PAMAM/psiRNA-EGFR). The conjugate
offered promising results in reducing tumor growth and suppressing the expression of oncoproteins.
In addition, the conjugate could serve as a possible targeted gene delivery for GBM [147].

Recently, an angiopeptide-2 (Ang2) and low-density lipoprotein receptor-relative protein-1 (LRP1)
was conjugated with PAMAM to improve BBB penetration glioma sites. Furthermore, PAMAM was
concurrently functionalized with an EGFR-targeting peptide (EP-1) to achieve specificity and improved
affinity to target EGFR. The above results showed the potential of the dual drug-loaded PAMAM in
the treatment of gliomas by improving BBB penetration and specific EGFR targeting efficiency, both
in vitro and in vivo (Figure 6) [148].

All the above-mentioned experiments concluded that the dendrimer-based NPs could be utilized
as extensive drug delivery carriers to target and treat various CNS cancer cells by BBB penetration
with the backing of targeting ligands.
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Figure 6. (A) Schematic representation of fabrication of the dual drug loaded polyamidoamine
(PAMAM) dendrimers in the treatment of gliomas by improving BBB penetration; (B) Assessment of
the affinity and specificity of peptide EP-1 toward EGFR; (C) In vitro evaluation of biocompatibility
and anti-tumor efficacy of the dual drug-loaded PAMAM dendrimers; (D) Flow cytometry evaluation for
intracellular uptake of different DOX-loaded dendrimers. Reprinted from [148] Ivyspring International
Publisher, 2020. * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (Student’s t-test).

7.2. Inorganic Nanoparticles (NPs)

7.2.1. Silica NPs

The mesoporous silica nanoparticles (MS-NPs) are frequently employed as multifunctional
nanocarriers to treat cancer cells owing to its mesoporous structure and enormous surface area. As a
result, the active components can be dumped in the porous structure of NPs to obtain the maximum
amount of drug-loading, and the surface modification of MS-NPs could also increase the intracellular
uptake. Additionally, the alteration of carriers’ particle size, surface charge, and shape could increase
the biocompatibility and minimize the cytotoxicity of MS-NPs [149]. In addition, MS-NPs could be
encapsulated with contrast agents for MRI imaging. Hence, MS-NPs exhibit a chance to improve
the solubility and stability of anti-EGFR drugs by being deposited in the porous structure.

Furthermore, prolonged drug release profiles resulted in decreased cytotoxicity in long-period
cancer therapy [150,151]. The properties mentioned above were ensured by developing DOX magnetic
(Fe3O4) NPs, encapsulated in polyethylene glycol (PEG), to functionalize the porous silica shell and treat
cancer cells [152]. Likewise, multi-targeted oleic acid (OA)–MNPs were developed. Reports confirmed
promising outcomes about the in vitro and in vivo efficacy in treating human cancer cells (HeLa).
The study results stated that the MS-NPs formulations were more predominant than the placebo
or free drugs and could overcome the drawbacks mentioned above of the conventional treatment
approaches [153]. The synthesized and functionalized DOX magnetic MS-NPs were fabricated with
PF-127 and then conjugated with transferrin (Tf) to enhance BBB penetration and achieve sustained
release at the specific site. The Tf-loaded NPs resulted in improved BBB permeability (Figure 7).
Thus, the prepared Tf nanocarriers could be considered as potential candidates in the treatment of
brain tumors [154].
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7.2.2. Magnetic Nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) specifically created an interest in the biomedical application
and research due to various advantages: separation of molecules, gene/drug delivery, magnetic
resonance imaging (MRI), and hyperthermic tumor treatment [155]. Among the several magnetic
nanocarriers, super-paramagnetic iron oxide (SPIO) has been commonly utilized owing to its promising
biocompatibility and magnetic properties. For example, an improved survival rate was noticed in
animal models with C225-IONPs compared to pure C225 in the treatment of GBM [156]. In addition,
SPIO and peptide nanoprobe were effectively combined and demonstrated for specific molecular MRI
and sensitive optical imaging (SOI). Both in vitro and in vivo MRI and SOI showed that the nanoprobe
was useful for targeting GBM with desirable biosafety [157]. In another study, MNPs were employed
by convection-enhanced delivery (CED) in the brain to target the EGFRvIII xenografts GBM model.
Then, MRI was conducted to evaluate brain targeting and the delivery of conjugated MNPs after CED.
The accomplishment of a human clinical trial containing a direct injection of MNPs into recurrent
GBM for thermotherapy proved the safety, efficacy, and feasibility in the patients [158]. In a recent
report, pazopanib was loaded in MNPs, which stimulated the ultrasound’s drug release. The enhanced
drug distribution in the non-small cell lung cancer (NSCLC) region resulted in improved therapeutic
outcomes [159].

7.2.3. Noble Metal Nanoparticles (NM-NPs)

Commonly, the Gold (Au) NPs are known as noble metal NPs, which were comprehensively
studied for biomedical applications due to their lower toxicity, distinctive electronic, and optic
properties that prompted cellular destruction with an application of radiation [160] or light [161].
In addition, AuNPs could be loaded with organic molecules (antibodies), which enhanced
the accumulation of AuNPs within specific cancer tissues or lesions [162]. AuNPs were loaded with
malondialdehyde-modified low-density lipoprotein (MDA-LDL) antibodies by distinct chemistries for
drug recognition and capture from the biological system [163]. Furthermore, 40 nm AuNPs with mAb
targeting the EGFR acted by random adsorption to treat oral squamous cancer. The antibody-loaded
AuNPs accumulation into the tumor region enhanced cancer cell death by photothermal therapy [161].
In addition, the 5 nm AuNPs were surface modified with EGFR antibodies and functionalized using
GM for targeting GBM cells [164]. In another study, Au nanocubes (AuNCs) with pH or temperature
sensitivity were prepared for erlotinib or DOX encapsulation. Firstly, the drug-loaded AuNCs could
accumulate more at the cancer tissue; the particular acidic microenvironment of cancer initiated
erlotinib’s release, precisely. Finally, the controlled release of DOX by near-infrared (NIR) laser
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irradiation improved the therapeutic effect of AuNCs-based nano carrier in A431 cancer cell lines [165].
In addition, the in vivo activity of the Au–C225 conjugate resulted in a similar effect compared to
free C225, concluding that the site-specific conjugation to the AuNP did not affect the biological
action of the EGFR antibody, thereby signifying the value of the intended functionalization approach.
The opportunity to yield accurate AuNP–Immunoglobuin G (IgG) conjugates creates novel paths
to assay the Au–C225 conjugate for cancer therapy, either for sensitizing tumor cells to external
radiation [166]. Based on the promising results of the developed NM-NPs provided a novel way for
the delivery of chemotherapeutic and TKIs drugs.

