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After decades of slight to modest changes in outcomes,
survival for patients with glioblastoma has shown consistent
and sustained improvement. Whether this improvement is
due to enhanced imaging technologies, increased diagnostic
accuracy, earlier detection, advanced microsurgical tech-
niques, functional tissue preservation, postoperative critical
care, targeted radiation, or novel adjuvant therapies is uncer-
tain. What is known is that the field is moving in a more
promising direction. In this issue we have selected novel and
exciting contributions that represent our current landscape
and illustrate new directions, highlighting their opportunities
as well as their limitations. The goal of this special issue is to
stimulate new understanding and encourage cross-discipline
collaborations that will assist in changing the outlook for this
disease.

We have invited investigators to contribute original
research articles as well as topical reviews that provide
updated perspective and present exciting contributions. We
have included articles that explore intraoperative technolog-
ical advances like “Fluorescence-guided surgery and biopsy
in gliomas with an exoscope system” and combine intraop-
erative imaging with tissue characterization and biomarker
utilization such as “Intraoperative cerebral glioma character-
ization with contrast enhanced ultrasound.” Original con-
tributions presenting improved immunotherapy strategies
such as “Interleukin-13 receptor alpha 2-targeted glioblastoma
immunotherapy” and alternative gene therapy approaches

were also included such as “Newcastle disease virus interaction
in targeted therapy against proliferation and invasion pathways
of glioblastoma multiforme.” The role of cancer stem cells in
GBM malignancy and the progress made in its diagnostic
and therapeutic implications are nicely reviewed as in “Stem
cell niches in glioblastoma: A neuropathological view.” The
impact of the intracranial tumor microenvironment and
its pathophysiological implications are also discussed in
“Progesterone induces the growth and infiltration of human
astrocytoma cells implanted in the cerebral cortex of the rat.”

It is our intention that this issue will promote discussion
of new topics of interest and stimulate interdisciplinary
collaborative efforts to improve outcomes for patients with
glioblastoma. New modalities of treatment, characterization
of the tumor’s microenvironment, developing intraoperative
innovative techniques, and targeting tumor-specific recep-
tors are all disciplines on the cutting edge of glioblastoma
research, the results of which will hopefully lead to marked
improvements in outcome.
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Glioblastoma (GBM) is the most lethal primary brain tumor, and despite several refinements in its multimodal management,
generally has very poor prognosis. Targeted immunotherapy is an emerging field of research that shows great promise in the
treatment of GBM. One of the most extensively studied targets is the interleukin-13 receptor alpha chain variant 2 (IL13R𝛼2).
Its selective expression on GBM, discovered almost two decades ago, has been a target for therapy ever since. Immunotherapeutic
strategies have been developed targeting IL13R𝛼2, includingmonoclonal antibodies as well as cell-based strategies such as IL13R𝛼2-
pulsed dendritic cells and IL13R𝛼2-targeted chimeric antigen receptor-expressing T cells. Advanced therapeutic development has
led to the completion of several clinical trials with promising outcomes. In this review, we will discuss the recent advances in the
IL13R𝛼2-targeted immunotherapy and evaluate the most promising strategy for targeted GBM immunotherapy.

1. Introduction

Despite incremental improvements in survival with the cur-
rent standard of care for glioblastoma (GBM), which is a tri-
partite regimen of surgery, radiotherapy, and chemotherapy
[1, 2], the prognosis for most patients remains dismal [3, 4].
Major limitations in the treatment of GBM are the tumor’s
location within the brain that impedes delivery of cytotoxic
agents across the blood-brain barrier [2], compoundedwith a
strong immunosuppressive environment [5] and chemo- and
radioresistant glioma-initiating cells [6, 7]. As a result, novel
strategies are continually being tested to improve patient
survival, quality of life, and overall outcomes.

Targeted immunotherapy has thus emerged as promising
field of research in the treatment of malignancies and has
received a great deal of interest in recent years [8, 9].
Optimism regarding the use of targeted immunotherapy
has been even higher recently, since the reported cure of
lymphoma patients with engineered or genetically modified
T cells targeting CD19malignant cells [10].This has increased
the focus towards the potential antigens present exclusively

in glioma as targets for gene- and immunotherapy. One
of the most extensively studied targets is the interleukin-13
receptor alpha 2 (IL13R𝛼2) [11]. IL13R𝛼2 is a decoy receptor
for interleukin-13 (IL13), lacking the signaling chain that is
present on the ubiquitous IL13R𝛼1, thus preventing any IL13-
mediated downstream signaling pathway [12]. Further, higher
affinity of IL13 to IL13R𝛼2 allows for sequestration of the
ligand away from IL13R𝛼1. Increased expression of IL13R𝛼2
has been reported to promote tumor progression in glioma
and other tumor models. IL13R𝛼2 expression is a prognostic
marker for glioma malignancy grade and for poor patient
survival [13]. Its selective expression on MG, discovered
almost two decades ago, has been a target for therapy ever
since [14]. Several targeted therapies have been developed
against IL13R𝛼2 onMG including bacterial toxins conjugated
to IL13 [15], nanoparticles [16, 17], oncolytic virus [18, 19], as
well as immunotherapies using monoclonal antibodies [20],
IL13R𝛼2-pulsed dendritic cells [21], and IL13R𝛼2-targeted
chimeric antigen receptors [22, 23]. Advanced therapeutic
development has led to the completion of phase I clinical
trials for IL13R𝛼2-targeted chimeric antigen receptors and
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phase III clinical trials for bacterial toxins [11]. Here we will
review the immunotherapeutic modalities that have been
developed to specifically target IL13R𝛼2-expressing GBMs.

2. Using Monoclonal Antibodies to
Target IL13R𝛼2 on GBMs

Both hybridoma technology or phage display libraries have
been used extensively to generate monoclonal antibodies
against IL13R𝛼2 [20, 24]. It is to be noted that antibodies
generated by phage display technology tend to have a lower
affinity of binding to the target than hybridoma generated
antibodies. Balyasnikova et al. showed that IL13R𝛼2-targeting
monoclonal antibody generated by hybridoma technology
exhibited high affinity towards glioma cells, both in vitro and
ex vivo [20]. This is also the only study that found that the
high affinity antibody also prolonged survival in mice when
coinjected intracranially with glioma cells. Another clear
path indicated by the high specificity targeting of this study
is the possibility of delivering antibodies systemically with
fewer side effects. Studies have shown that intraperitoneal or
intravenous delivery of antibody fragments may successfully
home to glioma and reduce its growth in flank or orthotopic
models [24]. More work is needed on this approach to
determine its potency. One must be wary of trading potency
for specificity, as targeting very specific amino acid sequences
in highly mutated tumors may result in killing only a sub-
group of cells. Also, the advantage of increased specificity via
antibody based targeting must be weighed against decreased
potency as compared to the IL13 ligand approach. Kioi et al.
found that none of the IL13R𝛼2 antibody fragment variants
conjugated to pseudomonas exotoxin (PE) could match the
potency of IL13-PE fusion chimera (IL13PE38QQR) in vitro
or in vivo. Keeping that in mind, a better approach might be
to generate immune responses towards a variety of specific
glioma antigens.

3. Dendritic Cells Pulsed with
Tumor-Associated Antigens

One of the strongest immune-evasion techniques employed
by GBM is poor antigen presentation by the tumor cells,
and most patients with high-grade gliomas have very weak
systemic response to the tumor antigens [25]. Dendritic
cell based immunotherapy has been used extensively to
counteract the GBM immune-evasion characteristics. Recent
approaches include ex vivo pulsation of dendritic cells
with glioma antigens, where cells of interest were sorted
from GBM patient’s peripheral blood mononuclear cells and
exposed to glioma-associated tumor antigens in presence of
immunostimulatory cytokines. The loaded cells were then
injected back into the respective patients to observe the
increased immune response. One must be critical in this
approach during the choice of antigens used to stimulate
the dendritic cells. Instead of exposing the cells to lysates,
which offer complex cocktail of different antigens, more
targeted immune response can be affected by pulsation of the
dendritic cells with purified tumor-associated peptides such

as IL13R𝛼2, EGFRvIII, or gp100. Dendritic cells pulsed with
GBM antigens are being tested in phase I/II clinical trials.
Robust immune response has been observed in a subgroup of
patients with HLA-A∗24/A∗02 allele when they were injected
with dendritic cells pulsed only with IL13R𝛼2 peptides
[26, 27]. In a recent study with ICT-107, an intradermally
administered autologous vaccine, from dendritic cells pulsed
with several different antigens including IL13R𝛼2, showed a
statistically significant increase in progression-free survival
(NCT01280552). Median progression-free survival increased
by 2 months overall. A group of patients that received at
least 4 induction vaccinations showed an even longer median
progression-free survival [28]. IL13R𝛼2 peptides have also
been part of different cocktails of immunogenic molecules to
provide more extensive coverage to different cell populations
[21, 29]. Promising results have been observed in some of
these antigen-cocktail pulsed dendritic cells being used in
clinical trials. The benefits of IL13R𝛼2 based vaccines are
manifold as they are not limited to GBM. Subcutaneous vac-
cinations with synthetic peptides for tumor-antigen epitopes
that include IL13R𝛼2, WT1, survivin, and EphA2 in a recent
study byOkada et al. showed low toxicity and potent immune
response in low-grade glioma [30].

4. Chimeric Antigen
Receptor-Modified T Lymphocytes

Genetic manipulation of autologous T cells to specifically
target a particular tumor antigen is a novel and alternative
strategy to bypass the failure of cytotoxic immune response
induction by most tumor cells [31–33]. The application of
chimeric antigen receptors (CAR) for immunogene therapy
of malignant tumors is a promising strategy in which an
antibody or ligand binding domain is fused with the zeta sig-
naling chain of the T cell receptor [32–35].The resulting CAR
T cells are redirected by the neospecificity to attack tumors
expressing the surface antigen or receptors recognized by the
gene-modified T cell receptors and provide cellular therapy
that attacks the tumor throughnormal host immune response
in a highly regulated fashion. These cells are free to roam
throughout the brain and systemic circulation, making the
need for colocalization and bioavailability less of a problem.

The first generation CAR T cells had a single chain
variable fragment (scFv) of an antibody specific to the
target or a targeting ligand (such as IL13) connected with
intracellular signaling zeta-domain of CD3 (CD3𝜁). Weak
activation levels in these CAR T cells were resolved with the
addition of a CD28 costimulatory domain in the second-
generationCARs, which enhanced proliferation, cell survival,
and memory formation as well as significantly increased
cytotoxicity [36].

First- and second-generation CAR T cells have been
successfully used in targeting IL13R𝛼2. These CARs were
designed by modifying the IL13 molecule by site-directed
mutagenesis to change its affinity to IL13R𝛼2. Kahlon et
al.designed a CAR with an IL13 mutein with a mutation at
the E13 site (IL3.E13Y zetakine) [22], while another IL13CAR
by Kong et al. was designed to have twomutations, one at site
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E13 and another at R109, in IL13molecule (IL13.E13 K.R109K)
[23]. The double mutation allowed for increased specificity
towards IL13R𝛼2 and decreased affinity towards IL13R𝛼1. All
the studies conducted so far have relied on local intracranial
injections to establish efficacy. More studies need to be done
to establish risk levels for adverse effects. Table 1 shows
the different CARs developed to target IL13R𝛼2-expressing
GBMs.

4.1. IL3 Zetakine. It has been established through early
successful preclinical studies on first-generation CAR T cells
that the IL13.E13Y zetakine (IL13 zetakine) T cells induced
secretion of IFN𝛾, TNF𝛼, and GM-CSF only in the presence
of IL13R𝛼2-expressing tumor cells. When cultured in vitro
together with glioma cells, they also lysed only IL13R𝛼2-
expressing U251 glioma cells [22]. Immunodeficient mice,
which were given intratumoral injection of IL13 zetakine T
cells, were cured of intracranial glioma and also did not
show tumor recurrence.The lack of recurrence was predicted
to be due to the lack of resistance towards such therapy
in glioma. One drawback of most other currently tested
therapies is tumor recurrence, as a certain group of cells that
is resistant to the therapy becomes the dominant phenotype
or acts as a cell pool to originate tumor recurrence. This
group of cells, referred to as cancer stem cells or in case of
GBMs as glioma-initiating cells, often expresses the classical
markers of stem cells, is self-renewing, and can initiate
tumor formation in vivo. Like many other solid tumors,
glioma-initiating cells have been shown to be responsible
for resistance to current therapies and for tumor recurrence.
However, the glioma-initiating cells derived from IL13R𝛼2+
tumors express IL13𝛼R2 at levels similar to differentiated cells
and were similarly sensitive to in vitro IL13 zetakine therapy
[41].

