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Abstract: Glioblastoma (GBM), the most common primary malignant brain tumor, is associated
with a dismal prognosis. Standard therapies including maximal surgical resection, radiotherapy,
and temozolomide chemotherapy remain poorly efficient. Improving GBM treatment modalities is,
therefore, a paramount challenge for researchers and clinicians. GBMs exhibit the hallmark feature
of aggressive invasion into the surrounding tissue. Among cell surface receptors involved in this
process, members of the integrin family are known to be key actors of GBM invasion. Upregulation of
integrins was reported in both tumor and stromal cells, making them a suitable target for innovative
therapies targeting integrins in GBM patients, as their impairment disrupts tumor cell proliferation
and invasive capacities. Among them, integrin-αvβ3 expression correlates with high-grade GBM.
Driven by a plethora of preclinical biological studies, antagonists of αvβ3 rapidly became attractive
therapeutic candidates to impair GBM tumorigenesis. In this perspective, the advent of nuclear
medicine is currently one of the greatest components of the theranostic concept in both preclinical
and clinical research fields. In this review, we provided an overview of αvβ3 expression in GBM
to emphasize the therapeutic agents developed. Advanced current and future developments in the
theranostic field targeting αvβ3 are finally discussed.

Keywords: glioblastoma; integrins; cilengitide; nuclear medicine; theranostics

1. Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor, repre-
senting approximately 50% of all gliomas and 16% of all brain tumors [1]. GBM is the
deadliest tumor of the central nervous system (CNS), with a median survival of only
15 months after initial diagnosis [2,3]. Despite an increasing understanding of its patho-
physiology, GBM remains an incurable disease, with one-year and 5-year survival rates
respectively of 39.7% and 5.5% [4]. These survival rates stand in stark contrast to the high
survival rates of other common cancers such as breast (90%), prostate (90%), or colon
(72%) [5]. Newly-diagnosed-GBM therapeutic management requires a multidisciplinary
approach. The standard of care includes surgical resection, followed by radiation therapy
and temozolomide (TMZ) administration, an alkylating chemotherapy agent [6–8]. Un-
fortunately, despite this multimodality therapy, over 60% of GBM patients are meant to
relapse within one year [9]. Management of recurrent GBM remains a paramount challenge,
as the treatment options are limited. Considering the clear need to improve therapeutic
strategies, substantial efforts have been made to understand GBM biology. The blood-brain-
tumor barriers, the intra-, and inter-tumoral heterogeneity, and the intrinsic resistance to
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chemo- and radio-therapies are important barriers to the development of effective treat-
ments [10–12]. Underlying molecular mechanisms of GBM resistance to therapy were
recently reviewed [13]. Low survival rates of GBM are, at least in part, a consequence of
the extensive invasion of the brain tissue. This infiltration is notably controlled by the
interactions between cancer cells and the surrounding brain microenvironment [14]. In
addition to invasive features, GBM exhibits marked tumor cell proliferation and exacer-
bated angiogenesis. In all these mechanisms, integrins play fundamental roles and have
therefore become attractive candidate molecules for therapeutic intervention in GBM [15].
Integrins are heterodimeric transmembrane complexes consisting of two subunits, α and β,
able to form at least 24 different heterodimers [16]. Among them, the pro-angiogenic αvβ3
was the first to be found abundantly expressed in high-grade brain tumors [17,18]. αvβ3
belongs to the integrin subtypes that recognize the tripeptide sequence Arg-Gly-Asp (RGD)
found in many extracellular matrix (ECM) proteins, including fibronectin or vitronectin.
A plethora of studies highlighted the role of αvβ3 in sustaining a high proliferative rate,
migrative and invasive properties of GBM, as well as promoting angiogenesis [18–21].
Consequently, research in the field of integrins has investigated the therapeutic potential
of antibodies or chemicals targeting integrin-αvβ3 in GBM [22]. Targeted therapies are
an important part of modern treatment concepts. As a central component of patient care
and personalized medicine, nuclear imaging appears as a valuable tool to enhance patient
selection and predict the treatment response [23]. Moreover, the emergence and advent
of an innovative approach in the field of nuclear medicine, called theranostics, which
consists of a single drug used for both diagnosis and therapeutic purposes (but labeled with
different isotopes), have opened new opportunities for cancer management [24]. Several
agents targeting αvβ3 and dedicated to these applications have been developed and could
offer new theranostic strategies for GBM patient management [25]. In this review, we first
provided an overview of the different roles fulfilled by integrin-αvβ3 in GBM, as well as
different therapeutic strategies developed to target integrin-αvβ3. We finally emphasized
the theranostic-dedicated αvβ3-targeting agents currently in development.

2. Role of Integrin-αvβ3 in GBM Progression
2.1. Integrin Signaling

Over 30 years ago, Takmun et al. were the first to propose “integrin” as a name for a
protein complex linking the cell cytoskeleton to the ECM [26]. Integrins are a large family
of transmembrane adhesion receptors, composed of non-covalent heterodimeric complexes
involving α and β chains. Upon binding to ligands or ECM, integrins activate downstream
signaling pathways which regulate a multitude of cellular effects in physiological and
pathological situations. Once engaged with the ECM, integrins cluster and recruit various
adaptor and signaling proteins in order to form focal adhesion complexes [27]. Focal ad-
hesion kinase (FAK), which is activated by integrin-mediated ECM-adhesion, coordinates
integrin signaling and promotes cell migration [28,29]. In addition, FAK expression was
found to be correlated to increased invasiveness and recurrence in GBM [30–32]. These com-
plexes activate intracellular downstream pathways including phosphoinositide-3-kinase
(PI3K)/AKT, Src, or Ras mitogen-activated protein kinase (MAPK) pathways [33,34]. Cellu-
lar effects of integrin-activation result in cytoskeleton changes and lead to the activation of
genes involved in proliferation, invasion, and survival [35]. While integrin-encoding genes
are rarely mutated in neoplasms, deregulations of integrin signaling are frequent in GBM.
Comparative immunohistochemistry staining of integrins in GBM reveals overexpression
of α2, α3, α4, α5, α6, and β1, as well as αvβ3 and αvβ5 [21,34,36,37]. Integrins-αvβ3 and
αvβ5 were the first identified as potential targets in GBM due to their involvement in several
hallmarks of cancers. Accumulating evidence has demonstrated the pro-tumorigenic and
pro-angiogenic role of αvβ3/αvβ5 in GBM, making them suitable targets for anti-cancer
therapies. Data acquired from clinical samples revealed a prominent expression of αvβ3 by
tumor and endothelial cells in the periphery of high-grade gliomas than αvβ5 [19]. Studies
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carried out in GBM demonstrated that αvβ3 expression is associated with poor prognosis
and reduced time-to-progression [38]. This review therefore only focuses on αvβ3.