8. Current Clinical Studies of Nanoformulations

After promising results of preclinical investigations, the organic and inorganic nanoformulations
have entered the clinical trials to assess the tolerability, safety, pharmacokinetics, and efficacy for
the treatment of GBM [167]. Table 3 summarizes the list of current clinical trials on EGFR loaded
nanoformulation for the treatment of GBM. Firstly, the researchers have a newly developed EnGeneIC
delivery vehicle (EDV). This inorganic nanocarrier exploits antibody-targeted, transporting active
anti-cancer drugs into EGFR-expressing cancer cells (EnGeneIC, Lane Cove West, Australia). In a
phase I/II study, the recurrent GBM adult patients were dosed of up to 5 × 109 to determine the safety
and possible dose of EGFR–EDV–DOX (NCT02766699) [168]. The effect of anti-EGFR targeted DOX
loaded into C225-decorated Immunoliposomes (ILs) (C225–ILs–Dox) is being evaluated in a phase I
clinical trial (NCT03603379) [169]. Analogously, DOX–trastuzumab consisting of PEGylated liposomes
has completed a phase I/II clinical trial (NCT01386580). The phase I clinical study of cationic liposomes
loaded with cancer suppressor gene p53 and TMZ (SGT–53–TMZ) was conducted to observe minimal
side effects with a 6-month progression-free survival (PFS) and overall survival (OS) rate in patients
with advanced solid tumors (NCT02340156) [170]. The phase I/II clinical trial was conducted to estimate
side effects and a suitable dose of EGFR-bispecific antibody armed T cells (EGFR-Bi-T) in GBM patients’
treatment. In phase I trials, the patients received EGFR-Bi-T intrathecal (IT) injection twice per week
for four weeks to determine the efficacy and toxicity profile. In phase II trials, the patients received
EGFR-Bi-T IT twice weekly for four weeks and then i.v. over 15–30 min twice weekly for two weeks
(NCT02521090).

Table 3. List of Current Clinical Studies of Nanoformulations.

Nano Carriers Drug Phase Outcome Measures NCT Number Reference

EnGeneIC
delivery

vehicle (EDV)
EGFR-EDV-DOX I Determination of a possible phase

II dose of drug for recurrent GBM. NCT02766699 [168]

ILs C225-IL-DOX I Determination of a suitable ratio
of C225–IL–DOX concentration. NCT03603379 [169]

PEGylated
Lipososmes DOX-Trastuzumab I/II

To determine the safety
and tolerability of i.v.

administration of the PEGylated
liposomes

NCT01386580 NA

Albumin NPs
Rapamycin +

Avastin +
Radiation

II

To determine progression-free
survival (PFS) and overall

survival (OS) rate according to
response assessment in

neuro-oncology (RANO) criteria

NCT03463265 [171]

Cationic
Lipososmes SGT-53 + TMZ II

To determine six-month PFS
and OS, anti-cancer activity, safety,

and efficacy of NPs.
NCT02340156 [170]

enzyme-linked
immune spots EGFR-Bi-T I/II

To determine the maximum
tolerated dose (MTD) for eight

intrathecal (IT) injections
NCT02521090 NA
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9. Future Perspectives

The results of EGFR–TKIs drugs in clinical research showed that the molecularly targeted medicines
combined chemotherapy could achieve the highest therapeutic outcome compared to free active
components. However, the low specific inhibition and drug resistance during treatment were difficulties
in developing targeted molecular active agents. Novel signaling transduction anti-cancer drugs based on
modified therapy could minimize or overcome drug resistance. Remarkably, nanotechnology’s benefits
for the currently available chemotherapeutic and TKI agents provided alternative strategies for improving
therapeutic results: low solubility and BBB penetration, and prolonging the drug accumulation in
the cancer region, decreasing the side effects triggered by non-specific distribution. The nanocarriers’
design has been moved forward via its technological upgradations, yet the nanoplatform fails to attain
comprehensive clinical interpretation. Thus, the nanocarrier delivery approach is intended to assure
better chances of success in a clinical trial [172].

Moreover, the clinical trial evidence (Table 3) was intended to determine the safety and efficacy
of nanoformulations for the GBM treatment that have been happening since the beginning of
the twenty-first century. Hence, the results of clinical studies have not yet been published,
which contribute to paving the way for the clinical interpretation of nanotherapies for GBM.
The researchers have recently considered utilizing natural compounds such as polyphenols
and cannabinoids to target EGFR and its downstream pathway in various cancer cell lines [173–178].
The brain’s microenvironment, prominently advanced as per our understanding, targeting GBM cells
with Janus kinases/signal transducer and activator of transcription proteins (JAK/STAT) inhibitors via
combinational approaches could boost immunity with the reduced oncogenic effect of the GBM cancer
cells [179,180].

10. Conclusions

The clinical trials of the nano-based formulations of chemotherapeutic and/or TKI drugs in
combination are awaited. After an extensive literature search, it could be stated that novel approaches
to treat GBM using mono or combinational therapy of polyphenols and anti-EGFR drugs to target
multi signaling pathways (EGFR, JAK/STAT, and PI3K/AKT/mTOR) would help overcome the multiple
failures of EGFR–TKI drug trials. Furthermore, the novel nano-based combinational therapy might
positively reverse chemotherapeutic and TKI drug-induced resistance.
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60. Rutkowska, A.; Stoczyńska-Fidelus, E.; Janik, K.; Włodarczyk, A.; Rieske, P. EGFRvIII: An Oncogene with
Ambiguous Role. J. Oncol. 2019, 10922587. [CrossRef]

61. Chistiakov, D.A.; Chekhonin, I.V.; Chekhonin, V.P. The EGFR variant III mutant as a target for immunotherapy
of glioblastoma multiforme. Eur. J. Pharmacol. 2017, 810, 70–82. [CrossRef]

62. Weathers, S.P.; de Groot, J. VEGF manipulation in glioblastoma. Oncology 2015, 29, 720–727. [PubMed]
63. Soubéran, A.; Brustlein, S.; Gouarné, C.; Chasson, L.; Tchoghandjian, A.; Malissen, M.; Rougon, G. Effects of

VEGF blockade on the dynamics of the inflammatory landscape in glioblastoma-bearing mice. J. Neuroinflamm.
2019, 16, 191. [CrossRef] [PubMed]

64. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis:
A Crucial Target for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097–1105. [CrossRef]
[PubMed]