The potential for targeting IL13R𝛼2-expressing GBMs
has been demonstrated by early clinical experience at
City of Hope in two phase I clinical trials with intracra-
nial administration of first-generation IL13 zetakine T cell
clones in patients with high-grade gliomas. In the pilot
trial (NCT00730613), 3 consented participants with recur-
rent/refractory GBM were treated with autologous first-
generation IL13 zetakine T-cell clones in escalating cell
dose infusion cycles up to 108 [37]. In order to facilitate
the study, the CAR T cells also expressed a hygromycin
resistance gene/herpes simplex virus 1 thymidine kinase
fusion (HyTk) and a PET reporter gene. A case study on
one of the research participants has been reported with
respect to the noninvasive detection of the autologous IL13
zetakine/HyTk+ T cells using 18F-FHGB PET postadoptive
transfer [42]. CAR T cells were detected at the site of
injection, as well as at a secondary site of recurrence near
the corpus callosum, providing evidence for detection of
CAR T cells and suggesting the potential of CAR T cells
for trafficking to the sites of infiltrative diseases. In the
second phase I clinical trial (NCT01082926) involving 6
research participants, an allogenic CAR CD8+ T cell, termed
GRm13Z40-2, generated from a healthy donor was modified
to express the first generation IL13 zetakine/HyTk CAR as

described above [38]. These T cells also had their gluco-
corticoid receptor sites deleted to make the T cells resistant
to steroids following adoptive transfer. All 6 patients had
nonresectable recurrent/refractory GBMs. They were treated
in conjunction with IL2 with repetitive doses of 108 CAR
T cells. In all the participants in both clinical trials, the
feasibility of this approach was demonstrated clinically, with
minimal therapy related side effects and provided evidence
for transient antiglioma responses for patients with IL13R𝛼2-
expressing tumors [11].

4.2. IL13 CAR. In a recent publication by Kong et al. [23],
a second-generation IL13CAR composed of a mutant IL13
(IL13.E13K.R109K) extracellular domain linked to intracellu-
lar signaling elements of the CD28 costimulatory molecule
and CD3𝜁 was reported. In comparison to the Il13.E13Y
zetakine, which was designed to be delivered via direct
transfection of the CAR-coding plasmids, this IL13CAR
was delivered to the T cells by retrovirus, which increased
the transduction efficiency to as high as 79%. The double
mutant IL13 vastly improved specificity against IL13R𝛼2+
tumors while showing little affinity for IL13R𝛼1 expressing
cells. IL13R𝛼2+ glioma targets were accurately targeted and
eliminated by the CAR expressing T cells with abundant
secretion of cytokines IL2 and IFN𝛾. Marked increase in
animal survival was observed in an in vivo test with a human
glioma xenograftmodel with a single intracranial injection of
CAR expressing designer T cells into tumor sites.

4.3. HER2.CD28 and IL13R𝛼2.CD28 biCAR T Cells. Immune
escape is often associated with targeted immunotherapy
of GBMs due to antigen heterogeneity or unavailability of
receptor sites on the surface of solid tumors. Tumor cells
also employ immune-evasion techniques to escape immune
recognition [5]. GBMs notorious for their antigenic hetero-
geneity often express varied antigen profile within single
tumors and between patients [43, 44]. Hegde et al. performed
a tandem expression of anti-HER2 and anti-IL13R𝛼2 CARs in
single T cells and showed that combinational targeting with
the bispecific CAR T cells, in comparison to unispecific CAR
T cells (anti-HER2 and anti-IL13R𝛼2 resp.), was able to offset
antigen escape and enhanced effector activity against GBM
patient tumor cells as well as xenograft murine glioma model
[39].

5. Effects of Steroids and Chemotherapy on
GBM Immunotherapy

Currently, the most important form of medical treatment
for GBM is surgical resection. The success of this surgical
intervention is based on perioperative management of the
patient. Steroids are commonly used preoperatively to reduce
the symptoms of mass effect and edema caused by the
tumor [45]. The timing and dose of steroids varies according
to surgeon preference. A common regimen for adults is
dexamethasone, 6mg intravenously or orally every 6 hours.
If mass effect is profound, doses as high as 20mg every 4
hours may be considered [45]. Recent studies have shown
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Table 1: Chimeric antigen receptors against IL13R𝛼2.

Chimeric antigen receptors Mutation Delivery Clinical trials
IL13 zetakine [22] Single (E13Y) Plasmid Yes [37, 38]
IL13 CAR [23] Double (E13K and R109K) Retrovirus No
HER2.CD28 and IL13R𝛼2.CD28 biCAR [39] E13K Retrovirus No
Multiple [40] E13K, E13Y, E13Y.K105R, E13K.K105R Retrovirus No

that dexamethasone reduces tumor-induced disturbances
of the microenvironment such as neuronal cell death and
tumor-induced angiogenesis, inhibits glioma cell growth in a
concentration and species-dependent manner, and executes
neuroprotective effects [46–48]. However, surgical removal
of the tumor is not curative and must be supplemented with
additional therapies to prolong survival and reduce recur-
rence. Treatment with corticosteroids presents a number of
challenges to current immunotherapeutic approaches. One
major problem is that the administration of dexamethasone
suppresses the immune system by reducing the proliferation
of T cells [49]. There is a physical and functional interaction
between the glucocorticoid receptor and the T cell receptor
(TCR) complex. In its unligated state, the glucocorticoid
receptor has an important role in TCR signaling, but, after
glucocorticoid-receptor-ligand binding (caused by short-
term treatment with the synthetic glucocorticoid dexametha-
sone), the TCR complex is disrupted, leading to impaired
TCR signaling [50]. Dexamethasone acts to functionally
suppress immune modulators, which result in fewer IFN-𝛾-
producing Th1 cells and a greater number of IL-4-producing
Th2 cells [51]. This becomes an issue for the administration
of adoptive T cell therapy as well as the activation of other
pathways. One study demonstrates the direct correlation
between the use of steroids and the functionality of tar-
geted T-cell immunotherapy. Treatment with D-CAR(+) T
cells exhibited specificity for 𝛽-glucan which led to damage
and inhibition of hyphal growth of Aspergillus in vitro
and in vivo. Treatment of D-CAR(+) T cells with steroids
did not compromise antifungal activity significantly [52].
Another problem involves corticosteroid-induced reduction
in contrast enhancement on radiographic imaging, which has
been seen with gliomas. This finding may represent a diag-
nostic dilemma. Concern that steroid-induced cytotoxicity
obscures histological diagnosis of suspected lymphoma may
lead to postponement of a biopsy. If glioma is not considered
in the differential diagnosis, reduction in tumor contrast
enhancement may be misinterpreted as disease regression
rather than a transient radiographic change [53]. Treatment of
GBM with corticosteroids has become a double-edge sword.
Future studies should be directed towards finding an optimal
balance between immune suppression and activation.

A limiting factor for GBM immunotherapy using
adoptive cell therapy approach, like engineered T cells,
is temozolomide- (TMZ-) induced lymphopenia. FDA-
directed GBM standard care must include a tripartite
therapy of surgical resection followed by radiation and
TMZ chemotherapy, concurrently with radiation and then
as an adjuvant [54]. TMZ is a DNA alkylating agent and
is the most successful antiglioma drug that has added

Table 2: IL13R𝛼2-targeted immunotherapy.

Immunotherapy References Clinical trials
Monoclonal
antibodies [20, 24] None

Pulsed dendritic cells [21, 27] NCT01280552 [28]
Chimeric antigen
receptors [22, 23, 39, 41] NCT00730613 [37]

NCT01082926 [38]

several months to the life expectancy of GBM patients [55].
TMZ on the other hand is also responsible for inducing
lymphopenia and myelosuppression in malignant glioma
patients undergoing chemotherapy [56–58]. Although TMZ-
induced lymphopenia facilitates antitumor vaccination
by inducing passive immune response, it has been also
associated with poor immune surveillance leading to
opportunistic infections in glioma patients [59]. Reduced
expression of DNA-repair enzyme O-6-methylguanine-
DNA-methyltransferase (MGMT) in mature monocytes
[60, 61] and further deletion of MGMT by TMZ have
been determined to be the cause of lymphopenia [58].
Still, the future of chemotherapy-resistant immunotherapy
does not look much depressing. In recent developments,
it has been shown that genetic modification of MGMT
molecule has been shown to render chemoprotection against
TMZ [62]. Recent studies have shown promising effects
of chemoprotection in hematopoietic cells by mutating
the proline residue at 140 of the MGMT peptide to lysine
(P140KMGMT) [55]. A calculated approach of using
similar chemoprotection during GBM-targeted adoptive
T cell-mediated immunotherapy may facilitate concurrent
chemotherapy and immunotherapy and thus help reduce
therapy time.

6. Conclusion

Abundance of IL13R𝛼2 overexpression in GBM is a well-
documented fact [13, 14, 41, 63–65]. IL13R𝛼2 is expressed
in approximately 58% of adult and 83% of the pediatric
brain tumors as well as on glioma-initiating cells [13, 41, 65].
This wealth of information has motivated the development
of highly effective immunotherapies targeting IL13R𝛼2 on
GBMs as discussed in this review article (Table 2).

High specificity of the hybridoma-derived monoclonal
antibody targeting IL13R𝛼2 [20] is a promising candidate
for GBM immunotherapy. The monoclonal antibody can be
either delivered directly as antibody fragments with stabiliz-
ing agents, as it has been shown that targeting molecules,
both antibodies as well as IL13R𝛼2-targeted peptides has
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Table 3: Chimeric antigen receptors targeting GBM.

GBM targets Preclinical
studies Clinical trials

EGFRvIII [68–70] NCT01454596 [71]
EphA2 [72] None
HER2 [73] NCT01109095 [74]

IL13R𝛼2 [22, 23, 39–
41]

NCT00730613 [37]
NCT01082926 [38]

properties of homing to the tumor sites [24, 66]. Alternatively,
delivery of a single chain variable fragment of the high-
specificity monoclonal antibody can be achieved by express-
ing it as a CAR on engineered T cells, thereby increasing the
efficiency of the immunotherapeutic procedure.

Dendritic cells pulsed with tumor-associated antigens
are a successful GBM immunotherapeutic approach [67].
By loading the dendritic cells with anti-GBM information
the immune system is retrained to identify the GBM tumor
cells as a threat. GBM patients vaccinated with autologous
dendritic cells pulsed with different glioma-associated tumor
antigens, including IL13R𝛼2, have shown significant prolon-
gation of progression-free survival [28]. However, it has to be
taken into account that none of the tumor-associated antigens
used to pulse the dendritic cells are foreign antigens. This
significantly blunts the antitumor immune response due to
increased tolerance to the self-antigens, thus limiting the
effectiveness of this approach.