2.2. Expression of Integrin-αvβ3 in GBM

Integrin-αvβ3 was initially reported as the most important integrin in tumor angio-
genesis [39]. Integrin-αvβ3 expression was also found to arise from glial cells, promoting
proliferation, migration, and invasion of GBM. Integrin-αvβ3 and its ligand, vitronectin,
are upregulated during the transition from low-grade tumors to advanced GBM [18,40,41].
Consequently, their expression was found to be associated with poor prognosis [17,42]. In
the literature, integrin-αvβ3 expression has been evidenced by immunochemistry analyses
in nearly 60% of GBM samples, whereas it is not expressed in normal brain tissue [43].
Additional studies demonstrated that integrin-αvβ3 expression was also correlated with
poorer GBM prognosis [38]. Historically, αvβ3 expression was reported to be limited to
angiogenic endothelial cells in the tumors, which suggests its involvement in GBM angio-
genesis [18]. However, studies carried out on GBM-derived patient samples demonstrated
that αvβ3 expression predominantly arises from glial cells rather than endothelial ones,
as 85% of αvβ3 expression came from tumor cells themselves [17]. Taken together, these
observations led to extensive investigations of αvβ3 roles in GBM progression.

2.3. Roles of Integrin-αvβ3 in Angiogenesis

Angiogenesis, the formation of new blood vessels, is a crucial process for the tumor
to grow beyond 1–2 mm. Different integrins, including αvβ3, were found to promote
angiogenesis by regulation of both proliferation and migration of endothelial cells [44].
Integrin-αvβ3 levels are relatively low in quiescent endothelium, whereas newly formed en-
dothelial cells exhibit high levels of this integrin [45,46]. Consequently, to this observation,
integrin-αvβ3 has garnered therapeutic attention for angiogenesis-dependant neoplasms.
In 1994, Brooks et al. were the first ones to demonstrate that integrin-αvβ3 is a marker of
angiogenic vasculature that can be targeted in oncology [47]. In a model of chick chorioal-
lantoic membrane, the intravascular injection of integrin-αvβ3 antagonists, either cyclic
peptides or monoclonal antibodies, was shown to disrupt ongoing angiogenesis by in-
ducing apoptosis of vascular cells without affecting quiescent blood vessels [47]. Such
anti-angiogenic effects of cyclic peptides were thereafter confirmed in 3D cultures of en-
dothelial cells [48]. Mechanistically, integrin-αvβ3 was found to synergistically interact
with VEGF to activate the VEGFR2 receptor, therefore promoting angiogenesis [49]. Re-
cent work carried out with a three-dimensional, microfluidic angiogenesis model with
immunosuppressive conditions, a key feature of GBM, demonstrated that αvβ3 interacts
with M2-macrophages to drive blood vessel growth [50]. M2-macrophages are considered
pro-tumoral and the M2 phenotype is driven by several stimuli including transforming
growth factor-β (TGF-β). Dual inhibition of αvβ3 and TGF-β receptors was found to
enhance the efficacy of anti-angiogenic treatment in GBM [50].

Considering that the pro-angiogenic activity of integrin-αvβ3 was initially reported
as its main function, original-intended targets of αvβ3 antagonists were endothelial cells.
Thus, the majority of αvβ3-targeting agents aimed to impair angiogenesis in solid tumors,
including GBM. Nonetheless, preclinical studies demonstrated that integrin-αvβ3 plays a
crucial role in the early steps of tumor angiogenesis, whereas its expression on endothelial
cells is dispensable once tumor vasculature is established [51]. Over time, alternative
means to maintain angiogenesis seem to be used instead of integrin-αvβ3-downstream
signaling. These findings imply that the timing and duration of integrin-αvβ3 inhibition are
critical factors that need to be considered when anti-integrin-αvβ3 agents administration is
planned to aim at angiogenesis impairment.

2.4. Roles of Integrin in Migration and Invasion Processes

Whereas αvβ3 was restrictively considered for a long time as a pro-angiogenic factor,
immunohistochemical analyses of GBM samples demonstrated that αvβ3 is more expressed
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by tumor cells rather than angiogenic ones [34]. These observations strongly suggest that
αvβ3 plays a role in tumorigenesis, in addition to angiogenesis. More precisely, αvβ3 is
preferentially expressed at the invasion front of GBM. In the complex regulatory network
of tumor progression, integrins, as the main link between a cell and ECM, play an essential
role in tumor invasion [52–54]. Integrin-αvβ3 supports cell adhesion to ECM through
fibronectin, which enables the formation of tractions for migrating cells. Gene expression
analyses of ECM components demonstrated an increased expression of fibronectin in GBM,
as compared to the normal brain or non-invasive astrocytomas [41,55,56]. Additional
data carried out in GBM biopsies showed that fibronectin and vitronectin promote local
invasion of glioma cells [57,58]. Functional analyses revealed that fibronectin also promotes
proliferation and resistance to irradiation [41]. In addition to fibronectin, integrin-αvβ3
expression was found to be associated with the invasive phenotype of glioma cells and to
colocalize with matrix metalloproteinase 2 (MMP-2) [17,19]. MMPs are endopeptidases
involved in tissue remodeling by proteolytic degradation of numerous ECM proteins, in
physiological and pathological ways. Although multiple non-malignant cells, such as
endothelial cells or macrophages, can secrete different isoforms of these proteases, glioma
tissue has been shown to be one of the main sources of production of MMPs (mostly MMP-2
and MMP-9), as compared to normal brain tissue and other CNS tumors [59,60]. In this
process, αvβ3-binding of MMP2 facilitates angiogenesis of tumor—invading endothelial
cells, therefore promoting tumor growth [61]. Close interactions between the cellular
matrix and GBM cells are fundamental for extensive tumor infiltration into neural tissue.
Moreover, invasive properties of GMB have also been shown to rely on the requirement of
αvβ3 and its downstream activator p21(RAC1)-activated kinase 4 (PAK4), as opposition
forces to oncogene-induced senescence [62].

2.5. Integrin-αvβ3, Stemness and Drug Resistance

Advanced knowledge in GBM biology elicited mechanisms of its resistance to con-
ventional therapies, including chemo- and radiotherapy [63,64]. In addition to the intrinsic
resistance of cancer cells, their high heterogeneity, and the poor drug penetration through
the blood-brain barrier, the tumor microenvironment was recently found to significantly
impact the response to standard therapies. High levels of vitronectin and fibronectin were
detected in clinical GBM tumors and found to confer cell-adhesion-mediated drug resis-
tance [65]. In this setting, fibronectin suppressed p53-mediated apoptosis and upregulated
P-glycoprotein expression, also known as multidrug resistance protein 1 (MDR1), making
glioma cells chemoresistant.

In addition, increasing evidence has indicated the existence of a key population with
stem cell properties, the glioma stem-like cells (GSCs), that are involved in resistance to
chemotherapy and recurrence. Indeed, cancer stemness, referring to the stemcell-like phe-
notype of cancer cells, has been widely recognized as a vital player in tumorigenesis, from
primary tumor development to disease relapse and treatment failure [66]. Studies on GSCs
have highlighted the importance of paracrine signaling networks within the microenviron-
ment in the maintenance of GSCs [67]. Indeed, GSCs interactions with the surrounding
tumor microenvironment, notably with integrins and their ligands, were demonstrated
to be a key driver of glioma progression, making tumor-microenvironment interactions a
promising therapeutic target [68,69]. Consistently, several lines of evidence highlighted the
enhanced propagation of GSCs with tumor-associated macrophages (TAM) infiltration [70].
In this setting, the interaction between periostin and αvβ3 was found to recruit TAMs
in vivo and support tumor growth [71]. In addition to such observation, integrin-αvβ3
expression promotes tumor initiation, self-renewal, and resistance to erlotinib. Pharmaco-
logical inhibition of αvβ3 signaling reversed stemness and erlotinib resistance [72]. The
involvement of αvβ3 in cancer stemness was also evidenced in other solid tumors such as
breast cancer [73].