65. Jiao, Q.; Bi, L.; Ren, Y.; Song, S.; Wang, Q.; Wang, Y.S. Advances in studies of tyrosine kinase inhibitors
and their acquired resistance. Mol. Cancer 2018, 17, 1–12. [CrossRef] [PubMed]

66. Thomas, R.; Weihua, Z. Rethink of EGFR in cancer with its kinase independent function on board. Front. Oncol.
2019, 9, 800. [CrossRef]

http://dx.doi.org/10.1093/neuonc/nov022
http://dx.doi.org/10.3390/cancers11030404
http://dx.doi.org/10.1089/jpm.2018.0528
http://dx.doi.org/10.1007/s10522-014-9523-2
http://dx.doi.org/10.3892/or.2019.7215
http://dx.doi.org/10.1038/s41598-017-04400-6
http://dx.doi.org/10.3390/cancers7030860
http://dx.doi.org/10.1186/s43042-019-0035-0
http://dx.doi.org/10.3390/cells9081887
http://www.ncbi.nlm.nih.gov/pubmed/32806510
http://dx.doi.org/10.3389/fncel.2013.00258
http://www.ncbi.nlm.nih.gov/pubmed/24381541
http://dx.doi.org/10.1593/neo.10688
http://www.ncbi.nlm.nih.gov/pubmed/20824044
http://dx.doi.org/10.1186/s12935-018-0588-x
http://www.ncbi.nlm.nih.gov/pubmed/29988358
http://dx.doi.org/10.1136/esmoopen-2017-000279
http://www.ncbi.nlm.nih.gov/pubmed/29209536
http://dx.doi.org/10.1080/15592294.2015.1042645
http://dx.doi.org/10.1007/s13311-017-0519-x
http://dx.doi.org/10.1155/2019/1092587
http://dx.doi.org/10.1016/j.ejphar.2017.05.064
http://www.ncbi.nlm.nih.gov/pubmed/26470893
http://dx.doi.org/10.1186/s12974-019-1563-8
http://www.ncbi.nlm.nih.gov/pubmed/31660979
http://dx.doi.org/10.1177/1947601911423031
http://www.ncbi.nlm.nih.gov/pubmed/22866201
http://dx.doi.org/10.1186/s12943-018-0801-5
http://www.ncbi.nlm.nih.gov/pubmed/29455664
http://dx.doi.org/10.3389/fonc.2019.00800


Pharmaceutics 2020, 12, 1198 23 of 29

67. Kim, Y.; Apetri, M.; Luo, B.B.; Settleman, J.E.; Anderson, K.S. Differential effects of tyrosine kinase inhibitors
on normal and oncogenic EGFR signaling and downstream effectors. Mol. Cancer Res. 2015, 13, 765–774.
[CrossRef]

68. Raizer, J.J.; Abrey, L.E.; Lassman, A.B.; Chang, S.M.; Lamborn, K.R.; Kuhn, J.G.; Yung, W.K.A.; Gilbert, M.R.;
Aldape, K.A.; Wen, P.Y.; et al. A phase II trial of erlotinib in patients with recurrent malignant gliomas
and nonprogressive glioblastoma multiforme postradiation therapy. Neuro-Oncology 2010, 12, 95–103.
[CrossRef]

69. Gallego, O. Nonsurgical treatment of recurrent glioblastoma. Curr. Oncol. 2015, 22, e273–e281. [CrossRef]
70. Stea, B.; Falsey, R.; Kislin, K.; Patel, J.; Glanzberg, H.; Carey, S.; Ambrad, A.A.; Meuillet, E.J.; Martinez, J.D.

Time and dose-dependent radiosensitization of the glioblastoma multiforme U251 cells by the EGF receptor
tyrosine kinase inhibitor ZD1839 (‘Iressa’). Cancer Lett. 2003, 202, 43–51. [CrossRef]

71. Uhm, J.H.; Ballman, K.V.; Wu, W.; Giannini, C.; Krauss, J.C.; Buckner, J.C.; James, C.D.; Scheithauer, B.W.;
Behrens, R.J.; Flynn, P.J.; et al. Phase II evaluation of gefitinib in patients with newly diagnosed grade 4
astrocytoma: Mayo/north central cancer treatment group study n0074. Int. J. Radiat. Oncol. Biol. Phys. 2011,
80, 347–353. [CrossRef]

72. Reardon, D.A.; Conrad, C.A.; Cloughesy, T.; Prados, M.D.; Friedman, H.S.; Aldape, K.D.; Mischel, P.;
Xia, J.; DiLea, C.; Huang, J.; et al. Phase i study of AEE788, a novel multitarget inhibitor of ErbB-
and VEGF-receptor-family tyrosine kinases, in recurrent glioblastoma patients. Cancer Chemother. Pharmacol.
2012, 69, 1507–1518. [CrossRef] [PubMed]

73. Jane, E.P.; Premkumar, D.R.; Addo-Yobo, S.O.; Pollack, I.F. Abrogation of mitogen-activated protein kinase
and akt signaling by vandetanib synergistically potentiates histone deacetylase inhibitor-induced apoptosis
in human glioma cells. J. Pharmacol. Exp. Ther. 2009, 331, 327–337. [CrossRef] [PubMed]

74. Lee, E.Q.; Kaley, T.J.; Duda, D.G.; Schiff, D.; Lassman, A.B.; Wong, E.T.; Mikkelsen, T.; Purow, B.W.;
Muzikansky, A.; Ancukiewicz, M.; et al. A multicenter, phase II, randomized, noncomparative clinical
trial of radiation and temozolomide with or without vandetanib in newly diagnosed glioblastoma patients.
Clin. Cancer Res. 2015, 21, 3610–3618. [CrossRef] [PubMed]

75. Thiessen, B.; Stewart, C.; Tsao, M.; Kamel-Reid, S.; Schaiquevich, P.; Mason, W.; Easaw, J.; Belanger, K.;
Forsyth, P.; McIntosh, L.; et al. A phase I/II trial of GW572016 (lapatinib) in recurrent glioblastoma
multiforme: Clinical outcomes, pharmacokinetics and molecular correlation. Cancer Chemother. Pharmacol.
2010, 65, 353–361. [CrossRef] [PubMed]

76. Schlaff, C.D.; Arscott, W.T.; Gordon, I.; Camphausen, K.A.; Tandle, A. Human EGFR-2, EGFR and HDAC
triple-inhibitor CUDC-101 enhances radiosensitiviy of GBM cells. Biomed. Res. J. 2015, 2, 105–119.