Although promising, none of the above findings are as
startling as the potency of CAR T cell in other malignancies.
While clinical experience with CAR T cells for GBM is
limited, recent success in patients with hematological malig-
nancies has highlighted their antitumor potency [10, 75–77].
CARs combine the antigen-binding and lytic properties of
monoclonal antibody or a simple ligand-receptor binding
properties along with the self-renewing capacities of T cells
[32, 34, 78, 79]. CAR T cells act on tumor cells in a MHC-
independent fashion and therefore remain unaffected by the
major mechanisms by which tumors evade the host immune
system [33]. CARs can be designed to express either antibody
to target peptide antigens on the tumor surface or ligands
to target tumor-specific receptors (in this case IL13 muteins
as ligands for IL13R𝛼2 on GBMs). Because of this advantage
CAR T cells have been developed against a plethora of GBM
immunotherapy candidates, some of which have progressed
onto clinical trials (Table 3). In preclinical tests, CAR T
cells designed to target IL13R𝛼2 produced copious amounts
of immunostimulatory cytokines in presence of IL13R𝛼2-
expressing GBM tumor cell lines as well as patient tumor
cells indicating the high specificity. In orthotopic xenograft
glioma-bearing animal models, the IL13R𝛼2-targeting CARs
showed increased survival of treated animals when compared
to untransduced T cells [22, 23]. IL13R𝛼2-targeting CARs
have also been successful against chemo- and radioresistant
glioma-initiating cells which otherwise are the cause of
recurrentGBM [41]. A recent bispecific CART cell developed
to target both HER2 and IL13R𝛼2 has shown promise to

curb the immune-escape mechanism often exhibited by
GBMs undergoing immunotherapy. Together, it appears that
CAR T cells have immense potential as a candidate for
targeted immunotherapy of GBM. However, questions, like
delivery method of CAR T cells in hosts, survival in presence
of lymphopenic chemotherapy drugs, and long-term host
immune effect, remain unanswered, which may impose a
limitation to this otherwise successful immunotherapeutic
approach.
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Glioblastomamultiforme (GBM), or grade IV glioma, is one of themost lethal forms of human brain cancer. Current bioscience has
begun to depict more clearly the signalling pathways that are responsible for high-grade glioma initiation, migration, and invasion,
opening the door for molecular-based targeted therapy. As such, the application of viruses such as Newcastle disease virus (NDV)
as a novel biological bullet to specifically target aberrant signalling in GBM has brought new hope.The abnormal proliferation and
aggressive invasion behaviour of GBM is reported to be associated with aberrant Rac1 protein signalling. NDV interacts with Rac1
upon viral entry, syncytium induction, and actin reorganization of the infected cell as part of the replication process. Ultimately,
intracellular stress leads the infected glioma cell to undergo cell death. In this review, we describe the characteristics of malignant
glioma and the aberrant genetics that drive its aggressive phenotype, and we focus on the use of oncolytic NDV in GBM-targeted
therapy and the interaction ofNDV inGBM signalling that leads to inhibition of GBMproliferation and invasion, and subsequently,
cell death.

1. Introduction

Oncolytic viruses are viruses that selectively eradicate tumour
cells without harming the normal surrounding tissues [1–3].
They are used to recognise and infectmutated cancerous cells,
where they replicate and then release new virions that directly
amplify the input dose. Newly produced virions can also
spread and infect the adjacent cancerous cells. Consequently,
infected cells often undergo pathological programmed cell
death, known as apoptosis [4].

Grade IV glioma, or glioblastoma multiforme (GBM), is
one of the most lethal forms of human brain cancer, despite
multiple modern approaches that have been developed to
combat the disease [5]. Current bioscience has now begun
to depict more clearly the signalling pathways responsible

for high-grade glioma initiation, migration, and invasion,
thus opening the door for molecular-based targeted therapy
[6]. Targeted therapy is a therapeutic approach that uses a
specific molecule inhibitor or activator to hinder or reboot
the aberrant signalling observed in cancerous cells.

The application of viruses as a novel biological bul-
let to specifically target aberrant signalling in GBM has
brought new hope. Newcastle disease virus (NDV), a chicken
pathogen that exhibits selective oncolytic properties, is one of
themost intensively studied oncolytic viruses, affectingmany
types of human cancer [7, 10, 11].We previously presented the
therapeutic potential ofNDV to induce apoptosis inGBMcell
cultures and induce GBM regression in in vivo and ex vivo
models [7, 12]. As amode of therapy, oncolytic NDVhas been
shown to be a potent and safe anticancer agent for treating
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human brain cancer [2]. As such, in the present review,
we describe the therapeutic potential pathways associated
with oncolytic NDV tropism in human GBM, which display
the natural selectivity of NDV towards GBM and the inter-
action of NDV in GBM proliferation and invasion signal-
ling.

2. Malignant Brain Cancer

Brain cancer is a mixed group of neoplasms that originate in
intracranial tissue and meninges and display multiple levels
of malignancy [13, 14]. Glial cancers, or glioma, the most
common types of primary brain cancer, are derived from
mutated glial cells and consist of astrocytes, oligodendroglial
cells, and ependymal cells. As a form of cancer, gliomas
are defined as pathological tumours that display histological,
immunohistological, and ultrastructural evidence of glial
differentiation [8, 14]. Among gliomas, GBM brain cancer is
the most dangerous type of brain tumours, and no cure has
been identified.

Malignant brain cancer is characterised by highly invasive
multifocal growth, histologic and genetic heterogeneity, and
local relapse [15, 16]. The complex characteristics of GBM
explain its resistance to current therapeutic intervention.

As indicated by the name glioblastoma multiforme, this
type of tumour is grossly multiformed and often haemor-
rhaging, with necrotic regions. It is also multiformed micro-
scopically, with pleomorphic nuclei and cells, microvascular
proliferation, and regions of pseudopalisading necrosis [15,
17, 18].

Another hallmark of high-grade brain cancer is its inva-
sive nature. Due to the massive growth of the brain cancer
focus, peripheral cancerous cells invade the adjacent brain
parenchyma, and the core of the tumour becomes necrotic,
forming a region in which tumour cells, oedema, and normal
tissue coexist, making it difficult to estimate the tumour
margin to ensure complete therapeutic removal [5, 19]. The
tumour is also surrounded by a penumbra of invasive tumour
cells that are detectable several centimetres away from the
main tumourmass.These locally invasive glioma cells, which
are often found at the margins of the tumour resection, are
the most common sites of malignant glioma recurrence [20].

Brain cancers are relatively rare compared to other
tumours, with an estimated 25,000 new patients diagnosed
in North America in 2009 [21].Themajority of these patients
have gliomas (>15,000), and of those, approximately 70%
are GBM (WHO grade IV), 15% are anaplastic astrocytomas
(WHO grade III), and the remainder are low-grade gliomas
[2, 5]. In Malaysia, the incidence of cancers of the brain
and nervous system, as reported by the Malaysian Cancer
Registry, was 3.3 per 100,000 persons in 2006. This number
reflects an increase from 2.4 per 100,000 in 2003, and the
frequency is higher in males. Brain cancer is currently
reported as the third most common paediatric cancer in
Malaysia [7, 22, 23].

Despite the impressive advances in imaging, surgery, and
therapy methodologies over the past 25 years, the median
survival rate of GBM patients remains only 12–15 months [2];
thus, an urgent, proficient solution is needed.

3. GBM Genetic Aberrations

Generally, a cancer consists ofmutated cells that divide or sur-
vive when, instead, they should undergo cell cycle arrest or
apoptosis cell death due to internal aberrations. Thus, due to
several genetic abnormalities, most cancers, including GBM,
remain alive and can form tumours.Thediscovery that cancer
is an aberrant genetic disease, arising when defects occur in
genes involved in cell death and growth regulatory processes,
has revolutionised our understanding of tumorigenesis [14,
24].

Several genetic aberrations in the genes governing cell
cycle control and growth factor signalling pathways have been
well described in human brain cancers [6, 25]. Genes that are
mutated or amplified to lead to the enhancement of cellular
growth are referred to as oncogenes. Glioma oncogenes have
provided new insights into tumorigenesis, and therefore, the
deregulated cell signalling pathways that have been identified
are now becoming the focus of specific molecular targeted
therapies [26].

Several deregulated signalling pathways have been des-
cribed in GBM, mainly in proliferation signalling, including
theMEK/ERK, PI3K/Akt, and PLC/PKC pathways.The dere-
gulation of these signalling pathways is driven by the muta-
tion, overexpression, or amplification of multiple genes, such
as epidermal growth factor (EGFR), platelet-derived growth
factor (PDGF), phosphatase and tensin homologue (PTEN),
p53, retinoblastoma (Rb), and mammalian target of rapamy-
cin (mTOR) [14, 16, 27]. A summary of the signalling regu-
lations is shown in Figure 1.

Specifically, EGFR and the loss of chromosome 10 are
the primary alterations found in GBM. EGFR amplification
is found in nearly 92% of astrocytomas. By contrast, 62% of
grade IV gliomas show an increased expression of EGFRvIII,
a constitutively active mutant receptor. The complete loss of
chromosome 10 has been reported in 70% of primary GBMs,
whereas the other 30%display an aberrant tumour suppressor
gene p53 [6, 25, 28].

Regardless of the cellular receptor or ligand status, up
to 100% of GBMs show the activation of Ras, and nearly
70% show activated Akt. The loss of the tumour suppressor
gene PTENon chromosome 10,which normally repressesAkt
activation, is also typically observed.

As summarised in Figure 1, proliferation signalling of
GBM is initiated after appropriate mitogenic signals, such as
EGF or PDGF activation. Activated EGF receptor (EGFR) or
PDGF receptor (PDGFR) triggers the synthesis of cyclin D,
which enables cyclin-dependent kinase (CDK) via the Raf/
ERK/MAPK or PI3K/Akt pathway. Active CDKs, such as
CDK4, further phosphorylate and inactivate the tumour sup-
pressor proteinRb. In turn, Rb is unbound fromE2F, allowing
this transcription factor to lead the cell through the G1
restriction point [18, 29, 30], subsequently allowing the cell to
undergo genomic synthesis and mitosis to produce new cells.
Furthermore, Rb is amajor regulator of cell cycle progression;
the mutational inactivation of Rb leads to unscheduled cell
cycle entry, and Rb mutation is found in approximately 25%
of GBMs [6, 8, 14].
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In an overexpressing Rac1 NIH3T3 mutant cell, cyclin D
transcription can be activated directly by the downstream
of Rac1 (Figure 1) via the nuclear factor kappa-light-chain-
enhancer of activated B cells (NFKB) [31, 32] to promote cell
cycle progression [33, 34]. Aberrant cell proliferation asso-
ciated with the constitutive activation of NFKB in response
to PDGF overexpression has also been reported in gliomas.
This NFKB activation is mediated via the PI3K pathway in
association with PTEN inactivation [6, 14].

Another concerning feature ofGBMcells is their ability to
invade the normal brain parenchyma individually.This ability
is achieved through the dual signalling of proliferation and
invasion pathways via PI3K/Rac1 signalling (Figure 1) [9, 14,
33], which maintains tumorigenic cell survival.

Due to this variability, which indicates that gliomas
comprise multiple diseases, unique and different therapeutic
tools are required [24, 35], which has driven the development
of targeted therapies. The overexpression of these genes pro-
vides an opportunity for oncolytic viruses such as oncolytic
NDV, which require the Rac1 protein in their replications in
human cancer cells [36].

4. Oncolytic NDV

NDV is a highly contagious pathogen that affects avian
species and causes severe economic losses to the poultry
industry worldwide. NDV outbreaks were first reported in
poultry from Java, Indonesia, followed by Newcastle-upon-
Tyne in 1926 [11, 37]. EighteenNDV strains from four lineages
were later identified and classified as velogenic, mesogenic,
and lentogenic according to their pathotypes [38, 39]. NDV

is classified as amember of the Paramyxoviridae family of the
Mononegavirales superfamily, in the Avulavirus genus [37].

The NDV genome consists of 15 kb pairs of nonseg-
mented, single-stranded RNA, which code for six main
structural proteins. These genes, nucleocapsid (NP), phos-
phorylation (P), matrix (M), fusion (F), hemagglutinin-
neuraminidase (HN), and RNA-dependent RNA polymerase
(L) proteins, are found in a 3 NP-P-M-F-HN-L 5 arrange-
ment [40, 41].