In addition, accumulating evidence suggests the role of integrin-αvβ3 in resistance
to conventional therapies. Indeed, irradiation up-regulated integrin-αvβ3 expression in
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radiotherapy-treated human glioma cells. These results are in line with an increase in GBM-
cell invasive capacities [62]. Based on integrin-αvβ3 induction in radioresistant glioma cells,
some inhibitors of integrin-αvβ3 signaling were evaluated as radiosensitization agents.
Specific αvβ3-inhibition using Cilengitide, an RGD-derived competitive inhibitor, or an
ILK inhibitor, was found to radiosensitize GBM [74,75]. Preclinical studies showed that
αvβ3-inhibition sensitizes GBM to temozolomide treatment by suppressing the recom-
bination repair mechanisms [76]. Potentiation of radiation mediated by integrin-αvβ3
targeting suggests possible clinical translation for glioma therapy. Moreover, preclinical
data demonstrated that integrin-αvβ3 is induced under hypoxia, a well-known cause of
failure of radiotherapy in GBM [77]. Together, all these data suggest the involvement of
αvβ3 in drug resistance and make it an attractive target for anti-cancer therapies.

3. Anti-Integrin-αvβ3 Agents for Anti-Cancer Therapy

In recent years, great progress has been made toward targeting integrins in cancer.
Considering their particular involvement in GBM progression and chemo/radio-resistance,
integrins are of great interest for targeted therapies, drug delivery, and tumor imaging.
Several strategies have therefore been investigated to target αvβ3-overexpressing tumors,
including antibodies or small molecules.

3.1. RGD-Derived Antagonists

Since its discovery, the core integrin-binding domain RGD in fibronectin attracted a
lot of attention in the field of anti-cancer therapies. A variety of RGD-containing peptides
were therefore developed to impair angiogenesis and tumorigenesis. Among these, a cyclic
pentapeptide blocking the RGD binding site, cilengitide (cyclo-Arg-Gly-Asp-DPhe-NMe-
Val), was identified as a selective αvβ3 and αvβ5 inhibitor. In vitro evaluations carried
out on glioma cells showed that cilengitide induced their detachment and their death in
a dose-dependent manner [78,79]. In preclinical models, cilengitide was found to impair
GBM tumorigenesis through a multimodal action: anti-tumoral effects of cilengitide were
mediated by anti-angiogenic, cytotoxic, and anti-invasive activities [80]. This agent was sub-
sequently evaluated in clinical studies. In phase I/IIa study conducted on 52 patients with
newly diagnosed GBM, cilengitide addition to standard chemoradiotherapy demonstrated
moderate anti-tumor effects without toxicity [81]. Another phase II study conducted on
112 newly diagnosed GBM patients demonstrated an improved overall survival by compari-
son to the EORTC trial [82]. Instead, cilengitide addition to radiotherapy and temozolomide
in a randomized phase III CENTRIC and phase II CORE trial did not show significant
effects on overall survival (OS) of newly diagnosed GBM. Nonetheless, in the CORE study,
higher αvβ3 levels in tumor cells were associated with improved OS in patients treated
with cilengitide [83]. Reasons for such disappointing results include the high heterogeneity
in αvβ3 levels, the unfavorable drug pharmacokinetics, and its dose-dependent opposing
effects [84]. Indeed, whereas low doses were reported to stimulate angiogenesis, high doses
appeared to impair it [85]. Despite these results, integrin inhibition remains a valuable
anti-cancer strategy and several compounds showed promising preclinical. GLPG0187,
a small integrin antagonist, showed effectiveness against glioma cells, as well as a safety
profile in a phase I study conducted on 20 patients with progressive GBM [86,87]. Such
compound remains to be further evaluated in advanced clinical phases, in combination
with standard radio- or chemotherapies.

3.2. Integrin-αvβ3 and Drug Delivery

Considering its inherent safety and its ability to target both tumor and endothelial
cells, RGD peptide can be used as a selective carrier to efficiently deliver anti-cancer drugs.
Several examples of RGD peptide drug conjugates were proposed as targeted drug deliv-
ery systems [88–90]. Zhan et al. were among the first to design and evaluate paclitaxel
(PTX)-loaded cyclo-RGD in preclinical studies. This combination approach significantly en-
hanced PTX anti-tumor effects, both in vitro and in vivo in the orthotopic GBM model [91].
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Similar approaches using methotrexate or doxorubicin (DOX) displayed strong anti-glioma
efficiency, representing a promising platform for therapy [92,93]. Integrin-αvβ3 was more
recently used as a target for the delivery of drug combinations. DOX- and PTX-loaded RGD-
decorated micelles showed higher anti-glioma properties in comparison to DOX + PTX
alone in intracranial U87-MG glioma-tumor-bearing mice [94]. Another chemotherapeutic
agent, epirubicin, was also loaded into a cyclo-RGD-coated micelle and evaluated in a
preclinical glioma model [95]. In vivo, this complex inhibited glioma growth by delivering
high levels of epirubicin within the tumor. Despite their anti-tumor potential highlighted by
preclinical studies, the use of RGD as a platform for drug delivery remains to be translated
in the clinic.

3.3. Theranostics Development of αvβ3-Targeting Agents

Nuclear medicine imaging is mainly based on the principle of using specific molecules
(antibodies, chemicals...) labeled with radioactive isotopes to assess pathophysiological
features of neoplasms. In addition to its potential to image a tumor antigen, nuclear
medicine’s therapeutic potential can provide new opportunities for the management of
GBM patients. In this way, the advent of theranostics has opened new avenues in the field
of personalized treatments. The theranostic approach couples diagnostic imaging and
therapy using the same molecule, or at least very similar, which is radiolabeled differently
or administrated in different dosages. RGD-derived compounds dedicated to phenotypic
imaging and radiation therapy are presented in Figure 1.
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3.3.1. Integrin-αvβ3 Targeting for Phenotypic Imaging