77. Gerstner, E.R.; Eichler, A.F.; Plotkin, S.R.; Drappatz, J.; Doyle, C.L.; Xu, L.; Duda, D.G.; Wen, P.Y.; Jain, R.K.;
Batchelor, T.T. Phase I trial with biomarker studies of vatalanib (PTK787) in patients with newly diagnosed
glioblastoma treated with enzyme inducing anti-epileptic drugs and standard radiation and temozolomide.
J. Neurooncol. 2011, 103, 325–332. [CrossRef]

78. Kalpathy-Cramer, J.; Chandra, V.; Da, X.; Ou, Y.; Emblem, K.E.; Muzikansky, A.; Cai, X.; Douw, L.; Evans, J.G.;
Dietrich, J.; et al. Phase II study of tivozanib, an oral VEGFR inhibitor, in patients with recurrent glioblastoma.
J. Neurooncol. 2017, 131, 603–610. [CrossRef]

79. Hainsworth, J.D.; Ervin, T.; Friedman, E.; Priego, V.; Murphy, P.B.; Clark, B.L.; Lamar, R.E. Concurrent
radiotherapy and temozolomide followed by temozolomide and sorafenib in the first-line treatment of
patients with glioblastoma multiforme. Cancer 2010, 116, 3663–3669. [CrossRef]

80. Batchelor, T.T.; Mulholland, P.; Neyns, B.; Nabors, L.B.; Campone, M.; Wick, A.; Mason, W.; Mikkelsen, T.;
Phuphanich, S.; Ashby, L.S.; et al. Phase III randomized trial comparing the efficacy of cediranib as
monotherapy, and in combination with lomustine, versus lomustine alone in patients with recurrent
glioblastoma. J. Clin. Oncol. 2013, 31, 3212–3218. [CrossRef]

81. Fauvel, B.; Yasri, A. Antibodies directed against receptor tyrosine kinases: Current and future strategies to
fight cancer. MAbs 2014, 6, 838–851. [CrossRef]

82. Belda-Iniesta, C.; Carpeño, J.D.C.; Saenz, E.C.; Gutiérrez, M.; Perona, R.; Barón, M.G. Long term responses
with cetuximab therapy in glioblastoma multiforme. Cancer Biol. Ther. 2006, 5, 912–914. [CrossRef]

83. Neyns, B.; Sadones, J.; Joosens, E.; Bouttens, F.; Verbeke, L.; Baurain, J.F.; D’Hondt, L.; Strauven, T.;
Chaskis, C.; In’t Veld, P.; et al. Stratified phase II trial of cetuximab in patients with recurrent high-grade
glioma. Ann. Oncol. 2009, 20, 1596–1603. [CrossRef]

http://dx.doi.org/10.1158/1541-7786.MCR-14-0326
http://dx.doi.org/10.1093/neuonc/nop015
http://dx.doi.org/10.3747/co.22.2436
http://dx.doi.org/10.1016/j.canlet.2003.07.006
http://dx.doi.org/10.1016/j.ijrobp.2010.01.070
http://dx.doi.org/10.1007/s00280-012-1854-6
http://www.ncbi.nlm.nih.gov/pubmed/22392572
http://dx.doi.org/10.1124/jpet.109.155705
http://www.ncbi.nlm.nih.gov/pubmed/19622715
http://dx.doi.org/10.1158/1078-0432.CCR-14-3220
http://www.ncbi.nlm.nih.gov/pubmed/25910950
http://dx.doi.org/10.1007/s00280-009-1041-6
http://www.ncbi.nlm.nih.gov/pubmed/19499221
http://dx.doi.org/10.1007/s11060-010-0390-7
http://dx.doi.org/10.1007/s11060-016-2332-5
http://dx.doi.org/10.1002/cncr.25275
http://dx.doi.org/10.1200/JCO.2012.47.2464
http://dx.doi.org/10.4161/mabs.29089
http://dx.doi.org/10.4161/cbt.5.8.3118
http://dx.doi.org/10.1093/annonc/mdp032


Pharmaceutics 2020, 12, 1198 24 of 29

84. Martens, T.; Schmidt, N.O.; Eckerich, C.; Filibrandt, R.; Merchant, M.; Schwall, R.; Westphal, M.; Lamszus, K.
A novel one-armed anti-c-Met antibody inhibits glioblastoma growth in vivo. Clin. Cancer Res. 2006, 12, 6144–6152.
[CrossRef]

85. Park, T.E.; Mustafaoglu, N.; Herland, A.; Hasselkus, R.; Mannix, R.; FitzGerald, E.A.; Prantil-Baun, R.;
Watters, A.; Henry, O.; Benz, M.; et al. Hypoxia-enhanced Blood-Brain Barrier Chip recapitulates human
barrier function and shuttling of drugs and antibodies. Nat. Commun. 2019, 10, 1–12. [CrossRef]

86. Yu, Y.J.; Watts, R.J. Developing Therapeutic Antibodies for Neurodegenerative Disease. Neurotherapeutics
2013, 10, 459–472. [CrossRef]

87. Brinkmann, U.; Kontermann, R.E. The making of bispecific antibodies. MAbs 2017, 9, 182–212. [CrossRef]
88. Razzak, R.A.; Florence, G.J.; Gunn-Moore, F.J. Approaches to CNS drug delivery with a focus on

transporter-mediated transcytosis. Int. J. Mol. Sci. 2019, 20, 3108. [CrossRef]
89. Kong, D.H.; Kim, M.R.; Jang, J.H.; Na, H.J.; Lee, S. A review of anti-angiogenic targets for monoclonal

antibody cancer therapy. Int. J. Mol. Sci. 2017, 18, 1786. [CrossRef]
90. Castro, B.A.; Aghi, M.K. Bevacizumab for glioblastoma: Current indications, surgical implications, and future

directions. Neurosurg. Focus 2014, 37, E9. [CrossRef]
91. De Groot, J.F.; Lamborn, K.R.; Chang, S.M.; Gilbert, M.R.; Cloughesy, T.F.; Aldape, K.; Yao, J.; Jackson, E.F.;

Lieberman, F.; Robins, H.I.; et al. Phase II study of aflibercept in recurrent malignant glioma: A North
American brain tumor consortium study. J. Clin. Oncol. 2011, 29, 2689–2695. [CrossRef]

92. Wang, X.; Yeo, R.X.; Hogg, P.J.; Goldstein, D.; Crowe, P.; Dilda, P.J.; Yang, J.L. The synergistic inhibitory
effect of combining therapies targeting EGFR and mitochondria in sarcomas. Oncotarget 2020, 11, 46–61.
[CrossRef] [PubMed]

93. Zhou, X.Y.; Liu, H.; Ding, Z.B.; Xi, H.P.; Wang, G.W. lncRNA SNHG16 promotes glioma tumorigenicity
through miR-373/EGFR axis by activating PI3K/AKT pathway. Genomics 2020, 112, 1021–1029. [CrossRef]
[PubMed]