In researching human brain cancer, preclinical studies
of oncolytic viruses in glioma emerged in the 1990s, when
the first attenuated herpes simplex viruses (HSVs) and ade-
noviruses were used, followed by oncolytic reovirus. To date,
four viruses have completed the phase 1 clinical trials: herpes
simplex virus (strains HSV-1, HSV-1716, and HSV-G207),
Newcastle disease virus (strainsMTH-68/H and NDV-HUJ),
adenovirus (Onyx-015), and reovirus. As a result of the trials,
the viruses were declared safe to be injected directly into the
brain, and no maximum tolerated dose (MTD) was reached.
Some antiglioma activities were also observed. NDV showed
the most promising benefits, as six patients exhibited tumour
regression and three patients exhibited long-term survival
[2].

The lentogenic NDV strain OV001/HUJ has been used in
the treatment of patients with stage IV brain cancer. In the
third stage of phase I/II clinical testing, the NDV-HUJ strain
was intravenously administered in two parts to patients with
primary GBM. In the first part, escalation steps at doses of
0.1, 0.32, 0.93, 5.9, and 11 BIU of NDV-HUJ were given in
one cycle of five consecutive daily doses, followed by three
additional cycles of 55 BIU. In the second part, maintenance
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doses consisting of two doses of 11 BIU weekly were given.
The MTD was not reached. One patient maintained a near
complete response 30 weeks after the start of dosing, and a
second patient maintained stable disease for 26 weeks [42].

Several strains of NDV infection are known to induce
multicascade, self-suicide apoptosis inmany human neoplas-
tic cells [4, 12, 43].

5. Natural Selectivity of Oncolytic NDV
towards GBM

It is well known that mutations in multiple genes promote
tumour evolution and contribute to a malignant phenotype
[6, 44]. Features of transformed cells, including altered
receptor expression, defective signalling pathways, oncogene
activation, and increased cell cycling, have been shown to
augment the capacity of viruses to replicate within cancerous
cells [45].

In normal brain cells responding to viral infections,
microglia and astrocytes respond to foreign nucleic acids,
leading to the stimulation of the pattern-recognition recep-
tors (PRRs), such as TLR-3, TLR-7, and TLR-9.The activation
of PRRs subsequently activates type 1 interferon (IFN) [2],
which further binds and activates the Janus kinases JAK1
and TYK2, which in turn phosphorylate the activators for
STAT1 and STAT2 transcription. The STAT proteins then
heterodimerize and form a complex with IRF9.This complex,
known as ISGF3, further provides DNA recognition and
simultaneously produces the IFN-stimulated genes (IGSs)
that create the antiviral state in the target cells and block viral
replication [11, 46].This is particularly important because the
normal IFN mechanism prevents oncolytic virus amplifica-
tion within normal brain parenchyma.

In the study of Miyakoshi et al. [47], the activation of
oncogenes in human cancer increased the activation of pro-
tein kinases, leading to interferon synthesis and the inhibition
of tumorigenesis. In glioma, however, the antitumour IFN
response is impaired by glioma-derivative immunosuppress-
ing factors such as TGF-b, IL-10, prostaglandin E2, and
gangliosides. TGF-b, the most prominent immune suppres-
sor, plays a major role in glioma biology, where it is often
overexpressed and has become a hallmark of gliomas [2].

IFN𝛽 is the principle antiviral factor secreted by infected
cells in response to NDV infection. Therefore, IFN-defective
tumour cells provide a greater opportunity than normal
cells for NDV to replicate effectively. Thus, this replication-
competent virus-selective mechanism is associated with the
defect of the host IFN [10, 46].

As NDV is very sensitive to IFN, its replication is inhib-
ited in IFN-competent normal cells, but not in transformed
cells that fail to develop an appropriate antiviral state [48].
However, it has been reported that many transformed cells
that do not show deficiencies in IFN signalling are still selec-
tively destroyed [48]. Consistent with this finding, melanoma
cells with a functional IFN system were infected with NDV-
HUJ, indicating that IFN is not solely involved in NDV-
induced oncolysis [49].Thus, selective cellular catastrophe by
NDV seems to vary according to cell type and NDV strain
pathotype.

Nevertheless, NDV has been used in immunotherapy
to trigger IFN signalling against transformed cells [40].
Previous reports have reported that NDV infection was a
thousandfold more efficient in Ras-transformed cells [36, 50,
51]. Consistent with those findings, the aberrant signalling of
GBM, as discussed above, indicated that more than 50% of
GBMs were identified with high Ras expression and EGFR
overexpression [6, 52, 53], leading to increased cell prolife-
ration, especially in the primary GBMs [14].This result might
explain why NDV targets cancerous cells more efficiently
than normal cells.

It would be of great interest to address the recent report
that placed new interest on the Ras downstream protein
Rac1. Puhlmann et al. [36] identified Rac1 as a protein with
activity that is critical for both oncolytic virus sensitivity and
the autonomous growth behaviour of Ras-transformed skin
carcinoma cells.

6. Rac1 Signalling in the Proliferation and
Invasion of GBM

Rac1, a Ras-related C3 botulism toxin substrate 1, is amember
of the monomeric G-protein Rho GTPases. In proliferation
signalling, this protein is involved in the regulation of
gene transcription and G1 cell cycle progression [14, 29,
33, 54]. Gjoerup et al. [55] reported that in an embryonic
mouse fibroblast NIH3T3 cell line, activated Rac1 and Cdc42
promoted the inactivation of Rb to allow E2F-mediated
transcription, thus permitting the cell cycle progression from
G1 into the S phase [30, 55–57].

Rho GTPase activity also affects cell cycle progression
or inhibition via the activation of NFKB-dependent gene
expression. NFKB activation by the Rac1 protein occurs
when Rac binds to p67 (phox) to increase the activation of
the NADPH oxidase system and the production of reactive
oxygen species (ROS) [33, 56].

In GBM, Rac1 is a key contributor to cell survival, most
likely via multiple signalling pathways [27]. For example,
in an analysis of a set of erlotinib-resistant GBM cell
lines in an expression analysis of 244 prospectively selected
genes, Rac1 expression was shown to associate significantly
with erlotinib-resistant glioblastoma. Erlotinib is a small
molecule of tyrosine-kinase inhibitor that targets the EGFR.
It has been studied as a targeted therapeutic strategy to
take advantage of EGFR overexpression and its subsequent
downstream (Figure 1) in GBM. While experimental GBM
analysis showed favourable results; however, six clinical
trials failed to prove any significant benefit, suggesting that
different associated signalling pathways might regulate the
proliferation of GBM. Therefore, interference with this Rac1
gene might enhance the proliferation inhibition of erlotinib
against glioblastoma [27, 58].

Another study, using a Rac1 inhibitor in a retinoblastoma-
deficient breast cancer cell line, demonstrated that Rac1
suppression leads to apoptosis [59]. This observation is
consistent with the findings of an earlier study, in which the
suppression of Rac1 led to glioma inhibition [54].

In addition to proliferation signalling, Rac1 is known as a
key regulator of cell migration and invasion.This concept was
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Figure 2: Schematic illustration of GBM cell. (A) Focal adhesion
and (B) pseudopodium that is regulated by Rho GTPases to
modulate actin cytoskeleton activity; (C) focal adhesions and actin
cytoskeleton that support cell morphology and anchorage of the
cell; (D) filopodia-ECM interactions that modulate actin-driven
protrusions (adapted from O’Neill et al., 2010 [9]).

proven by Chan et al. [60], who showed that the depletion
of Rac1 in SNB19 and U87 glioblastoma cells lines strongly
inhibited lamellipodia formation and cell migration.

During migration, the actin fibers of the cell become
polarised to form membrane protrusions through sheet-like
extensions, such as pseudopodia, lamellipodia, filopodia, and
invadopodia (Figure 2), which extend from the edges of the
cells. These protrusions involve several signalling proteins
that regulate filamentous actin and numerous structural
membranes. The establishment of membrane anchors allows
cytoskeletal contraction symphony, which finally moves the
cell forward [17, 61]. Rac1 has been shown to localise at
the leading edge of the moving cell, where it is activated
by integrin-mediated cell adhesion and growth factors [9].
The role of Rac1 in cell migration is mediated through the
formation of lamellipodia via the reorganisation of the actin
cytoskeleton to generate locomotive force [62].

Rac1 activity has also been implicated in the aggressive
phenotype. The aberrant activation of Rac1 stimulates neo-
plastic cell invasion via the activation of matrix metallopro-
teinase (MMP). MMP-2 and MMP-9 are examples of MMPs
known to be upregulated in gliomas [62].

Cellular focal adhesions are points of linkage among
the extracellular matrix (ECM), transmembrane integrin
receptors, and the internal actin cytoskeleton. The integrin
receptors are heterodimeric transmembrane complexes [9].
During tumour development, changes in integrin receptor
expression, intracellular control of integrin function, and
signals perceived from integrin receptor ligand binding
influence the cell’s ability to interact with the environment,
enabling metastatic cells to convert from a sessile, stationary
phenotype to a migratory and invasive phenotype [9].

Via this activity of focal adhesion kinases and their
subsequent downstream molecules, a signalling network is
established that culminates in the activation of GTPase pro-
teins, such as Rac1. In turn, this determines the dynamic state

of the actin cytoskeleton that is essential to themorphological
progression of cell migration and adhesion [9].

Thus, Rac1 has been found to be involved in several
pathways, explaining why it is so important in inducing a
malignant phenotype. Several proteins act as effectors of Rac1
or are downstream of this gene region, including the p21-
activated kinases (PAKs). For example, PAK1 is targeted by
Rac1 to phosphorylate and activate the LIM kinase (LIMK),
which phosphorylates cofilin. Cofilin phosphorylation trig-
gers actin depolymerisation, resulting in the alteration of the
cell structure [33].

The Rac1-associated activation of the actin-related pro-
tein-2/3 (ARP2/3) complex also activates actin polymerisa-
tion in lamellipodia.This polymerisation is triggered via Rac1
signalling, which binds to the WASP family verprolin homo-
logy domain-containing protein (WAVE) complex to release
active WAVE and subsequently activates ARP2/3 [33, 57].

Other downstream targets of Rac1 are IQ motif contain-
ing GTPase activating protein-1 (IQGAP1), partner of Rac1
(POR1), plenty of SH3s (POSH), andCDC42-binding protein
kinase alpha (CDC42BPA). To affect microtubule orientation
and cell-to-cell adhesion, Rac1 binds to the actin-binding
protein IQGAP1. The binding of IQGAP1 to the microtubule
tip protein Clip170 captures growing microtubules at the
leading edge of migrating fibroblasts, which results in cell
polarisation [33, 63].

Therefore, Rac1 is essential for normal cell function;
however, when improperly activated, it contributes to tumour
cell growth, invasion, and angiogenesis [59]. Based on the
culmination of evidence, the treatment of high-grade glioma
should focus on targeting Rac1 [9].

7. NDV-Rac1 Interaction for Proliferation and
Invasion Inhibition of GBM

A recent study reported that NDV is preferentially replicated
in Rac1-activated cells [36], and a growing list of studies
have directly or indirectly pointed to the Rac1 protein as a
key factor in NDV infection of cancerous cells [7, 10]. This
direction mainly discriminates the proliferation and invasive
behaviour of normal and cancerous cells that are regulated by
Rac1 protein signalling [33].

The involvement of Rac1 in NDV infection of GBM is
the focus of this subtopic. To begin, the direct involvement
of Rac1 in NDV-GBM cell tropism is discussed via two plat-
forms: endocytosis viral entry and NDV-induced cell-to-cell
fusion, called syncytium formation.

The paramyxovirus family, including NDV, primarily
gain their entry into the infected cell when the HN viral
protein recognises and binds cellular receptors at the plasma
membrane, after which F protein triggers the merging of the
viral envelope and plasma membrane, driving the introduc-
tion of the viral nucleocapsid into the cell. However, in a
high viral concentration, NDV can enter the infected cell via
caveolae-mediated endocytosis [64].