Non-invasive molecular imaging would be a precious tool to confirm the existence
of the target and track its expression for monitoring tumor response. Since integrin-
αvβ3 is an essential hallmark of tumor growth, invasion, and metastasis, imaging its
expression is potentially interesting for patient risk stratification and patient selection for
αvβ3-directed therapy. Several αvβ3-targeting radiotracers have been developed over the
past decades and have been investigated for clinical translation. The majority of them
are based on the tripeptide RGD because of its high affinity and specificity for integrin-
αvβ3. This review only focuses on clinically available RGD-based tracers. All the clinically
investigated RGD peptides displayed very similar in vivo distribution with high uptake
in the urinary tract, due to urinary elimination of the tracer, and moderate liver and
intestine uptakes. Additionally, no physiological brain uptake was found using different
RGD peptides, making them putative tracers for GBM. [18F]-galacto-RGD was the first
RGD tracer dedicated to positron emission tomography (PET) evaluated in humans. This
compound was designed by conjugating a sugar amino acid to the cyclic peptide c(RGDfK).
[18F]-galacto-RGD was evaluated for its ability to detect malignant lesions. In 12 GBM
patients, [18F]-galacto-RGD demonstrated high heterogeneity in tumor uptake [96]. [18F]-
galacto-RGD uptake was found to significantly correlate with αvβ3 expression assessed
after immunohistological examinations. A significant correlation was observed regarding
αvβ3 expression on tumor cells, whereas none was observed with microvessel-associated
αvβ3 expression. This result provides further evidence that [18F]-galacto-RGD detects
αvβ3-expressing tumor cells. To further improve affinity and tumor retention of RGD
peptides, dimeric RGD peptides were developed and evaluated in several tumors, including
GBM. [18F]-FPPRGD2 was the first one applied in clinical trials. Despite the low number of
patients included in the study (n=17), [18F]-FPPRGD2 demonstrated higher detection rate of
recurrent GBM in comparison to gold standard MRI imaging (100% vs. 93.3%) or [18F]-FDG
(100% vs. 86.7%) [97]. Another RGD-peptide, the [18F]-PRGD2, was evaluated in 12 GBM
patients. Unlike [18F]-FDG, [18F]-PRGD2 levels were correlated to the grade of GBM [98].
This result suggests that [18F]-PRGD2 is a potentially useful tool for assessing tumor
grading. More recently, a first in humans trial using [64Cu]-NOTA-EB-RGD was conducted
on 3 GBM patients. The introduction of the Evans Blue (EB), a dye molecule conjugated
to an RGD-like agent harboring a metal chelator that can reversibly bind to circulating
albumin, significantly enhanced tumor accumulation of integrin-αvβ3 radioligands. This
was evidenced by the high tumor-to-background contrast over time of [64Cu]-NOTA-EB-
RGD in recurrent GBM [99]. Nevertheless, this study should be conducted on a larger
number of patients to confirm its potential.

Over the past several years, the use of gallium-68 (68Ga) for the development of
imaging agents has considerably increased. Recent studies showed remarkable imaging
potential of [68Ga]-RGD peptides in preclinical and early clinical phases. The potential
of a 68Ga-radiolabeled dimeric RGD, the [68Ga]-NODAGA-c(RGDyK)2, was investigated
in mice bearing U87-MG xenografts. Distribution in αvβ3-expressing tissues was signif-
icantly improved when using 68Ga-radiolabeled RGD compounds as compared to 18F-
radiolabeled ones [100]. These results highlight the interest in 68Ga-radiolabeled RGD
for imaging of αvβ3-expressing GBM. Another novel long-circulation integrin-targeted
molecule, [111In]DOTA-EB-cRGDfK, showed significant tumor accumulation with high
tumor-to-background ratio at 24h post-injection in U87-MG xenografts [101]. These radio-
tracers deserve further clinical investigations to confirm their potential. Their ability to
specifically bind to αvβ3-expressing lesions holds the potential for appropriate patient
selection, especially for those eligible to receive targeted-αvβ3 treatment.

3.3.2. Integrin-αvβ3-Targeted Radiotherapy

The limited efficacy of cilengitide suggests the importance of integrin-αvβ3 imaging
prior to treatment, but also to find an alternative to pharmacological inhibition. Although
molecules that target αvβ3 have an acceptable safety profile, the interest in using them to
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tackle cancer has waned due to the lack of efficacy. Several factors, such as redundancy
or compensatory mechanisms, could explain their limited efficacy in the clinic. The poor
results of integrin pharmacological inhibition reported in GBM patients suggest the interest
in finding new alternative approaches to target αvβ3. Indeed, the remarkable advances in
nuclear medicine, especially in the field of targeted therapies, can provide new tools to treat
GBM. Most therapeutic radiopharmaceuticals are labeled with beta-emitting isotopes (β-).
These particles have a tissue penetration of only a few millimeters, which allows cell irradi-
ation in limited radium, causing a cytotoxic effect on tumor cells while sparing surrounding
healthy tissue. Commonly used β- emitters in clinical practice include lutetium-177 (177Lu,
maximum tissue penetration of 2 mm) and yttrium-90 (90Y, maximum tissue penetration
of 11 mm). 177Lu, with a half-life of 6.7 days and relatively high β- emission (Emax:
0.497 MeV), offers the advantage to deliver a high dose and achieving longer tumor radia-
tion. Additionally, a unique feature of radionuclides is that they can exert the “cross-fire”
effect, potentially destroying adjacent tumor cells. Most RGD peptides dedicated to in-
ternal vectorized radiotherapy of GBM have been evaluated in preclinical models using
177Lu-radiolabeled RGD peptides. [177Lu]-3PRGD2 was evaluated in mice models bearing
U87-MG tumor (GBM) for its ability to impair tumorigenesis. U87-MG tumor growth was
significantly delayed by a single intravenous injection of [177Lu]-3PRGD2 (5.55 GBq/kg;
111.0 MBq/0.2 mL; peptide 1.5 µg) [102]. Among the most promising RGD-peptides dedi-
cated to internalized radiation therapy, [177Lu]-NOTA-EB-RGD was recently evaluated in
patient-derived xenografts (PDXs) derived from non-small cell lung cancer [103]. [177Lu]-
NOTA-EB-RGD was found to be highly retained into αvβ3-positive PDXs from 1 to 72 h
post-injection. One unique injection of [177Lu]-NOTA-EB-RGD (18.5 MBq) completely
eradicated tumor growth of αvβ3-positive PDXs. However, such compounds remain to
be validated in GBM models. These preclinical data suggest that [177Lu]-NOTA-EB-RGD
could be an efficient treatment option, that should be further evaluated in clinical trials.

4. Conclusions

Integrins are key actors of GBM progression and preclinical evidence suggests that
their inhibition is an attractive and promising approach for treatment. Among them,
integrin-αvβ3 was for a long time the most studied integrin due to its overexpression
in GBM and its pro-tumorigenic role. Nevertheless, clinical studies aiming at targeting
its downstream signaling pathways were restricted to tumors with high levels of αvβ3.
The redundancy of integrins signaling and the lack of biomarkers greatly influence the
response to targeted therapies involving small inhibitors, such as cilengitide. Improving
patient selection, reducing side effects, and enhancing therapeutic efficacy are challenges in
modern oncology. The recent advent of the theranostic approach in nuclear medicine could
overcome this limitation. Vectorized nuclear medicine allows non-invasive molecular tu-
mor characterization and personalized treatment. The great variability of αvβ3-expression
and therefore the lack of patient stratification could somehow explain contradictory results
obtained in clinical studies aiming at investigating the relevance of its inhibition in GBM.
Reconsidering αvβ3-targeting agents would require accurate biomarkers to identify poten-
tial responding patients. Indeed, the efficacy of αvβ3-directed therapies is depending on
the intra-tumor extent and integrin-αvβ3 distribution. Therefore, it is essential to assess
αvβ3 expression to evaluate the eligibility of a GBM patient for targeted therapies. Several
radiotracers dedicated to imaging have been developed and could be valuable tools to se-
lect eligible patients for such therapy. Finally, the therapeutic potential of nuclear medicine
and its successful application to a broad range of tumors can be an additional therapeutic
option for GBM. Despite the need for further clinical investigation for the majority of these
compounds, they could have great potential to be integrated into combined therapies.