94. Zhao, H.F.; Wang, J.; Shao, W.; Wu, C.P.; Chen, Z.P.; To, S.S.T.; Li, W.P. Recent advances in the use of PI3K
inhibitors for glioblastoma multiforme: Current preclinical and clinical development. Mol. Cancer 2017,
16, 1–16. [CrossRef]

95. Pearson, J.R.; Regad, T. Targeting cellular pathways in glioblastoma multiforme. Nat. Publ. Gr. 2017, 2.
[CrossRef] [PubMed]

96. Ma, D.J.; Galanis, E.; Anderson, S.K.; Schiff, D.; Kaufmann, T.J.; Peller, P.J.; Giannini, C.; Brown, P.D.;
Uhm, J.H.; McGraw, S.; et al. A phase II trial of everolimus, temozolomide, and radiotherapy in patients
with newly diagnosed glioblastoma: NCCTG N057K. Neuro-Oncology 2015, 17, 1261–1269. [CrossRef]

97. Reardon, D.A.; Desjardins, A.; Vredenburgh, J.J.; Gururangan, S.; Friedman, A.H.; Herndon, J.E.; Marcello, J.;
Norfleet, J.A.; McLendon, R.E.; Sampson, J.H.; et al. Phase 2 trial of erlotinib plus sirolimus in adults with
recurrent glioblastoma. J. Neurooncol. 2010, 96, 219–230. [CrossRef]

98. Chang, S.M.; Wen, P.; Cloughesy, T.; Greenberg, H.; Schiff, D.; Conrad, C.; Fink, K.; Robins, H.I.;
De Angelis, L.; Raizer, J.; et al. Phase II study of CCI-779 in patients with recurrent glioblastoma multiforme.
Investig. New Drugs 2005, 23, 357–361. [CrossRef]

99. Kahn, J.; Hayman, T.J.; Jamal, M.; Rath, B.H.; Kramp, T.; Camphausen, K.; Tofilon, P.J. The mTORC1/mTORC2
inhibitor AZD2014 enhances the radiosensitivity of glioblastoma stem-like cells. Neuro-Oncology 2014,
16, 23–37. [CrossRef]

100. Lin, F.; Buil, L.; Sherris, D.; Beijnen, J.H.; Van Tellingen, O. Dual mTORC1 and mTORC2 inhibitor Palomid
529 penetrates the Blood-Brain Barrier without restriction by ABCB1 and ABCG2. Int. J. Cancer 2013,
133, 1222–1233. [CrossRef]

101. Huang, L.; Fu, L. Mechanisms of resistance to EGFR tyrosine kinase inhibitors. Acta Pharm. Sin. B 2015,
5, 390–401. [CrossRef]

102. Bianco, R.; Shin, I.; Ritter, C.A.; Yakes, F.M.; Basso, A.; Rosen, N.; Tsurutani, J.; Dennis, P.A.; Mills, G.B.;
Arteaga, C.L. Loss of PTEN/MMAC1/TEP in EGF receptor-expressing tumor cells counteracts the antitumor
action of EGFR tyrosine kinase inhibitors. Oncogene 2003, 22, 2812–2822. [CrossRef] [PubMed]

103. Fan, Q.W.; Cheng, C.K.; Nicolaides, T.P.; Hackett, C.S.; Knight, Z.A.; Shokat, K.M.; Weiss, W.A. A dual
phosphoinositide-3-kinase α/mTOR inhibitor cooperates with blockade of epidermal growth factor receptor
in PTEN-mutant glioma. Cancer Res. 2007, 67, 7960–7965. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1078-0432.CCR-05-1418
http://dx.doi.org/10.1038/s41467-019-10588-0
http://dx.doi.org/10.1007/s13311-013-0187-4
http://dx.doi.org/10.1080/19420862.2016.1268307
http://dx.doi.org/10.3390/ijms20123108
http://dx.doi.org/10.3390/ijms18081786
http://dx.doi.org/10.3171/2014.9.FOCUS14516
http://dx.doi.org/10.1200/JCO.2010.34.1636
http://dx.doi.org/10.18632/oncotarget.27416
http://www.ncbi.nlm.nih.gov/pubmed/32002123
http://dx.doi.org/10.1016/j.ygeno.2019.06.017
http://www.ncbi.nlm.nih.gov/pubmed/31226483
http://dx.doi.org/10.1186/s12943-017-0670-3
http://dx.doi.org/10.1038/sigtrans.2017.40
http://www.ncbi.nlm.nih.gov/pubmed/29263927
http://dx.doi.org/10.1093/neuonc/nou328
http://dx.doi.org/10.1007/s11060-009-9950-0
http://dx.doi.org/10.1007/s10637-005-1444-0
http://dx.doi.org/10.1093/neuonc/not139
http://dx.doi.org/10.1002/ijc.28126
http://dx.doi.org/10.1016/j.apsb.2015.07.001
http://dx.doi.org/10.1038/sj.onc.1206388
http://www.ncbi.nlm.nih.gov/pubmed/12743604
http://dx.doi.org/10.1158/0008-5472.CAN-07-2154
http://www.ncbi.nlm.nih.gov/pubmed/17804702


Pharmaceutics 2020, 12, 1198 25 of 29

104. Gallego, O.; Cuatrecasas, M.; Benavides, M.; Segura, P.P.; Berrocal, A.; Erill, N.; Colomer, A.; Quintana, M.J.;
Balaña, C.; Gil, M.; et al. Efficacy of erlotinib in patients with relapsed gliobastoma multiforme who expressed
EGFRVIII and PTEN determined by immunohistochemistry. J. Neurooncol. 2014, 116, 413–419. [CrossRef]
[PubMed]

105. Groot, J.F.; Gilbert, M.R.; Aldape, K.; Hess, K.R.; Hanna, T.A.; Ictech, S.; Groves, M.D.; Conrad, C.; Colman, H.;
Puduvalli, V.K.; et al. Phase II study of carboplatin and erlotinib (Tarceva, OSI-774) in patients with recurrent
glioblastoma. J. Neurooncol. 2008, 90, 89–97. [CrossRef]

106. Akhavan, D.; Pourzia, A.L.; Nourian, A.A.; Williams, K.J.; Nathanson, D.; Babic, I.; Villa, G.R.; Tanaka, K.;
Nael, A.; Yang, H.; et al. De-repression of PDGFRβ transcription promotes acquired resistance to EGFR
tyrosine kinase inhibitors in glioblastoma patients. Cancer Discov. 2013, 3, 534–547. [CrossRef]