Caveolae are small, flask-shaped invaginations in the
plasma membrane that contain high levels of cholesterol
and glycosphingolipids as well as caveolins, structural pro-
teins that form the caveolae [64]. Endocytosis is a cellular



6 BioMed Research International

NDV
NDV

NDV

2. Endocytosis
process

Caveolae

Endosome with NDV

Cell membrane

Nucleus

Cytoplasm

1. Virus
attachment

NDV

Figure 3: Schematic illustration of viral internalisation via caveolae-
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endocytic pathway after viral-cell membrane fusion in a caveolae
pocket that finally carries the virus into the cell endosome.

absorption process of large molecules that is primarily used
for the nonselective internalisation of fluid and protein into
the cell. The mechanism also drives the uptake of foreign
particles, including viruses. Caveolae-mediated endocytosis
has a strong connection with the actin cytoskeleton and
involves the cholesterol-rich lipid raft domains at the plasma
membrane [65], as well as a complex signalling pathway
involving tyrosine kinases and phosphatases [66].

Therefore, some viruses are potentially contained within
small invaginations in the plasma membranes of host cell
that form the caveosome, which delivers virus particles to
early endosomes (Figure 3) within the infected cells [66].
Cant́ın et al. [64] described the colocalization of NDV with
caveolin and with the early endosome marker EEA1, leading
to the suggestion that a certain percentage of the virus
manages to penetrate the cell through caveolin-dependent
endocytic pathways [67]. In that particular study, after 30
minutes of NDV infection, a strong colocalization of NDV
HN protein and EEA1 was found, thus confirming that HN
is targeted to early endosomes. EEA1 is an early endosomal
antigen 1 marker protein used for localization of the virus
in the intracellular structures. Endocytosis in paramyxovirus
suggests that Rho GTPase Rac1 protein signalling has a role
in the initial steps in the viral life cycle [68]. This suggestion
is corroborated by a study on dynamic Rac1 and caveolin
interaction that reported a direct interconnection of Rac1 as
upstream of caveolin, where Rac1 activity promotes caveolin
accumulation at Rac1-positive peripheral adhesions of the cell
[69]. Thus, it seems probable that Rac1 activity interacts with
caveolar regulation.

Remarkably, Rac1 protein is also involved in the phos-
pholipase-D (PLD) regulation of phosphatidylcholine hydro-
lysis to yield phosphatidic acid and choline. Phosphatidic acid
is a subsequent messenger involved in membrane remodel-
ling events that are critical to cell growth, as well as vesicle
trafficking into the cell and secretion [60, 70].

Furthermore, NDV infection is known to induce syncy-
tium formation as a result of cell-to-cell fusion [10]. Our
screening via live cell imaging of the GBM cell line showed

that uninfected cells exhibit a migratory behaviour without
intercell aggregation. In contrast, most migration GBM cell
lines commonly fused with each other to form a giant syn-
cytium cell with multiple nuclei (Figure 4(d)) after being
treated with lentogenic NDV strain V4UPM, compared to
untreated cells (Figure 4(a)). The syncytium cell also dis-
played the characteristic of actin reorganisation to form new
borders surrounding the multiple nuclei, as indicated in
Figures 4(b), 4(c), and 4(d).

According to Mansour et al. [10], enhanced fusogenicity
has been shown to improve the oncolytic activity of NDV
and vesicular stomatitis virus (VSV). In NDV-infected cells,
syncytia are formed by the accumulation of newly synthe-
sised viral HN and F glycoproteins, causing fusion with
neighbouring cells. Thus, it can be postulated that apoptosis
resistance may delay the apoptosis of NDV-infected cells,
allowing fusion with an increased number of neighbouring
cells and enhanced syncytium formation. As a benefit, the
process helps to prolong the survival of cancer cells and allows
the virus to replicate freely in the absence of an antiviral
response [10].

Despite the extensive data [62, 71] regarding the mech-
anism of glioma cell migration, there is little information
on the mechanism of cell-to-cell fusion. Taylor et al. [61]
reported that in order to establish infection and promote
cell fusion, the physical barrier imposed by the cortical actin
meshwork in infected cells must be overcome. This process
often requires the reprogramming of the actin cytoskeleton,
thus explaining the reorganisation of the actin cytoskeleton
network of NDV-infected glioma cells (Figures 4(c) and
4(d)).

NDV budding-out from the infected cell occurs with the
involvement of a lipid raft on the cell membrane. Membrane
lipid rafts are defined as cholesterol- and sphingolipid-
rich microdomains in the exoplasmic leaflet of the cellular
plasma membrane [72]. Lipid rafts associated with the actin
cytoskeleton are thought to be sites of viral protein assembly
in paramyxovirus budding-out and are released from the
infected cell upon replication of the virus. This notion was
first proposed after the detection of large quantities of actin
in purified preparations of paramyxoviruses, including NDV
[73].

The involvement of NDV in the regulation of or interac-
tion with the cellular actin cytoskeleton has been crucial in
its establishment of infection. This proposition is supported
by a study that showed that cells infected by other paramyx-
oviruses, such as Hendra virus and simian virus 5, often
display actin reorganisation, which suggests that Rac1 has a
role in the early steps of the viral life cycle [68].

Thus, the role of Rac1 as a pleiotropic regulator ofmultiple
cellular functions, including actin cytoskeletal reorganisa-
tion, gene transcription, and cell migration [74], needs to be
elucidated further to explain the mechanism of the NDV-
Rac1 interaction in human cancer cells. Puhlmann et al.
[36] showed that Rac1 overexpression led to a significant
increase in NDV replication in the cell pool, accompanied
by increased oncolysis, thus identifying Rac1 as an oncogenic
protein that is essential for NDV sensitisation and replication
in tumorigenic cells.
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Figure 4: (a) Singular cells of untreated GBM with actin cytoskeleton staining (red colour). (b) Phase contrast microphotograph of NDV-
infectedGBMcells; (i) single-cell fusion process into the syncytium cells (ii) that is characterised bymultiple nuclei (N). (c) Actin cytoskeleton
staining of syncytium process in infected cells, showing actin cytoskeleton reorganisation (arrows in highermagnificationmicrophotograph).
(d) Completed actin reorganisation of three cells to become one syncytium cell (S).The asterisk (∗) and apoptotic syncytium (arrow head) in
(c) and (e) represent actin cytoskeleton denaturation and cell death in a singular cell and a syncytium cell, respectively.The nucleus is stained
blue and the NDV is stained green.

In glioma cells, depletion of Rac1 expression by siRNA
strongly inhibits lamellipodia formation and results in a
decrease in cell migration and invasion. Moreover, inhibition
of Rac1 activity via a dominant negative form of Rac1 induces
apoptosis in primary and glioma cell lines, but not in normal
adult astrocytes [14].

This is particularly interesting, as our experience with
live cell imaging also showed the repressed mobility of
infected cells at approximately 12 hours after infection. In
the live cell movie, initial recording showed active cellular
migration of the cells all over the microscopic view in both
untreated and NDV V4UPM-treated GBM cells. However,
the cellular migration was repressed as both singular and
syncytium infected cells appeared to struggle locally and
finally underwent cytolysis (video supplement). In contrast,
the mobility behaviour continued in the untreated cells.

Ultimately, both singular and syncytium NDV-infected
cells undergo apoptosis as showed in bottom-left quadrant of
the video and Figure 4(e) [4, 75]. However, the live cell video
supplement also shows that the syncytium formation induced
temporary death resistance compared to the singular infected
cells, indicating that NDV possibly infects glioma cells and

exploits the cellular cytoskeleton for cell fusion to extend the
infected cell’s survival time and allow its replication.

Therefore, the fact that NDV replication requires Rac1
for tropism in human cancer cells [36], as well as the role
of Rac1 in cell migration [60] and actin reorganisation [76],
the rearrangement of actin cytoskeletons in syncytium cells
(Figure 4(d)) and the repressed mobility of NDV-treated
GBM cells observed in the live cell video have placed Rac1 in
NDV tropism in GBM. In our previous work [7], Rac1 gene
expression inNDV-treatedGBMat 24-hour intervals showed
significant Rac1 gene downregulation. Guided by the acute
cytolytic effects observed in live cells, Rac1 protein expression
was screened at 3, 6, 9, and 12 hours.The results indicated that
the Rac1 protein was linearly upregulated at 3, 6, and 9 hours
after infection, followed by significant downregulation at 12
hours after infection.

Ibrahim [77] reported that lentogenic NDV strain
V4UPM infection of a GBM cell line induced cell cycle arrest
at the S phase. In breast cancer cell lines, siRNA treatment
against Rac1 suppressed the protein and its downstream
NFKB, leading to S phase cell cycle arrest and apoptosis
[59]. These interactions have indirectly placed the NDV
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interaction in the proliferation and invasion of the GBM cell
via Rac1 protein.

8. NDV-Induced Apoptosis Pathways

The NDV-Rac1 interaction is not the only mechanism,
as many other pathways have been discovered. Figure 5
summarises the NDV-GBM interactions that lead to cell
death. Elankumaran et al. [4] reported that NDV primarily
initiates apoptosis via the intrinsic pathway. NDV infection
induces mitochondrial permeability, leading to the release of
cytochrome C. It further binds to procaspase 9 to form an
apoptosome, which further activates Caspase-9 and Caspase-
3, subsequently leading to apoptosis [4, 75].

NDV infections of cancerous cells also induce cell death
via extrinsic apoptosis signalling, rather than via an intrinsic
pathway. The pathway is triggered by death ligands such as
tumours necrosis factor (TNF), which induces TNF-related
apoptosis-inducing ligand (TRAIL) and subsequently pro-
motes cell death via Caspase-8. Proteolytic Caspase-8 cleaves
and activates executioner Caspase-3, leading to further cell
death [4].

Knowledge of asynchronous apoptosis signalling between
the intrinsic and extrinsic pathways of cells infected by
NDV is limited. The interference of NDV with the cellular
actin cytoskeleton to sustain syncytium cell viability for their
replication might be a cause. The NDV viral proteins line up
on the actin cytoskeleton of infected cells for the budding-
out to produce new virion progeny, which might suggest
secondary apoptosis induction via the extrinsic pathway. Jan-
mey [78] described that during apoptosis, major cytoskeleton
filaments, including actin, cytokeratin, and microtubules,
are degraded. The degradation of actin causes the cell to

collapse and induces mechanical tension, cell detachment,
and subsequent cell death.

9. Conclusion

In summary, a growing body of data has shown that the
aberrant Rac1 oncogene is among the major regulators of
GBM proliferation and invasion [58] and that NDV tropism
in cancerous cells is connected with Rac1 protein signalling
[36]. This finding is supported by the fact that cells infected
with paramyxovirus often display actin reorganization, sug-
gesting that Rac1 has a role in the early steps of the viral
life cycle [68]. NDV has also been known to infect the GBM
cell line and induce actin rearrangement in syncytium cells,
leading to syncytium cell death. These findings indicate that
lentogenic NDV is a promising bullet targeted at inhibiting
GBM proliferation and invasion via its interaction with Rac1.
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Background. Contrast enhanced ultrasound (CEUS) is a dynamic and continuous modality providing real-time view of
vascularization and flow distribution patterns of different organs and tumors. Nevertheless its intraoperative use for brain tumors
visualization has been performed few times, and a thorough characterization of cerebral glioma had never been performed before.
Aim. To perform the first characterization of cerebral glioma using CEUS and to possibly achieve an intraoperative differentiation
of different gliomas. Methods. We performed CEUS in an off-label setting in 69 patients undergoing surgery for cerebral glioma.
An intraoperative qualitative analysis was performed comparing iCEUS with B-mode imaging. A postprocedural semiquantitative
analysis was then performed for each case, according to EFSUMB criteria. Results were related to histopathology. Results. We
observed different CE patterns: LGG show a mild, dotted CE with diffuse appearance and slower, delayed arterial and venous
phase. HGG have a high CE with a more nodular, nonhomogeneous appearance and fast perfusion patterns. Conclusion. Our study
characterizes for the first time human brain glioma with CEUS, providing further insight regarding these tumors’ biology. CEUS
is a fast, safe, dynamic, real-time, and economic tool that might be helpful during surgery in differentiating malignant and benign
gliomas and refining surgical strategy.