Author Contributions: Conceptualization, W.E. and C.M.; writing—original draft preparation, W.E.
and C.M.; writing—reviewing and editing, W.E., V.P., M.F. and C.M.; figure preparation, W.E., V.P.,
M.F. and C.M.; supervision, V.P., M.F. and C.M. All authors have read and agreed to the published
version of the manuscript.



Pharmaceutics 2022, 14, 1053 9 of 13

Funding: This work was supported by the Government of the Principality of Monaco; The Fondation
François Xavier Mora; The Fondation Cordon de Vie; The Fondation Flavien; The Fondation de
France, The foundation Max et Yvonne De Foras.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ostrom, Q.T.; Gittleman, H.; Liao, P.; Rouse, C.; Chen, Y.; Dowling, J.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J. CBTRUS

Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2007–2011. Neuro-
Oncology 2014, 16, iv1–iv63. [CrossRef] [PubMed]

2. Koshy, M.; Villano, J.L.; Dolecek, T.A.; Howard, A.; Mahmood, U.; Chmura, S.J.; Weichselbaum, R.R.; McCarthy, B.J. Improved
Survival Time Trends for Glioblastoma Using the SEER 17 Population-Based Registries. J. Neuro-Oncol. 2012, 107, 207–212.
[CrossRef]

3. Wen, P.Y.; Kesari, S. Malignant Gliomas in Adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef] [PubMed]
4. Ostrom, Q.T.; Truitt, G.; Gittleman, H.; Brat, D.J.; Kruchko, C.; Wilson, R.; Barnholtz-Sloan, J.S. Relative Survival after Diagnosis

with a Primary Brain or Other Central Nervous System Tumor in the National Program of Cancer Registries, 2004 to 2014.
Neuro-Oncol. Pract. 2020, 7, 306–312. [CrossRef] [PubMed]

5. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

6. Tan, A.C.; Ashley, D.M.; López, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of Glioblastoma: State of the Art
and Future Directions. CA Cancer J. Clin. 2020, 70, 299–312. [CrossRef]

7. Nabors, L.B.; Portnow, J.; Ahluwalia, M.; Baehring, J.; Brem, H.; Brem, S.; Butowski, N.; Campian, J.L.; Clark, S.W.; Fabiano, A.J.
Central Nervous System Cancers, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw.
JNCCN 2020, 18, 1537–1570. [CrossRef]

8. Davis, M.E. Glioblastoma: Overview of Disease and Treatment. Clin. J. Oncol. Nurs. 2016, 20, S2–S8. [CrossRef]
9. Audureau, E.; Chivet, A.; Ursu, R.; Corns, R.; Metellus, P.; Noel, G.; Zouaoui, S.; Guyotat, J.; Le Reste, P.-J.; Faillot, T.; et al.

Prognostic Factors for Survival in Adult Patients with Recurrent Glioblastoma: A Decision-Tree-Based Model. J. Neuro-Oncol.
2018, 136, 565–576. [CrossRef]

10. Qazi, M.A.; Vora, P.; Venugopal, C.; Sidhu, S.S.; Moffat, J.; Swanton, C.; Singh, S.K. Intratumoral Heterogeneity: Pathways to
Treatment Resistance and Relapse in Human Glioblastoma. Ann. Oncol. 2017, 28, 1448–1456. [CrossRef]

11. Tirosh, I.; Suvà, M.L. Tackling the Many Facets of Glioblastoma Heterogeneity. Cell Stem Cell 2020, 26, 303–304. [CrossRef]
[PubMed]

12. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO
Classification of Tumours of the Central Nervous System. Acta Neuropathol. 2007, 114, 97–109. [CrossRef] [PubMed]

13. Ou, A.; Yung, W.K.A.; Majd, N. Molecular Mechanisms of Treatment Resistance in Glioblastoma. Int. J. Mol. Sci. 2020, 22, 351.
[CrossRef] [PubMed]

14. Vollmann-Zwerenz, A.; Leidgens, V.; Feliciello, G.; Klein, C.A.; Hau, P. Tumor Cell Invasion in Glioblastoma. Int. J. Mol. Sci. 2020,
21, 1932. [CrossRef] [PubMed]

15. Roth, P. The Role of Integrins in Glioma Biology and Anti-Glioma Therapies. SpringerPlus 2015, 4, L12. [CrossRef]
16. Takada, Y.; Ye, X.; Simon, S. The Integrins. Genome Biol. 2007, 8, 215. [CrossRef]
17. Schnell, O.; Krebs, B.; Wagner, E.; Romagna, A.; Beer, A.J.; Grau, S.J.; Thon, N.; Goetz, C.; Kretzschmar, H.A.; Tonn, J.; et al.

Expression of Integrin Avβ3 in Gliomas Correlates with Tumor Grade and Is Not Restricted to Tumor Vasculature. Brain Pathol.
2008, 18, 378–386. [CrossRef]

18. Gladson, C.L. Expression of Integrin Alpha v Beta 3 in Small Blood Vessels of Glioblastoma Tumors. J. Neuropathol. Exp. Neurol.
1996, 55, 1143–1149. [CrossRef]

19. Bello, L.; Francolini, M.; Marthyn, P.; Zhang, J.; Carroll, R.S.; Nikas, D.C.; Strasser, J.F.; Villani, R.; Cheresh, D.A.; Black, P.M.
Alpha(v)Beta3 and Alpha(v)Beta5 Integrin Expression in Glioma Periphery. Neurosurgery 2001, 49, 380–389; discussion 390.
[CrossRef]

20. Lorger, M.; Krueger, J.S.; O’Neal, M.; Staflin, K.; Felding-Habermann, B. Activation of Tumor Cell Integrin Avβ3 Controls
Angiogenesis and Metastatic Growth in the Brain. Proc. Natl. Acad. Sci. USA 2009, 106, 10666–10671. [CrossRef]

21. Gingras, M.C.; Roussel, E.; Bruner, J.M.; Branch, C.D.; Moser, R.P. Comparison of Cell Adhesion Molecule Expression between
Glioblastoma Multiforme and Autologous Normal Brain Tissue. J. Neuroimmunol. 1995, 57, 143–153. [CrossRef]

22. Raab-Westphal, S.; Marshall, J.F.; Goodman, S.L. Integrins as Therapeutic Targets: Successes and Cancers. Cancers 2017, 9, 110.
[CrossRef] [PubMed]

http://doi.org/10.1093/neuonc/nou223
http://www.ncbi.nlm.nih.gov/pubmed/25304271
http://doi.org/10.1007/s11060-011-0738-7
http://doi.org/10.1056/NEJMra0708126
http://www.ncbi.nlm.nih.gov/pubmed/18669428
http://doi.org/10.1093/nop/npz059
http://www.ncbi.nlm.nih.gov/pubmed/32537180
http://doi.org/10.3322/caac.21660
http://doi.org/10.3322/caac.21613
http://doi.org/10.6004/jnccn.2020.0052
http://doi.org/10.1188/16.CJON.S1.2-8
http://doi.org/10.1007/s11060-017-2685-4
http://doi.org/10.1093/annonc/mdx169
http://doi.org/10.1016/j.stem.2020.02.005
http://www.ncbi.nlm.nih.gov/pubmed/32142659
http://doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://doi.org/10.3390/ijms22010351
http://www.ncbi.nlm.nih.gov/pubmed/33396284
http://doi.org/10.3390/ijms21061932
http://www.ncbi.nlm.nih.gov/pubmed/32178267
http://doi.org/10.1186/2193-1801-4-S1-L12
http://doi.org/10.1186/gb-2007-8-5-215
http://doi.org/10.1111/j.1750-3639.2008.00137.x
http://doi.org/10.1097/00005072-199611000-00005
http://doi.org/10.1097/00006123-200108000-00022
http://doi.org/10.1073/pnas.0903035106
http://doi.org/10.1016/0165-5728(94)00178-Q
http://doi.org/10.3390/cancers9090110
http://www.ncbi.nlm.nih.gov/pubmed/28832494