107. Thorne, A.H.; Zanca, C.; Furnari, F. Epidermal growth factor receptor targeting and challenges in glioblastoma.
Neuro-Oncology 2016, 18, 914–918. [CrossRef]

108. Brandes, A.A.; Franceschi, E.; Tosoni, A.; Hegi, M.E.; Stupp, R. Epidermal growth factor receptor inhibitors
in neuro-oncology: Hopes and disappointments. Clin. Cancer Res. 2008, 14, 957–960. [CrossRef]

109. Reardon, D.A.; Nabors, L.B.; Mason, W.P.; Perry, J.R.; Shapiro, W.; Kavan, P.; Mathieu, D.; Phuphanich, S.;
Cseh, A.; Fu, Y.; et al. Phase I/randomized phase II study of afatinib, an irreversible ErbB family blocker,
with or without protracted temozolomide in adults with recurrent glioblastoma. Neuro-Oncology 2015, 17,
430–439. [CrossRef]

110. Sathornsumetee, S.; Desjardins, A.; Vredenburgh, J.J.; McLendon, R.E.; Marcello, J.; Herndon, J.E.; Mathe, A.;
Hamilton, M.; Rich, J.N.; Norfleet, J.A.; et al. Phase II trial of bevacizumab and erlotinib in patients with
recurrent malignant glioma. Neuro-Oncology 2010, 12, 1300–1310. [CrossRef]

111. Nam, L.; Coll, C.; Erthal, L.C.S.; de la Torre, C.; Serrano, D.; Martínez-Máñez, R.; Santos-Martínez, M.J.;
Ruiz-Hernández, E. Drug delivery nanosystems for the localized treatment of glioblastoma multiforme.
Materials 2018, 11, 378. [CrossRef]

112. Mahmoud, B.S.; AlAmri, A.H.; McConville, C. Polymeric nanoparticles for the treatment of malignant
gliomas. Cancers 2020, 12, 175. [CrossRef] [PubMed]

113. Westphal, M.; Maire, C.L.; Lamszus, K. EGFR as a Target for glioblastoma treatment: An unfulfilled promise.
CNS Drugs 2017, 31, 723–735. [CrossRef] [PubMed]

114. Rizvi, S.A.A.; Saleh, A.M. Applications of nanoparticle systems in drug delivery technology. Saudi Pharm. J.
2018, 26, 64–70. [CrossRef] [PubMed]

115. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment
and their performance. Signal Transduct. Target. Ther. 2018, 3, 1–19. [CrossRef]

116. Zhao, Z.; Ukidve, A.; Krishnan, V.; Mitragotri, S. Effect of physicochemical and surface properties on in vivo
fate of drug nanocarriers. Adv. Drug Deliv. Rev. 2019, 143, 3–21. [CrossRef]

117. Donahue, N.D.; Acar, H.; Wilhelm, S. Concepts of nanoparticle cellular uptake, intracellular trafficking,
and kinetics in nanomedicine. Adv. Drug Deliv. Rev. 2019, 143, 68–96. [CrossRef]

118. Nguyen, V.H.; Lee, B.J. Protein corona: A new approach for nanomedicine design. Int. J. Nanomed. 2017,
12, 3137–3151. [CrossRef]

119. Ruan, C.; Liu, L.; Lu, Y.; Zhang, Y.; He, X.; Chen, X.; Zhang, Y.; Chen, Q.; Guo, Q.; Sun, T.; et al. Substance
P-modified human serum albumin nanoparticles loaded with paclitaxel for targeted therapy of glioma.
Acta Pharm. Sin. B 2018, 8, 85–96. [CrossRef]

120. Li, C.; Tan, J.; Chang, J.; Li, W.; Liu, Z.; Li, N.; Ji, Y. Radioiodine-labeled anti-epidermal growth factor receptor
binding bovine serum albumin-polycaprolactone for targeting imaging of glioblastoma. Oncol. Rep. 2017,
38, 2919–2926. [CrossRef]

121. Tsutsui, Y.; Tomizawa, K.; Nagita, M.; Michiue, H.; Nishiki, T.I.; Ohmori, I.; Seno, M.; Matsui, H. Development
of bionanocapsules targeting brain tumors. J. Control. Release 2007, 122, 159–164. [CrossRef]

122. Wei, L.; Guo, X.Y.; Yang, T.; Yu, M.Z.; Chen, D.W.; Wang, J.C. Brain tumor-targeted therapy by systemic
delivery of siRNA with Transferrin receptor-mediated core-shell nanoparticles. Int. J. Pharm. 2016, 510, 394–405.
[CrossRef] [PubMed]

123. Kulkarni, A.A.; Vijaykumar, V.E.; Natarajan, S.K.; Sengupta, S.; Sabbisetti, V.S. Sustained inhibition of
cMET-VEGFR2 signaling using liposome-mediated delivery increases efficacy and reduces toxicity in kidney
cancer. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1853–1861. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11060-013-1316-y
http://www.ncbi.nlm.nih.gov/pubmed/24352766
http://dx.doi.org/10.1007/s11060-008-9637-y
http://dx.doi.org/10.1158/2159-8290.CD-12-0502
http://dx.doi.org/10.1093/neuonc/nov319
http://dx.doi.org/10.1158/1078-0432.CCR-07-1810
http://dx.doi.org/10.1093/neuonc/nou160
http://dx.doi.org/10.1093/neuonc/noq099
http://dx.doi.org/10.3390/ma11050779
http://dx.doi.org/10.3390/cancers12010175
http://www.ncbi.nlm.nih.gov/pubmed/31936740
http://dx.doi.org/10.1007/s40263-017-0456-6
http://www.ncbi.nlm.nih.gov/pubmed/28791656
http://dx.doi.org/10.1016/j.jsps.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29379334
http://dx.doi.org/10.1038/s41392-017-0004-3
http://dx.doi.org/10.1016/j.addr.2019.01.002
http://dx.doi.org/10.1016/j.addr.2019.04.008
http://dx.doi.org/10.2147/IJN.S129300
http://dx.doi.org/10.1016/j.apsb.2017.09.008
http://dx.doi.org/10.3892/or.2017.5937
http://dx.doi.org/10.1016/j.jconrel.2007.06.019
http://dx.doi.org/10.1016/j.ijpharm.2016.06.127
http://www.ncbi.nlm.nih.gov/pubmed/27374198
http://dx.doi.org/10.1016/j.nano.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27084552


Pharmaceutics 2020, 12, 1198 26 of 29

124. Zhao, X.; Li, F.; Li, Y.; Wang, H.; Ren, H.; Chen, J.; Nie, G.; Hao, J. Co-delivery of HIF1α siRNA and gemcitabine
via biocompatible lipid-polymer hybrid nanoparticles for effective treatment of pancreatic cancer. Biomaterials
2015, 46, 13–25. [CrossRef] [PubMed]