1. Background

Cerebral gliomas, both HGG and LGG, are a daunting chal-
lenge. Complete tumor resection remains the best treatment
option as long as it can be achieved without neurological
sequelae.The role of imaging techniques in surgical resection
of brain lesions is crucial in every step of surgery: they
help planning surgical strategy, provide orientation during
surgery, and indicate tumor boundaries and relationships
with eloquent areas and vital structures, thus enhancing
precision, accuracy, and safety for the patients while max-
imizing resection [1–4]. In recent years we are witnessing

an increased use of ultrasounds (US) in neurosurgery, as their
reliability as an intraoperative tool for tumor detection has
been shown in multiple studies [5–9]. US obviates the need
for high costs and specialized surgical instruments. However,
although standard US B-mode imaging is excellent for tumor
localization, little information is provided regarding micro-
circulation and perfusion dynamics, even when integrated
with Doppler sonography [10–13].

The use of contrast agents in medical imaging is aimed at
enhancing differences and characteristics of various organs,
vessels, and cavities, making their visualization more sim-
ple and efficient, and US are routinely used in diagnostic
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radiology. Contrast enhanced ultrasound (CEUS) is nowa-
days an established technique for many organs, as it allows,
among other things, better detecting neoplastic lesions [14].
Furthermore, for their ability to highlight microcirculation,
contrast agents are used in oncology in order to quantify
the flow characteristics through an organ or tumor which
differ according to the type of lesion and the organ involved
[15–19]. The main clinically recognized application is the
characterization of focal liver lesions [20]: CEUS with low-
transmit power insonation allows real-time assessment of
contrast enhancement and vascularity of focal lesions during
the different dynamic phases, after injection of an intravenous
contrast agent. Contrast agents containingmicrobubbles have
been found to give the highest contrast with ultrasound
scanning [21, 22].Themicrobubbles consist of air or inert gas
encapsulated in a layer of protein or polymers. Microbubbles
are typically 5 micrometers in diameter, a similar size to
red blood cells, and can therefore be transported into the
smallest capillaries and across the lungs, thus allowing the
visualization of the arterial system after venous injection.The
pharmacokinetics of the microbubbles is quite different from
that of contrast agents used for CT and MRI which generally
diffuse in the interstitial space [15, 16, 23]. Second generation
US contrast agents are clinically safe and well tolerated [24].

Given these technical features, it seems worthwhile and a
promising effort to test this method for brain gliomas char-
acterization and for its role in maximizing surgical resection,
as already carried out by the radiological community for
other organs. In fact, CEUS could provide us with further
insight into glioma biology: being a dynamic and continuous
modality it offers a real-time direct view of the degree of
vascularization, microcirculation, flow distribution patterns,
and tissue resistances of the different type of gliomas, adding
all these pieces of information to the anatomical ones
obtained with standard B-mode imaging.

Nonetheless its use in cerebral surgery has only been
attempted few times so far [25–27], and there are no guide-
lines provided on this regard.

In this paper the authors describe, for the first time, the
different patterns of cerebral gliomas enhancement using the
CEUS technique, as compared with the lesion characteriza-
tion achieved by using preliminary baseline US.

2. Material and Methods

2.1. Study Design and Patient Population. We performed
intraoperative CEUS in an off-label setting in patients with
supratentorial cerebral gliomas (both HGG and LGG) con-
firmed on preoperative MRI, undergoing craniotomy for
tumor removal.

We included patients with no cardiopathy (New York
Heart Association, NYHA I-II) and a good general status
(ASA I-III).

All patients underwent preoperative assessment con-
sisting of a thorough neurological and general conditions
evaluation.

All patients were fully informed regarding their treatment
and procedure and a written informed consent was obtained.

The principles of the Declaration of Helsinki and the Euro-
pean Federation of Societies for Ultrasound in Medicine and
Biology (EFSUMB) recommendations on CEUS [18, 28] had
been followed.

2.2. Equipment andContrast Agent. Weused a last generation
ultrasound device (MyLab, Esaote, Italy) with a 3–11MHz
linear probe.

The US system is equipped with Virtual Navigator
software (MedCom, Germany) that permits fusion imag-
ing between preoperative MRI and real-time intraoperative
ultrasound imaging, allowing for neuronavigation.

As a contrast agent we used sulphur-hexafluoride,
a second-generation ultrasound contrast agent (SonoVue,
Bracco, Italy).

CEUS scanning is performed using contrast-tuned imag-
ing (CnTI) technology that allows for real-time angiosonog-
raphy, using second generation ultrasound contrast agents.
Contrast-tuned imaging permits a selective synchronization
of the US system to the signal produced by the microbubbles
after transmission of a single-frequency pulse at the sulfur
hexafluoride resonance frequency. The standard US imaging
had been improved by CPI (combined pulsed imaging), a
sophisticated algorithm based on a mix of high and low fre-
quencies that improves B-mode penetration and resolution.

2.3. Procedure and Data Analysis. Weperform a preoperative
MRI based surgical planning. The craniotomy is performed
with neuronavigation using standard preoperative MRI and
coupled US using Virtual Navigator (Esaote, Italy).

The ultrasound apparatus is brought in and the 3–11MHz
intraoperative linear US probe (LA 332, Esaote, Italy) is
placed in a transparent plastic surgical sterile sheath (Civco,
USA), provided with US specific transducing gel.

After bone flap removal the US navigated probe is placed
on the dura mater for scanning and standard B-mode imag-
ing is acquired. All lesions are initially evaluatedwith B-mode
imaging: they are defined as highly, mildly hyper-, iso-, and
hypoechoic compared to normal brain parenchyma. Other
lesion characteristics taken into account are diffuse or cir-
cumscribed appearance, homogeneous versus heterogeneous
lesions, and presence of cystic/necrotic areas. The lesion is
then identified on the two axes and measured. The lesion
is also localized with neuronavigation on the corresponding
coupled MRI.

Intraoperative CEUS is performed with the linear probe
using low-power insonation and the obtained harmonic
signals transduced with CnTI algorithm that allows for real-
time and continuous imaging. Before microbubble contrast
agent injection the focus is positioned below the level of the
lesion.The contrast agent (SonoVue, Bracco, Italy) is injected
intravenously by the anesthesiologist, as a bolus of 2.4mL
(5mg/mL), followed by a flush of 10 cc. saline. The timer
is started after UCA injection and perfusion dynamics is
described starting from UCA arrival in major vessels; digital
cine clips are registered continuously during baseline US
scanning and during the different vascular phases.
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Table 1: Summarizing CEUS features of different grades of human cerebral gliomas.

Brain Lesion Number of pts. Echogenicity Appearance Cystic areas and/or
necrosis

Arterial
phase

CEUS
peak

Venous
phase CE

Low-grade glioma 22 Iso/hyperechoic Diffuse; homogeneous Small/microcysts 15 20 30 Mild
Anaplastic glioma 11 Iso/hyperechoic Diffuse; homogeneous Small/microcysts 10 15 20–25 Mild/high

Glioblastoma 36 Hyperechoic Diffuse/circumscribed;
heterogeneous

Large necrotic
areas 2-3 5 10 High

After UCA injection, a first intraoperative qualitative
analysis was performed, aimed at determining whether a
contrast enhancement was detectable for every lesion and at
its afferent and efferent vessels visualization. Data were also
stored in the US device for offline analysis.

An offline data analysis of the CEUS cine clips was
performedusing a semiquantitative assessment, following the
EFSUMB guidelines. Gliomas patterns of contrast enhance-
ment (CE) were evaluated following the EFSUMB guide-
lines: timing (arterial and venous phase (time is given as
range)), degree of CE (low, mild, and high; comparison
with brain parenchyma), and contrast distribution (cen-
tripetal/centrifugal pattern, visibility of afferent/efferent ves-
sels, intralesional vessels, and cystic/necrotic areas).

All data obtained by online and offline analysis were
correlated with histopathology.

3. Results

Our population consisted of 69 patients (mean age 49 years;
age range 12–71 years) who underwent surgery for supra-
tentorial cerebral glioma. Histopathological data showed 47
HGG and 22 LGG. We further divided the two groups
in two other subgroups: HGG group was composed of 36
glioblastomas (GBM) and 11 anaplastic astrocytomas (ANA).
LGG group had 18 astrocytomas (ASTRO) and 4 oligoden-
drogliomas (OLIGO). Ultrasound findings were correlated
with histopathology.

On standard US B-mode imaging glioblastoma (𝑛 − 47)
appeared all hyperechoic compared to brain parenchyma,
with a heterogeneous appearance composed of multiple
well-defined nodular areas and others with diffuse mar-
gins. Size ranged from 3 to 7 cm of maximal diameter.
All but three lesions had cystic/necrotic areas. Anaplastic
astrocytoma (𝑛 − 11) ranged from 4 to 7 cm in diame-
ter. All three appeared hyperechoic with a diffuse, dense
texture, with some areas more hyperechoic compared to
the rest of the lesion. No cystic/necrotic areas were noted.
The brain/tumor interface was not everywhere clearly
visible.

In the LGG group all lesions (𝑛 − 22) appeared mildly
hyperechoic compared to brain parenchyma. Size ranged
from 3 to 9 cm in maximum diameter. All lesions had a
homogenous texture with blurredmargins at the brain/tumor
interface except one oligoastrocytoma which had a discrete
appearance with clear border. Microcysts were visible in 5
cases only.

After ultrasound contrast agent (UCA) injection different
patterns were observed (Figures 1 and 2). All data are
summarized in Table 1.

In the HGG group we further divided CE pattern into the
two histological subgroups.

GBMs (𝑛 − 47) have rapid arterial and venous phase
with a very fast arterial phase (2-3 seconds), chaotic transit
of microbubbles within the lesion, and a CE peak at 5
seconds. CEUS transit time is very fast with a venous
phase at 10 seconds. The major arterial supply was clearly
visible, as well as the venous drainage system, almost invari-
ably towards the periventricular zone. GBMs appear all
hyperenhanced compared to normal brain parenchyma and
have a very strong and intense contrast enhancement with
a persistent parenchymal phase. They have an irregular and
heterogeneous CE pattern with an alternation of nodular
high contrast dense pattern with ring-like enhancement
surrounding hypoperfused necrotic or nonperfused cystic
areas. Many intralesional vessels are noted. We did not
observe hypoperfused areas in only 6 cases, while 5 other
cases only had small scattered hypoperfused areas. Tumor
borders are better defined after CE than in standard B-mode
imaging. GBMs showed a rapid refilling (around 3-4 seconds)
after rapid sonication at high mechanical index sonication.

ANAs appeared to have a slower arterial phase compared
to GBMs (10 sec), with a CE peak at around 15 seconds after
UCA arrival. The transit of the microbubbles is slower and
less chaotic and the venous phase is delayed as well (20–25
seconds), determining a lesion transit time of 5–10 seconds.
Arterial supply and venous drainage are less identifiable than
in GBMs. ANAs appear to have a diffuse hyperechoic pattern
compared to brain parenchyma but have an initial mild and
more homogeneous CE compared to GBMs, which is then
reinforced during the parenchymal phase.We found a diffuse
and persistent CE pattern in all cases, with scattered areas of
higher CE in one case, the brain tumor interface. Few small
hypoperfused areas were observed. Few intralesional vessels
were observed. The border of the tumor is less identifiable
than in GBMs. After high mechanical index sonication the
replenishing kinetics is around 10 seconds.

In the LGG group, CEUS patterns for ASTRO were
similar to ANAs. Nevertheless the vascular phases were
slower, with an arterial phase at 15 seconds and a CE peak at
around 20 seconds. The transit of the microbubbles appears
even more steady (15–20 sec) with a venous phase after 30
seconds. Arterial supply is not always clear, as well as the
venous drainage. ASTRO are mildly hyperechoic after UCA
compared to brain parenchyma, and the tumor parenchymal
phase is steady and uniform. Its CE pattern is dotted and
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Figure 1: Time frame of how different grades of glioma are visualized with CEUS. In the first column of each row low mechanical index US
and baseline CEUS (CA arrival – 𝑡

0
) are displayed; then different CEUS phases (time is displayed in the top right corner of each image) are

displayed only. The image clearly shows the differences in terms of timing, degree of enhancement, and CEUS patterns for different types of
glioma, with a continuous and dynamic modality.
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Figure 2: Schematic representation showing the differences in
terms of timing and degree of enhancement (light orange: mild
enhancement; dark orange: high enhancement) for different glioma
grades.

homogeneous, with only two caseswithmicrocystic areas. No
intralesional vesselswere noted.The replenishment kinetics is
similar to the initial CE phase with a timing of around 10–15
seconds.