Pharmaceutics 2022, 14, 1053 10 of 13

23. Beer, A.J.; Schwaiger, M. Imaging of Integrin Alphavbeta3 Expression. Cancer Metastasis Rev. 2008, 27, 631–644. [CrossRef]
[PubMed]

24. Gomes Marin, J.F.; Nunes, R.F.; Coutinho, A.M.; Zaniboni, E.C.; Costa, L.B.; Barbosa, F.G.; Queiroz, M.A.; Cerri, G.G.; Buchpiguel,
C.A. Theranostics in Nuclear Medicine: Emerging and Re-Emerging Integrated Imaging and Therapies in the Era of Precision
Oncology. RadioGraphics 2020, 40, 1715–1740. [CrossRef]

25. Niu, G.; Chen, X. Why Integrin as a Primary Target for Imaging and Therapy. Theranostics 2011, 1, 30–47. [CrossRef]
26. Tamkun, J.W.; DeSimone, D.W.; Fonda, D.; Patel, R.S.; Buck, C.; Horwitz, A.F.; Hynes, R.O. Structure of Integrin, a Glycoprotein

Involved in the Transmembrane Linkage between Fibronectin and Actin. Cell 1986, 46, 271–282. [CrossRef]
27. Geiger, B.; Bershadsky, A.; Pankov, R.; Yamada, K.M. Transmembrane Crosstalk between the Extracellular Matrix and the

Cytoskeleton. Nat. Rev. Mol. Cell Biol. 2001, 2, 793–805. [CrossRef]
28. Munson, J.; Bonner, M.; Fried, L.; Hofmekler, J.; Arbiser, J.; Bellamkonda, R. Identifying New Small Molecule Anti-Invasive

Compounds for Glioma Treatment. Cell Cycle 2013, 12, 2200–2209. [CrossRef]
29. Zhao, X.; Guan, J.-L. Focal Adhesion Kinase and Its Signaling Pathways in Cell Migration and Angiogenesis. Adv. Drug Deliv.

Rev. 2011, 63, 610–615. [CrossRef]
30. Seker-Polat, F.; Pinarbasi Degirmenci, N.; Solaroglu, I.; Bagci-Onder, T. Tumor Cell Infiltration into the Brain in Glioblastoma:

From Mechanisms to Clinical Perspectives. Cancers 2022, 14, 443. [CrossRef]
31. Owens, L.V.; Xu, L.; Craven, R.J.; Dent, G.A.; Weiner, T.M.; Kornberg, L.; Liu, E.T.; Cance, W.G. Overexpression of the Focal

Adhesion Kinase (P125FAK) in Invasive Human Tumors. Cancer Res. 1995, 55, 2752–2755. [PubMed]
32. Zagzag, D.; Friedlander, D.R.; Margolis, B.; Grumet, M.; Semenza, G.L.; Zhong, H.; Simons, J.W.; Holash, J.; Wiegand, S.J.;

Yancopoulos, G.D. Molecular Events Implicated in Brain Tumor Angiogenesis and Invasion. Pediatr. Neurosurg. 2000, 33, 49–55.
[CrossRef] [PubMed]

33. Legate, K.R.; Wickström, S.A.; Fässler, R. Genetic and Cell Biological Analysis of Integrin Outside-in Signaling. Genes Dev. 2009,
23, 397–418. [CrossRef] [PubMed]

34. Ellert-Miklaszewska, A.; Poleszak, K.; Pasierbinska, M.; Kaminska, B. Integrin Signaling in Glioma Pathogenesis: From Biology to
Therapy. Int. J. Mol. Sci. 2020, 21, 888. [CrossRef] [PubMed]

35. Danen, E.H.J. Integrin Signaling as a Cancer Drug Target. ISRN Cell Biol. 2013, 2013, e135164. [CrossRef]
36. Delamarre, E.; Taboubi, S.; Mathieu, S.; Bérenguer, C.; Rigot, V.; Lissitzky, J.-C.; Figarella-Branger, D.; Ouafik, L.; Luis, J. Expression

of Integrin Alpha6beta1 Enhances Tumorigenesis in Glioma Cells. Am. J. Pathol. 2009, 175, 844–855. [CrossRef]
37. Riemenschneider, M.J.; Mueller, W.; Betensky, R.A.; Mohapatra, G.; Louis, D.N. In Situ Analysis of Integrin and Growth

Factor Receptor Signaling Pathways in Human Glioblastomas Suggests Overlapping Relationships with Focal Adhesion Kinase
Activation. Am. J. Pathol. 2005, 167, 1379–1387. [CrossRef]

38. Ducassou, A.; Uro-Coste, E.; Verrelle, P.; Filleron, T.; Benouaich-Amiel, A.; Lubrano, V.; Sol, J.-C.; Delisle, M.-B.; Favre, G.;
Ken, S.; et al. Avβ3 Integrin and Fibroblast Growth Factor Receptor 1 (FGFR1): Prognostic Factors in a Phase I-II Clinical Trial
Associating Continuous Administration of Tipifarnib with Radiotherapy for Patients with Newly Diagnosed Glioblastoma. Eur. J.
Cancer Oxf. Engl. 2013, 49, 2161–2169. [CrossRef]

39. Brooks, P.C.; Clark, R.A.; Cheresh, D.A. Requirement of Vascular Integrin Alpha v Beta 3 for Angiogenesis. Science 1994,
264, 569–571. [CrossRef]

40. Gladson, C.L.; Cheresh, D.A. Glioblastoma Expression of Vitronectin and the Alpha v Beta 3 Integrin. Adhesion Mechanism for
Transformed Glial Cells. J. Clin. Investig. 1991, 88, 1924–1932. [CrossRef]

41. Serres, E.; Debarbieux, F.; Stanchi, F.; Maggiorella, L.; Grall, D.; Turchi, L.; Burel-Vandenbos, F.; Figarella-Branger, D.; Virolle, T.;
Rougon, G.; et al. Fibronectin Expression in Glioblastomas Promotes Cell Cohesion, Collective Invasion of Basement Membrane
in Vitro and Orthotopic Tumor Growth in Mice. Oncogene 2014, 33, 3451–3462. [CrossRef] [PubMed]

42. Chen, M.-H.; Lu, C.; Sun, J.; Chen, X.-D.; Dai, J.-X.; Cai, J.-Y.; Chen, X.-L. Diagnostic and Prognostic Value of Serum Vitronectin
Levels in Human Glioma. J. Neurol. Sci. 2016, 371, 54–59. [CrossRef] [PubMed]