125. Kuo, Y.C.; Lee, C.H. Dual targeting of solid lipid nanoparticles grafted with 83-14 MAb and anti-EGF receptor
for malignant brain tumor therapy. Life Sci. 2016, 146, 222–231. [CrossRef] [PubMed]

126. Pan, X.; Wu, G.; Yang, W.; Barth, R.F.; Tjarks, W.; Lee, R.J. Synthesis of cetuximab-immunoliposomes via a
cholesterol-based membrane anchor for targeting of EGFR. Bioconjug. Chem. 2007, 18, 101–108. [CrossRef]

127. Weng, K.C.; Hashizume, R.; Noble, C.O.; Serwer, L.P.; Drummond, D.C.; Kirpotin, D.B.; Kuwabara, A.M.;
Chao, L.X.; Chen, F.F.; James, C.D.; et al. Convection-enhanced delivery of targeted quantum
dot-immunoliposome hybrid nanoparticles to intracranial brain tumor models. Nanomedicine 2013, 8, 1913–1925.
[CrossRef]

128. Shin, D.H.; Lee, S.J.; Kim, J.S.; Ryu, J.H.; Kim, J.S. Synergistic effect of immunoliposomal gemcitabine
and bevacizumab in glioblastoma stem cell-targeted therapy. J. Biomed. Nanotechnol. 2015, 11, 1989–2002.
[CrossRef]

129. Zhang, Y.; Zhai, M.; Chen, Z.; Han, X.; Yu, F.; Li, Z.; Xie, X.Y.; Han, C.; Yu, L.; Yang, Y.; et al. Dual-modified
liposome codelivery of doxorubicin and vincristine improve targeting and therapeutic efficacy of glioma.
Drug Deliv. 2017, 24, 1045–1055. [CrossRef]

130. Naahidi, S.; Jafari, M.; Edalat, F.; Raymond, K.; Khademhosseini, A.; Chen, P. Biocompatibility of engineered
nanoparticles for drug delivery. J. Control. Release 2013, 166, 182–194. [CrossRef]

131. Alves Rico, S.R.; Abbasi, A.Z.; Ribeiro, G.; Ahmed, T.; Wu, X.Y.; De Oliveira Silva, D. Diruthenium (II, III)
metallodrugs of ibuprofen and naproxen encapsulated in intravenously injectable polymer-lipid nanoparticles
exhibit enhanced activity against breast and prostate cancer cells. Nanoscale 2017, 9, 10701–10714. [CrossRef]

132. Ni, X.L.; Chen, L.X.; Zhang, H.; Yang, B.; Xu, S.; Wu, M.; Liu, J.; Yang, L.L.; Chen, Y.; Fu, S.Z.; et al. In vitro
and in vivo antitumor effect of gefitinib nanoparticles on human lung cancer. Drug Deliv. 2017, 24, 1501–1512.
[CrossRef] [PubMed]

133. Hu, C.; Cun, X.; Ruan, S.; Liu, R.; Xiao, W.; Yang, X.; Yang, Y.; Yang, C.; Gao, H. Enzyme-triggered size
shrink and laser-enhanced NO release nanoparticles for deep tumor penetration and combination therapy.
Biomaterials 2018, 168, 64–75. [CrossRef] [PubMed]

134. Zhu, H.; Cheng, P.; Chen, P.; Pu, K. Recent progress in the development of near-infrared organic photothermal
and photodynamic nanotherapeutics. Biomater. Sci. 2018, 6, 746–765. [CrossRef] [PubMed]

135. Jamali, Z.; Khoobi, M.; Hejazi, S.M.; Eivazi, N.; Abdolahpour, S.; Imanparast, F.; Moradi-Sardareh, H.;
Paknejad, M. Evaluation of targeted curcumin (CUR) loaded PLGA nanoparticles for in vitro photodynamic
therapy on human glioblastoma cell line. Photodiagn. Photodyn. Ther. 2018, 23, 190–201. [CrossRef] [PubMed]

136. Wang, L.; Hao, Y.; Li, H.; Zhao, Y.; Meng, D.; Li, D.; Shi, J.; Zhang, H.; Zhang, Z.; Zhang, Y. Co-delivery
of doxorubicin and siRNA for glioma therapy by a brain targeting system: Angiopep-2-modified
poly(lactic-co-glycolic acid) nanoparticles. J. Drug Target. 2015, 23, 832–846. [CrossRef] [PubMed]

137. Ye, C.; Pan, B.; Xu, H.; Zhao, Z.; Shen, J.; Lu, J.; Yu, R.; Liu, H. Co-delivery of GOLPH3 siRNA and gefitinib
by cationic lipid-PLGA nanoparticles improves EGFR-targeted therapy for glioma. J. Mol. Med. 2019,
97, 1575–1588. [CrossRef] [PubMed]

138. Duwa, R.; Banstola, A.; Emami, F.; Jeong, J.H.; Lee, S.; Yook, S. Cetuximab conjugated temozolomide-loaded
poly (lactic-co-glycolic acid) nanoparticles for targeted nanomedicine in EGFR overexpressing cancer cells.
J. Drug Deliv. Sci. Technol. 2020, 60, 101928. [CrossRef]

139. Yu, F.; Asghar, S.; Zhang, M.; Zhang, J.; Ping, Q.; Xiao, Y. Local strategies and delivery systems for the treatment
of malignant gliomas. J. Drug Target. 2019, 27, 367–378. [CrossRef]

140. Sherje, A.P.; Jadhav, M.; Dravyakar, B.R.; Kadam, D. Dendrimers: A versatile nanocarrier for drug delivery
and targeting. Int. J. Pharm. 2018, 548, 707–720. [CrossRef]

141. Márquez-Miranda, V.; Camarada, M.B.; Araya-Durán, I.; Varas-Concha, I.; Almonacid, D.E.; González-Nilo, F.D.
Biomimetics: From Bioinformatics to Rational Design of Dendrimers as Gene Carriers. PLoS ONE 2015,
10, e0138392. [CrossRef]