In OLIGOs we found similar features as in ANAs. In two
cases the lesion was more well-defined, with faster arterial
and venous phase, similar to GBMs, with an intralesion cyst.

4. Discussion

In this paper we performed the first intraoperative human
cerebral gliomas characterization with the CEUS technique,
as already had been performed for different lesions in other
organs. The overall picture shows that in B-mode the main
differences between lesions at different grades of malignancy
are the degree of hyperechogenicity when compared to the
surrounding parenchyma, the presence of cystic/necrotic
areas, and a more or less defined brain/tumor interface.
These findings account for the fact that the role of B-mode
imaging ismainly limited in assisting tumor localization, pro-
viding only morphological information regarding the lesion,
with little or no information about vascularization [7, 8].
Conversely, once enhanced, the tumor is highlighted and
reveals other specific characteristics. These findings might
possibly be related to their grade (Figure 3). For exam-
ple, glioblastomas show rapid arterial and venous phase, a
clearly visible arterial supply and venous drainage, and a
very strong and intense contrast enhancement, with well-
defined tumor borders. Lower grades were characterized
by gradually less intense CE, less defined tumor borders,
slower arterial and venous phases, poorly identifiable feeders
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Figure 3: Comparison between standard gray-scale B-mode imaging and CEUS (resp., left and right picture in each panel) for different
glioma grades (panel a: LGG, panel b: ANA, and panel c: GBM).

and drainage, and a CE pattern progressively more homo-
geneous, accounting for the absence of necrotic/cystic areas
and a minor amount of neoangiogenesis. Surprisingly,
we observed a slighter but well-defined CE in low grades too,
where preoperative MRI did not show any enhancement. We
have been able to directly visualize each of the 69 lesions
both in B-mode and after contrast infusion, regardless of
its histology, thus making the comparison between the two
modalities always possible. We also observed different mor-
phologic and dynamic CEUS patterns, showing a very good
correlation with histopathology (Figures 1 and 2). This con-
firms once more the reliability of this technique in assisting
tumor resection. For the semiquantitative description of the
lesions which followed the EFSUMB guidelines [18], consider
parameters such as timing, degree of contrast enhancement
(low,mild, and high) compared to normal brain parenchyma,
diffuse or circumscribed appearance, homogeneous versus
heterogeneous lesions, presence of cystic/necrotic areas, the
pattern of CE, the timing of the different phases of CE, and
microbubbles transit time within the tumor. Also, the arterial

supply and the venous drainage were described when identi-
fied.

Of course CEUS cannot be considered as an alternative
to histological examination, which remains the gold standard
for diagnosis. Nevertheless, some of our cases considered
on preoperative MRI as being low-grade gliomas were later
histologically evaluated as anaplastic tumors. In these cases
we intraoperatively observed some areas of focal CEUS
enhancement. Therefore this technique can be helpful in
guiding the surgeon through the choice of the areas for
biopsy, thus possibly improving the accuracy of the final
histological diagnosis.

Another original aspect of our study is the unprece-
dented opportunity to conduct tumor resection under direct
visualization and to highlight tumor boundaries and tumor
remnants with CEUS during and after tumor resection.
Performing CEUS prior to glioma resection will help dif-
ferentiate tumor/edematous brain interface in HGG, and, as
mentioned above, it will be able to show anaplastic areas
within otherwise low-grade lesions (Figure 4).
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(a1) (a2)

(b) (c)

Figure 4: Intraoperative control of a right frontal GBM, using fusion imaging between intraoperative US (a1) and preoperative MRI (a2)
linked via a navigated US probe with a virtual navigation system: (a1) shows a hyperechoic superficial lesion, with ill-defined borders and
microcystic areas and in (a2) the correspondingMRI imaging is displayed. In panel (b) the B-mode imaging is enhancedwith a contrast agent,
showing a superficial nodular enhancement with a deeper ring enhancement delimitating a nonperfused necrotic central area. Medullary
draining veins are also visible, draining towards the ependymal zone. In panel (c) the postresection control with CEUS shows the absence of
the nodular ring enhancement, without contrast enhancement along the wall of the surgical cavity.

After tumor removal in 9 GBMs we performed CEUS in
order to highlight tumor remnants, thus possiblymaximizing
resection. In 3 cases we visualized CE areas which led to
further tissue removal, whereas in the other 6 cases CE was
not detected. Among the latter cases we also observed, in 2
cases, hyperechogenic areas in B-mode, suggestive for tumor
residual which did not show any clear enhancement after
contrast injection: in these cases the surgeon is facing one
of the following possible situations. Either the area identified
is a parenchymal contusion, which is hyperechoic due to the
presence of blood cloth and this can be better discerned by
visual inspection, or the hyperechoic area might represent
a devascularized tumoral area: in fact, one should always
keep in mind that microbubble contrast agents are confined
to the intravascular compartment, unlike those used for CT
or MRI enhancing, which mainly diffuse in the interstitial
space. Therefore the closure of a tumor feeding artery
leads to a noncontrasted area even when tumor is present.
For the same reason, tumorswith a greater degree of vascular-
ization (i.e., GBMs) will be more clearly distinguishable from
the surrounding healthy parenchyma, presenting with more
defined borders as compared to less vascularized ones.

The capacity of CEUS to almost invariably visualize,
in higher grades, feeding arteries and venous drainage is
helpful for the intraoperative management of the surgical
strategy, for example, by discerning whether a vessel is an
actual tumor feeder, being as such safely subject to closure by
cauterization, or is a vessel which is just passing through the
tumor, heading to a portion of healthy parenchyma.Of course
an early identification of a true feeder helps in controlling
any major bleeding and in keeping the operatory field clean,
while recognizing and preserving a vessel which is not strictly
related to the tumor can prevent unexpected complications.

In the literature few studies using bedside transcranial
US have been performed to evaluate the role of iCEUS in
depicting cerebral tumors [29–31]. Harrer et al. used bedside
transcranial CEUS prior to surgery and had been capable
of discriminating brain lesions from the brain parenchyma
and of partially describing them. Vicenzini et al. performed
time intensity/curves using dedicated software: indeed
time-intensity curves should be performed on a large sample
size in order to provide statistically relevant results [28].
However tumor visualization was somehow poor due to
transcranial US performed through a temporal window:
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despite being a well-established technique it suffers from
limitations to tumor visualization due to the presence of
the cranial vault in terms of both spatial resolution and
tumor location. Intraoperative iCEUS permitting direct
tumor visualization during surgery for brain tumor removal
has been described only a few times [25–27]. Kanno and
colleagues in 2005 evaluated that 40 brain tumors did not
perform a continuous imaging because they used a first
generation contrast agent. Engelhardt and colleagues in 2008
performed iCEUS during brain tumor removal, using a
second generation contrast agent with specific algorithm
on a very small and homogeneous cohort of patients (7
GBM patients). They also performed an offline analysis with
time-intensity curves. He and colleagues evaluated 29 brain
tumors using iCEUS but with some technical limitations:
they used a phased array probe, with low frequency and a
vast view-field, and the US imaging was performed in power
Doppler modality instead of using a contrast specific algo-
rithm, dramatically reducing both US spatial resolution and
definition.

Of course, further studies are needed in order to assess
CEUS role in tumor resection; the potentiality of this tech-
nique to maximize tumor resection has yet to be investi-
gated and demonstrated. Comparison with other imaging
modalities (such as MRI imaging T1 weighted GD) will be
necessary for defining further advantages or limitations of
this technique when compared with other imaging standards
in actual practice. Moreover, further studies aimed at quanti-
tative data analysis are mandatory for a rigorous validation
of the method: these results will further improve CEUS
characterization of cerebral gliomas and will also enhance
knowledge of tumor biology, possibly leading to prediction of
the responsiveness to therapy of a specific individual tumor,
or to orientation during the choice of the best therapeutic
option [32, 33].

In fact, one major limitation of this study is related to
the semiquantitative nature of the analysis that has been
performed on the data obtained by CEUS. Nondestructive
US scanning, with specific algorithm performed with low
acoustic power and sulfur hexafluoride, filled microbubble
contrast agents, opens up to quantitative data analysis with
dedicated software leading to real-time assessment and quan-
tification of tumor contrast enhancement with microbub-
bles, measurement of organ transit time after microbubble
injection, and analysis of tissue perfusion. Tissue perfusion
may be quantified also by further evaluating the replen-
ishment kinetics of the volume of microbubbles after their
destruction in the imaged slice (using high mechanical index
US), obtaining quantitative parameters related to local tissue
perfusion [15, 19]. However, we believe that the first step, as
already performed for other organs and in our previous study
[34], is the qualitative and semiquantitative analysis; time-
intensity curves providing quantitative data require very large
cohorts of patients in order to achieve a statistical relevance,
so we feel that a quantitative analysis would be of little value
in this study [28, 29, 32, 33].

Finally, another limitation related to the technique might
be that CEUS, as any method based on ultrasound imag-
ing, is dependent on the experience of the examiner [35].

Moreover, in the neurosurgical community, few surgeons
are accustomed to and specifically trained in the use of
ultrasounds, and this is especially true for CEUS, since its
use in neurosurgery is relatively new. Therefore, for a correct
image interpretation a period of specific training is required.

5. Conclusions

In this paper we establish for the first time a CEUS character-
ization of cerebral gliomas.

By defining the paradigm of CEUS enhancement in
gliomas, we add valuable biological information such as vas-
cularization, microcirculation, and tissue perfusion dynamic
and add these pieces of information to those obtained with
standardB-mode imaging andmight corroborate histological
diagnosis.

Performing CEUS during glioma removal can be helpful
for the surgeon to differentiate between tumor and ede-
matous brain in HGG, while it will show anaplastic areas
within otherwise considered low-grade lesions. After gross
tumor removal CEUS might also be used in the future
to highlight tumor remnants, thus maximizing resection
avoiding neurological sequelae due to damaged healthy
brain tissue. This may lead to reduction of hospitaliza-
tion time and ameliorating prognosis, improving free sur-
vival rates and ameliorating the quality of life in glioma
patients.

CEUS can be a fast, safe, dynamic, feasible and repeatable,
relatively economic, precise, and accurate tool that helps in
differentiating malignant and benign lesions and in maxi-
mizing tumor resection, thus improving free survival rates
in glioma patients; we believe that CEUS is definitely a
methodology to further understand and develop in glioma
surgery and the expected results will certainly integrate
scientific excellence possibly leading to better treatment for
cerebral tumors bearing patients.

Abbreviations

CEUS: Contrast enhanced ultrasound
US: Ultrasound
CE: Contrast enhancement
MRI: Magnetic resonance imaging
WHO: World Health Organization
HGG: High grade glioma
LGG: Low grade glioma
GBM: Glioblastoma (WHO grade IV)
ANA: Anaplastic astrocytoma (WHO grade III)
ASTRO: Astrocytoma (WHO grade II)
OLIGO: Oligodendroglioma (WHO grade II)
UCA: Ultrasound contrast agent.

Conflict of Interests

The authors declare that they have no conflict of interests
regarding the publication of this paper.



8 BioMed Research International

References

[1] P. W. A. Willems, M. J. B. Taphoorn, H. Burger, J. W. B. van
der Sprenkel, and C. A. F. Tulleken, “Effectiveness of neuron-
avigation in resecting solitary intracerebral contrast-enhancing
tumors: a randomized controlled trial,” Journal of Neurosurgery,
vol. 104, no. 3, pp. 360–368, 2006.