43. Schittenhelm, J.; Schwab, E.I.; Sperveslage, J.; Tatagiba, M.; Meyermann, R.; Fend, F.; Goodman, S.L.; Sipos, B. Longitudinal
Expression Analysis of Av Integrins in Human Gliomas Reveals Upregulation of Integrin Avβ3 as a Negative Prognostic Factor. J.
Neuropathol. Exp. Neurol. 2013, 72, 194–210. [CrossRef] [PubMed]

44. Demircioglu, F.; Hodivala-Dilke, K. Avβ3 Integrin and Tumour Blood Vessels-Learning from the Past to Shape the Future. Curr.
Opin. Cell Biol. 2016, 42, 121–127. [CrossRef] [PubMed]

45. Bussolati, B.; Deambrosis, I.; Russo, S.; Deregibus, M.C.; Camussi, G. Altered Angiogenesis and Survival in Human Tumor-
Derived Endothelial Cells. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2003, 17, 1159–1161. [CrossRef]

46. Avraamides, C.J.; Garmy-Susini, B.; Varner, J.A. Integrins in Angiogenesis and Lymphangiogenesis. Nat. Rev. Cancer 2008,
8, 604–617. [CrossRef]

47. Brooks, P.C.; Montgomery, A.M.; Rosenfeld, M.; Reisfeld, R.A.; Hu, T.; Klier, G.; Cheresh, D.A. Integrin Alpha v Beta 3 Antagonists
Promote Tumor Regression by Inducing Apoptosis of Angiogenic Blood Vessels. Cell 1994, 79, 1157–1164. [CrossRef]

48. Nisato, R.E.; Tille, J.-C.; Jonczyk, A.; Goodman, S.L.; Pepper, M.S. Alphav Beta 3 and Alphav Beta 5 Integrin Antagonists Inhibit
Angiogenesis in Vitro. Angiogenesis 2003, 6, 105–119. [CrossRef]

49. Soldi, R.; Mitola, S.; Strasly, M.; Defilippi, P.; Tarone, G.; Bussolino, F. Role of Alphavbeta3 Integrin in the Activation of Vascular
Endothelial Growth Factor Receptor-2. EMBO J. 1999, 18, 882–892. [CrossRef]

http://doi.org/10.1007/s10555-008-9158-3
http://www.ncbi.nlm.nih.gov/pubmed/18523730
http://doi.org/10.1148/rg.2020200021
http://doi.org/10.7150/thno/v01p0030
http://doi.org/10.1016/0092-8674(86)90744-0
http://doi.org/10.1038/35099066
http://doi.org/10.4161/cc.25334
http://doi.org/10.1016/j.addr.2010.11.001
http://doi.org/10.3390/cancers14020443
http://www.ncbi.nlm.nih.gov/pubmed/7796399
http://doi.org/10.1159/000028975
http://www.ncbi.nlm.nih.gov/pubmed/11025423
http://doi.org/10.1101/gad.1758709
http://www.ncbi.nlm.nih.gov/pubmed/19240129
http://doi.org/10.3390/ijms21030888
http://www.ncbi.nlm.nih.gov/pubmed/32019108
http://doi.org/10.1155/2013/135164
http://doi.org/10.2353/ajpath.2009.080920
http://doi.org/10.1016/S0002-9440(10)61225-4
http://doi.org/10.1016/j.ejca.2013.02.033
http://doi.org/10.1126/science.7512751
http://doi.org/10.1172/JCI115516
http://doi.org/10.1038/onc.2013.305
http://www.ncbi.nlm.nih.gov/pubmed/23912459
http://doi.org/10.1016/j.jns.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/27871448
http://doi.org/10.1097/NEN.0b013e3182851019
http://www.ncbi.nlm.nih.gov/pubmed/23399898
http://doi.org/10.1016/j.ceb.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27474973
http://doi.org/10.1096/fj.02-0557fje
http://doi.org/10.1038/nrc2353
http://doi.org/10.1016/0092-8674(94)90007-8
http://doi.org/10.1023/B:AGEN.0000011801.98187.f2
http://doi.org/10.1093/emboj/18.4.882


Pharmaceutics 2022, 14, 1053 11 of 13

50. Cui, X.; Morales, R.-T.T.; Qian, W.; Wang, H.; Gagner, J.-P.; Dolgalev, I.; Placantonakis, D.; Zagzag, D.; Cimmino, L.;
Snuderl, M.; et al. Hacking Macrophage-Associated Immunosuppression for Regulating Glioblastoma Angiogenesis. Biomaterials
2018, 161, 164–178. [CrossRef]

51. Steri, V.; Ellison, T.S.; Gontarczyk, A.M.; Weilbaecher, K.; Schneider, J.G.; Edwards, D.; Fruttiger, M.; Hodivala-Dilke, K.M.;
Robinson, S.D. Acute Depletion of Endothelial B3-Integrin Transiently Inhibits Tumor Growth and Angiogenesis in Mice. Circ.
Res. 2014, 114, 79–91. [CrossRef] [PubMed]

52. D’Abaco, G.M.; Kaye, A.H. Integrins: Molecular Determinants of Glioma Invasion. J. Clin. Neurosci. 2007, 14, 1041–1048.
[CrossRef] [PubMed]

53. Conte, M.; Casas-Tintò, S.; Soler, J. Modeling Invasion Patterns in the Glioblastoma Battlefield. PLOS Comput. Biol. 2021,
17, e1008632. [CrossRef] [PubMed]

54. Paulus, W.; Tonn, J.C. Basement Membrane Invasion of Glioma Cells Mediated by Integrin Receptors. J. Neurosurg. 1994,
80, 515–519. [CrossRef]

55. Lal, A.; Lash, A.E.; Altschul, S.F.; Velculescu, V.; Zhang, L.; McLendon, R.E.; Marra, M.A.; Prange, C.; Morin, P.J.; Polyak, K.; et al.
A Public Database for Gene Expression in Human Cancers. Cancer Res. 1999, 59, 5403–5407.

56. Colin, C.; Baeza, N.; Bartoli, C.; Fina, F.; Eudes, N.; Nanni, I.; Martin, P.-M.; Ouafik, L.; Figarella-Branger, D. Identification of
Genes Differentially Expressed in Glioblastoma versus Pilocytic Astrocytoma Using Suppression Subtractive Hybridization.
Oncogene 2006, 25, 2818–2826. [CrossRef]

57. Mahesparan, R.; Read, T.-A.; Lund-Johansen, M.; Skaftnesmo, K.O.; Bjerkvig, R.; Engebraaten, O. Expression of Extracellular
Matrix Components in a Highly Infiltrative in Vivo Glioma Model. Acta Neuropathol. 2003, 105, 49–57. [CrossRef]

58. Ohnishi, T.; Hiraga, S.; Izumoto, S.; Matsumura, H.; Kanemura, Y.; Arita, N.; Hayakawa, T. Role of Fibronectin-Stimulated Tumor
Cell Migration in Glioma Invasion in Vivo: Clinical Significance of Fibronectin and Fibronectin Receptor Expressed in Human
Glioma Tissues. Clin. Exp. Metastasis 1998, 16, 729–741. [CrossRef]

59. Fabian, C.; Han, M.; Bjerkvig, R.; Niclou, S.P. Novel Facets of Glioma Invasion. Int. Rev. Cell Mol. Biol. 2021, 360, 33–64. [CrossRef]
60. Hagemann, C.; Anacker, J.; Ernestus, R.-I.; Vince, G.H. A Complete Compilation of Matrix Metalloproteinase Expression in