142. Svenson, S.; Tomalia, D.A. Dendrimers in biomedical applications-Reflections on the field. Adv. Drug Deliv. Rev.
2005, 57, 2106–2129. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25678112
http://dx.doi.org/10.1016/j.lfs.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26784850
http://dx.doi.org/10.1021/bc060174r
http://dx.doi.org/10.2217/nnm.12.209
http://dx.doi.org/10.1166/jbn.2015.2146
http://dx.doi.org/10.1080/10717544.2017.1344334
http://dx.doi.org/10.1016/j.jconrel.2012.12.013
http://dx.doi.org/10.1039/C7NR01582H
http://dx.doi.org/10.1080/10717544.2017.1384862
http://www.ncbi.nlm.nih.gov/pubmed/28961023
http://dx.doi.org/10.1016/j.biomaterials.2018.03.046
http://www.ncbi.nlm.nih.gov/pubmed/29626787
http://dx.doi.org/10.1039/C7BM01210A
http://www.ncbi.nlm.nih.gov/pubmed/29485662
http://dx.doi.org/10.1016/j.pdpdt.2018.06.026
http://www.ncbi.nlm.nih.gov/pubmed/29969678
http://dx.doi.org/10.3109/1061186X.2015.1025077
http://www.ncbi.nlm.nih.gov/pubmed/25856302
http://dx.doi.org/10.1007/s00109-019-01843-4
http://www.ncbi.nlm.nih.gov/pubmed/31673738
http://dx.doi.org/10.1016/j.jddst.2020.101928
http://dx.doi.org/10.1080/1061186X.2018.1509982
http://dx.doi.org/10.1016/j.ijpharm.2018.07.030
http://dx.doi.org/10.1371/journal.pone.0138392
http://dx.doi.org/10.1016/j.addr.2005.09.018
http://www.ncbi.nlm.nih.gov/pubmed/16305813


Pharmaceutics 2020, 12, 1198 27 of 29

143. Madaan, K.; Kumar, S.; Poonia, N.; Lather, V.; Pandita, D. Dendrimers in drug delivery and targeting:
Drug-dendrimer interactions and toxicity issues. J. Pharm. Bioallied Sci. 2014, 6, 139–150. [CrossRef] [PubMed]

144. Kesharwani, P.; Iyer, A.K. Recent advances in dendrimer-based nanovectors for tumor-targeted drug and gene
delivery. Drug Discov. Today 2015, 20, 536–547. [CrossRef] [PubMed]

145. Kang, C.; Yuan, X.; Li, F.; Pu, P.; Yu, S.; Shen, C.; Zhang, Z.; Zhang, Y. Evaluation of folate-PAMAM for
the delivery of antisense oligonucleotides to rat C6 glioma cells in vitro and in vivo. J. Biomed. Mater. Res.
Part A 2010, 93, 585–594. [CrossRef]

146. Wu, G.; Barth, R.F.; Yang, W.; Kawabata, S.; Zhang, L.; Green-Church, K. Targeted delivery of methotrexate
to epidermal growth factor receptor-positive brain tumors by means of cetuximab (IMC-C225) dendrimer
bioconjugates. Mol. Cancer Ther. 2006, 5, 52–59. [CrossRef]

147. Gajbhiye, V.; Jain, N.K. The treatment of Glioblastoma Xenografts by surfactant conjugated dendritic
nanoconjugates. Biomaterials 2011, 32, 6213–6225. [CrossRef]

148. Liu, C.; Zhao, Z.; Gao, H.; Rostami, I.; You, Q.; Jia, X.; Wang, C.; Zhu, L.; Yang, Y. Research paper enhanced
blood-brain-barrier penetrability and tumor-targeting efficiency by peptide-functionalized poly(Amidoamine)
dendrimer for the therapy of gliomas. Nanotheranostics 2019, 3, 311–330. [CrossRef]

149. Mekaru, H.; Lu, J.; Tamanoi, F. Development of mesoporous silica-based nanoparticles with controlled
release capability for cancer therapy. Adv. Drug Deliv. Rev. 2015, 95, 40–49. [CrossRef]

150. Zhou, Y.; Quan, G.; Wu, Q.; Zhang, X.; Niu, B.; Wu, B.; Huang, Y.; Pan, X.; Wu, C. Mesoporous silica
nanoparticles for drug and gene delivery. Acta Pharm. Sin. B 2018, 8, 165–177. [CrossRef]

151. Narayan, R.; Nayak, U.Y.; Raichur, A.M.; Garg, S. Mesoporous silica nanoparticles: A comprehensive review
on synthesis and recent advances. Pharmaceutics 2018, 10, 118. [CrossRef]

152. Chen, F.H.; Zhang, L.M.; Chen, Q.T.; Zhang, Y.; Zhang, Z.J. Synthesis of a novel magnetic drug delivery
system composed of doxorubicin-conjugated Fe3O4 nanoparticle cores and a PEG-functionalized porous
silica shell. Chem. Commun. 2010, 46, 8633–8635. [CrossRef] [PubMed]

153. Guan, Y.Q.; Zheng, Z.; Huang, Z.; Li, Z.; Niu, S.; Liu, J.M. Powerful inner/outer controlled multi-target
magnetic nanoparticle drug carrier prepared by liquid photo-immobilization. Sci. Rep. 2014, 4, 4990.
[CrossRef] [PubMed]

154. Heggannavar, G.B.; Hiremath, C.G.; Achari, D.D.; Pangarkar, V.G.; Kariduraganavar, M.Y. Development
of doxorubicin-loaded magnetic silica-pluronic F-127 nanocarriers conjugated with transferrin for treating
glioblastoma across the blood-brain barrier using an in vitro model. ACS Omega 2018, 3, 8017–8026. [CrossRef]
[PubMed]

155. Bharde, A.A.; Palankar, R.; Fritsch, C.; Klaver, A.; Kanger, J.S.; Jovin, T.M.; Arndt-Jovin, D.J. Correction:
Magnetic nanoparticles as mediators of ligand-free activation of EGFR signaling. PLoS ONE 2013, 8.
[CrossRef]

156. Kaluzova, M.; Bouras, A.; Machaidze, R.; Hadjipanayis, C.G. Targeted therapy of glioblastoma stem-like cells
and tumor nonstem cells using cetuximab-conjugated iron-oxide nanoparticles. Oncotarget 2015, 6, 8788–8806.
[CrossRef] [PubMed]

157. Wankhede, M.; Bouras, A.; Kaluzova, M.; Hadjipanayis, C.G. Magnetic nanoparticles: An emerging
technology for malignant brain tumor imaging and therapy. Expert Rev. Clin. Pharmacol. 2012, 5, 173–186.
[CrossRef]

158. Liu, X.; Du, C.; Li, H.; Jiang, T.; Luo, Z.; Pang, Z.; Geng, D.; Zhang, J. Engineered superparamagnetic iron
oxide nanoparticles (SPIONs) for dual-modality imaging of intracranial glioblastoma via EGFRvIII targeting.
Beilstein J. Nanotechnol. 2019, 10, 1860–1872. [CrossRef]
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