Human Malignant Gliomas. World J. Clin. Oncol. 2012, 3, 67–79. [CrossRef]
61. Yosef, G.; Arkadash, V.; Papo, N. Targeting the MMP-14/MMP-2/Integrin Avβ3 Axis with Multispecific N-TIMP2-Based

Antagonists for Cancer Therapy. J. Biol. Chem. 2018, 293, 13310–13326. [CrossRef] [PubMed]
62. Kesanakurti, D.; Chetty, C.; Rajasekhar Maddirela, D.; Gujrati, M.; Rao, J.S. Functional Cooperativity by Direct Interaction

between PAK4 and MMP-2 in the Regulation of Anoikis Resistance, Migration and Invasion in Glioma. Cell Death Dis. 2012,
3, e445. [CrossRef] [PubMed]

63. Osuka, S.; Meir, E.G.V. Overcoming Therapeutic Resistance in Glioblastoma: The Way Forward. J. Clin. Investig. 2017, 127, 415–426.
[CrossRef] [PubMed]

64. Dymova, M.A.; Kuligina, E.V.; Richter, V.A. Molecular Mechanisms of Drug Resistance in Glioblastoma. Int. J. Mol. Sci. 2021,
22, 6385. [CrossRef] [PubMed]

65. Yu, Q.; Xiao, W.; Sun, S.; Sohrabi, A.; Liang, J.; Seidlits, S.K. Extracellular Matrix Proteins Confer Cell Adhesion-Mediated Drug
Resistance Through Integrin Av in Glioblastoma Cells. Front. Cell Dev. Biol. 2021, 9, 616580. [CrossRef] [PubMed]

66. Ponomarev, A.; Gilazieva, Z.; Solovyeva, V.; Allegrucci, C.; Rizvanov, A. Intrinsic and Extrinsic Factors Impacting Cancer
Stemness and Tumor Progression. Cancers 2022, 14, 970. [CrossRef]

67. Sattiraju, A.; Sai, K.K.S.; Mintz, A. Glioblastoma Stem Cells and Their Microenvironment. Adv. Exp. Med. Biol. 2017, 1041, 119–140.
[CrossRef]

68. Filatova, A.; Acker, T.; Garvalov, B.K. The Cancer Stem Cell Niche(s): The Crosstalk between Glioma Stem Cells and Their
Microenvironment. Biochim. Biophys. Acta 2013, 1830, 2496–2508. [CrossRef]

69. Yu, Q.; Xue, Y.; Liu, J.; Xi, Z.; Li, Z.; Liu, Y. Fibronectin Promotes the Malignancy of Glioma Stem-Like Cells Via Modulation of
Cell Adhesion, Differentiation, Proliferation and Chemoresistance. Front. Mol. Neurosci. 2018, 11, 130. [CrossRef]

70. Deininger, M.H.; Pater, S.; Strik, H.; Meyermann, R. Macrophage/Microglial Cell Subpopulations in Glioblastoma Multiforme
Relapses Are Differentially Altered by Radiochemotherapy. J. Neurooncol. 2001, 55, 141–147. [CrossRef]

71. Zhou, W.; Ke, S.Q.; Huang, Z.; Flavahan, W.; Fang, X.; Paul, J.; Wu, L.; Sloan, A.E.; McLendon, R.E.; Li, X.; et al. Periostin Secreted
by Glioblastoma Stem Cells Recruits M2 Tumour-Associated Macrophages and Promotes Malignant Growth. Nat. Cell Biol. 2015,
17, 170–182. [CrossRef] [PubMed]

72. Seguin, L.; Kato, S.; Franovic, A.; Camargo, M.F.; Lesperance, J.; Elliott, K.C.; Yebra, M.; Mielgo, A.; Lowy, A.M.; Husain, H.; et al.
An Integrin B3-KRAS-RalB Complex Drives Tumour Stemness and Resistance to EGFR Inhibition. Nat. Cell Biol. 2014, 16, 457–468.
[CrossRef] [PubMed]

73. Visvader, J.E.; Stingl, J. Mammary Stem Cells and the Differentiation Hierarchy: Current Status and Perspectives. Genes Dev. 2014,
28, 1143–1158. [CrossRef]

74. Monferran, S.; Skuli, N.; Delmas, C.; Favre, G.; Bonnet, J.; Cohen-Jonathan-Moyal, E.; Toulas, C. Alphavbeta3 and Alphavbeta5
Integrins Control Glioma Cell Response to Ionising Radiation through ILK and RhoB. Int. J. Cancer 2008, 123, 357–364. [CrossRef]

75. Mikkelsen, T.; Brodie, C.; Finniss, S.; Berens, M.E.; Rennert, J.L.; Nelson, K.; Lemke, N.; Brown, S.L.; Hahn, D.; Neuteboom, B.; et al.
Radiation Sensitization of Glioblastoma by Cilengitide Has Unanticipated Schedule-Dependency. Int. J. Cancer 2009,
124, 2719–2727. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2018.01.053
http://doi.org/10.1161/CIRCRESAHA.114.301591
http://www.ncbi.nlm.nih.gov/pubmed/24103390
http://doi.org/10.1016/j.jocn.2007.06.019
http://www.ncbi.nlm.nih.gov/pubmed/17954373
http://doi.org/10.1371/journal.pcbi.1008632
http://www.ncbi.nlm.nih.gov/pubmed/33513131
http://doi.org/10.3171/jns.1994.80.3.0515
http://doi.org/10.1038/sj.onc.1209305
http://doi.org/10.1007/s00401-002-0610-0
http://doi.org/10.1023/A:1006532812408
http://doi.org/10.1016/bs.ircmb.2020.08.001
http://doi.org/10.5306/wjco.v3.i5.67
http://doi.org/10.1074/jbc.RA118.004406
http://www.ncbi.nlm.nih.gov/pubmed/29986882
http://doi.org/10.1038/cddis.2012.182
http://www.ncbi.nlm.nih.gov/pubmed/23254288
http://doi.org/10.1172/JCI89587
http://www.ncbi.nlm.nih.gov/pubmed/28145904
http://doi.org/10.3390/ijms22126385
http://www.ncbi.nlm.nih.gov/pubmed/34203727
http://doi.org/10.3389/fcell.2021.616580
http://www.ncbi.nlm.nih.gov/pubmed/33834020
http://doi.org/10.3390/cancers14040970
http://doi.org/10.1007/978-3-319-69194-7_7
http://doi.org/10.1016/j.bbagen.2012.10.008
http://doi.org/10.3389/fnmol.2018.00130
http://doi.org/10.1023/A:1013805915224
http://doi.org/10.1038/ncb3090
http://www.ncbi.nlm.nih.gov/pubmed/25580734
http://doi.org/10.1038/ncb2953
http://www.ncbi.nlm.nih.gov/pubmed/24747441
http://doi.org/10.1101/gad.242511.114
http://doi.org/10.1002/ijc.23498
http://doi.org/10.1002/ijc.24240


Pharmaceutics 2022, 14, 1053 12 of 13

76. Christmann, M.; Diesler, K.; Majhen, D.; Steigerwald, C.; Berte, N.; Freund, H.; Stojanović, N.; Kaina, B.; Osmak, M.; Ambriović-
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