[2] H. Busse, A. Schmitgen, C. Trantakis, R. Schober, T. Kahn, and
M. Moche, “Advanced approach for intraoperative MRI guid-
ance and potential benefit for neurosurgical applications,”
Journal of Magnetic Resonance Imaging, vol. 24, no. 1, pp. 140–
151, 2006.

[3] F. Lindseth, J. H. Kaspersen, S. Ommedal et al., “Multimodal
image fusion in ultrasound-based neuronavigation: improving
overview and interpretation by integrating preoperative MRI
with intraoperative 3D ultrasound,” Computer Aided Surgery,
vol. 8, no. 2, pp. 49–69, 2003.

[4] W. Stummer, A. Novotny, H. Stepp, C. Goetz, K. Bise, and H.
J. Reulen, “Fluorescence-guided resection of glioblastoma mul-
tiforme by using 5-aminolevulinic acid-induced porphyrins:
a prospective study in 52 consecutive patients,” Journal of
Neurosurgery, vol. 93, no. 6, pp. 1003–1013, 2000.

[5] J. Sosna, M. M. Barth, J. B. Kruskal, and R. A. Kane, “Intraop-
erative sonography for neurosurgery,” Journal of Ultrasound in
Medicine, vol. 24, no. 12, pp. 1671–1682, 2005.

[6] G. Unsgaard, A. Gronningsaeter, S. Ommedal, and T. A. Nagel-
hus Hernes, “Brain operations guided by real-time two-dimen-
sional ultrasound: new possibilities as a result of improved
image quality,” Neurosurgery, vol. 51, no. 2, pp. 402–412, 2002.

[7] T. Selbekk, A. S. Jakola, O. Solheim et al., “Ultrasound imaging
in neurosurgery: approaches to minimize surgically induced
image artefacts for improved resection control,” Acta Neu-
rochirurgica, vol. 155, no. 6, pp. 973–980, 2013.

[8] M. Woydt, A. Krone, G. Becker, K. Schmidt, W. Roggendorf,
and K. Roosen, “Correlation of intra-operative ultrasound
with histopathologic findings after tumour resection in supra-
tentorial gliomas. A method to improve gross total tumour
resection,” Acta Neurochirurgica, vol. 138, no. 12, pp. 1391–1398,
1996.

[9] M. Woydt, G. H. Vince, J. Krauss, A. Krone, N. Soerensen,
and K. Roosen, “New ultrasound techniques and their applica-
tion in neurosurgical intra-operative sonography,” Neurological
Research, vol. 23, no. 7, pp. 697–705, 2001.

[10] F. Lindseth, L. Lovstakken, O. M. Rygh, G. A. Tangen, H. Torp,
and G. Unsgaard, “Blood flow imaging: an angle-independent
ultrasound modality for intraoperative assessment of flow
dynamics in neurovascular surgery,” Neurosurgery, vol. 65, no.
6, supplement, pp. 149–157, 2009.

[11] S. Mirzai and M. Samii, “Current status and future challenges
in cerebral blood flow mapping in intracranial tumors,” Keio
Journal of Medicine, vol. 49, supplement 1, pp. A16–A24, 2000.

[12] G. Becker, J. Perez, A. Krone et al., “Transcranial color-
coded real-time sonography in the evaluation of intracranial
neoplasms and arteriovenous malformations,” Neurosurgery,
vol. 31, no. 3, pp. 420–428, 1992.

[13] J. Wang, X. Liu, W. H. Hou et al., “The relationship between
intra-operative ultrasonography and pathological grade in cere-
bral glioma,” Journal of International Medical Research, vol. 36,
no. 6, pp. 1426–1434, 2008.

[14] J. M. Correas, L. Bridal, A. Lesavre, A.Méjean,M. Claudon, and
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Progesterone (P
4
) promotes cell proliferation in several types of cancer, including brain tumors such as astrocytomas, the most

common and aggressive primary intracerebral neoplasm in humans. In this work, we studied the effects of P
4
and its intracellular

receptor antagonist, RU486, on growth and infiltration of U373 cells derived from a human astrocytoma grade III, implanted in the
motor cortex of adult male rats, using two treatment schemes. In the first one, fifteen days after cells implantation, rats were daily
subcutaneously treated with vehicle (propylene glycol, 160𝜇L), P

4
(1mg), RU486 (5mg), or P

4
+ RU486 (1mg and 5mg, resp.) for

21 days. In the second one, treatments started 8 weeks after cells implantation and lasted for 14 days. In both schemes we found that
P
4
significantly increased the tumor area as compared with the rest of the treatments, whereas RU486 blocked P

4
effects. All rats

treated with P
4
showed tumor infiltration, while 28.6% and 42.9% of the animals treated with RU486 and P

4
+ RU486, respectively,

presented it. Our data suggest that P
4
promotes growth and migration of human astrocytoma cells implanted in the motor cortex

of the rat through the interaction with its intracellular receptor.

1. Introduction

Astrocytomas are the most common and aggressive primary
intracerebral tumors. They arise from astrocytes, glial pro-
genitor cells, or cancer stem cells [1–5] and they are classified
by the World Health Organization (WHO) in four grades
(I–IV) according to their histological characteristics such as
mitotic activity, nuclear atypia, cellularity, vascularity, and
necrosis [6–8]. Anaplastic astrocytoma (WHO grade III)
and glioblastoma (WHO grade IV) are the most frequent
and malignant brain tumors in world population. They are
characterized by high mitotic activity, nuclear atypia, and
infiltrative lesions [9], and prognosis depends on multiple
factors such as size, localization, and evolution time; how-
ever, generally, the survival of patients is very brief (24–36

months in anaplastic astrocytoma and less than 12 months
in glioblastoma [10, 11]). Current medical treatments such as
neurosurgery, radiotherapy, and chemotherapy achieve only
a modest improvement in the length of survival and quality
of life of patients [12–14].

Progesterone (P
4
) is a steroid hormone derived from

cholesterol that regulates several functions such as sexual
behavior, pregnancy, and neuroprotection, and it has also
been related to cancer progression [15–17]. P

4
exerts many

of its effects through the interaction with its intracellular
receptor (PR) which is a ligand-activated transcription factor
[18, 19]. It has been reported that PR expression directly
correlates with astrocytomas evolution grade, suggesting that
PR-positive tumors present a high proliferative potential [20,
21].
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Figure 1: Scheme of treatments administered to the rats implanted with U373 cells in the motor cortex. (a) Short progression. (b) Long
progression. + indicates the euthanasia.

It has been demonstrated that P
4
promotes astrocytomas

growth [22–25] and that the administration of RU486 (PR
antagonist) blocks P

4
effects [23, 26–28]. It has also been

reported that RU486 improves the efficacy of chemoradio-
therapy in glioblastoma xenografts in mice [29]. Previous
studies about the role of P

4
in astrocytoma cell lines prolifer-

ation in vitro have shown that P
4
increases cell growth, as well

as the expression of genes involved in cell cycle progression
and metastasis such as cyclin D1, EGFR, and VEGF [30];
however, no in vivo studies have been performed. In this
work, we studied the effects of P

4
on tumor progression

of U373 cells derived from a human astrocytoma grade III
implanted in the motor cortex of the rat.

2. Materials and Methods

2.1. Cell Line and Culture. U373 astrocytoma cell line derived
from a human astrocytoma grade III (ATCC, Manassas, VA)
wasmaintained inDulbecco’smodification of Eagle’smedium
(DMEM) supplemented with 10% fetal bovine serum, 1mM
pyruvate, 2mM glutamine, and 0.1mM nonessential amino
acids, all from Gibco (Grand Island, NY), at 37∘C in a
humidified atmosphere with 95% air/5% CO

2
. DMEM was

changed every 48 hours until reaching 70–80% cellular
confluence.

2.2. Implantation of Tumor Cells in the Rat Brain. TheWistar
adult male rats (250–300 g) maintained on a 12 : 12 light/dark
cycle with food and water ad libitum were intraperitoneally
anesthetized with ketamine-xylazine (80/10mg/kg resp.) and
mounted in a stereotaxic apparatus. The head was cleaned
and shaved, and the scalp was incised in the anteroposterior
direction exposing the skull. Small holes were drilled in the
left side of skull and a stainless-steel guide cannula (21-gauge)
was inserted at the coordinates: Bregma AP = 1.6; 𝐿 = 3.0,
2mm above the injection site (motor cortex) according with
the Paxinos and Watson atlas [31]. 120,000 U373 cells in a
volume of 2 𝜇L of DMEMwere slowly injected during a 2min
period using an injection cannula (25-gauge) inserted into
the guide cannula connected through a polyethylene tube.
The injection cannula that protruded 2mm of guide cannula
was maintained in the injection site for 5 more minutes
after the injection. The hole bone was sealed using bone
wax, and rats were given a dose of enrofloxacin (10mg/kg)
during 48 hours. All animal procedures were performed
as per the following guidelines: (i) the Neurology and
Neurosurgery National Institute’s Ethical Code for the care
and use of laboratory animals and (ii) Mexican guidelines

for the production, care, and use of laboratory animals
(NOM-062-ZOO-1999).The animals were maintained in the
vivarium conditions until they were used.

2.3. Treatments. Rats were randomly divided into four
groups (7 rats/group), and each group was assigned to the
following subcutaneous treatments (P

4
and RU486 were

dissolved in propylene glycol): vehicle (160 𝜇L of propylene
glycol) (Baker Analyzed, Center Valley, PA); 1mg of P

4
(RBI,

Natick,MA); 5mg of RU486 (SIGMA, St. Louis,MO); or 1mg
of P
4
+ 5mg of RU486.We performed two treatment schemes

(Figure 1). In the first one (short progression), steroids were
daily administered for 21 days, starting on day 15 after U373
cells implantation, and rats were euthanized 15 days after the
last treatment. In the second scheme (long progression), we
selected another 4 groups (2 rats/group) divided into the
same way as described above, but the treatments started 8
weeks after U373 cells implantation; they lasted 14 days and
the rats were euthanized one day after the last treatment.

2.4. Histology. Each rat was perfused with saline followed by
4% paraformaldehyde. Brains were removed and immersed
in 4% paraformaldehyde at room temperature for 2 weeks.
Afterwards, the brains were stored in sucrose gradient solu-
tions (10%, 20%, and 30%) at room temperature for 24 hours
each. Brain sections (10 𝜇m thick) were cut in the coronal
plane around the implant site using a cryostat Leica CM1850
(Hesse, Germany). Some sections were stained by the Nissl
method and examined in an Olympus Bx43 microscope
(Tokyo, Japan).

2.5. Immunofluorescence. Another set of brain sections was
blocked in 10%normal goat serum/0.05%Tween-PBS (block-
ing buffer) 1 hour at room temperature and incubated at
4∘C overnight with primary antibodies that identified glioma
and proliferating cells, respectively: mouse Anti SOX2 (1 : 50)
(sc-365964, Santa Cruz Biotechnology, Dallas, TX) and
rabbit Anti-Ki-67 (1 : 400) (Ab9260, Chemicon International,
Temecula, CA) in blocking buffer. The antibodies were
removed and the sections were washed three times with
0.05% Tween-TBS for 10 minutes and then incubated 1 hour
at room temperature with secondary antibodies: Alexa 594
A-21203 (1 : 500) (Life Technologies, Carlsbad, CA) and FITC
sc-2078 (1 : 500) (Santa Cruz Biotechnology, Dallas, TX).
Nuclei were stained with Hoestch 33342 (Thermo Scientific,
Waltham, MA). Sections were covered from light, washed,
mounted with Fluoro Care Anti-Fade Mountant (Biocare
Medical, Concord, CA), and visualized in an Olympus Bx43
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(a) (b)

(c) (d)

Figure 2: Effects of P
4
and RU486 on the growth and infiltration of U373 human astrocytoma cells implanted in the motor cerebral cortex of

the rat. Vehicle (propylene glycol) (a); P
4
(b); RU486 (c); P

4
+ RU486 (d). Tumor cells are marked with an arrow. Magnification is represented

by 200𝜇m scale in (a)–(d) and by 100 𝜇m scale in the inserts (c)-(d).

fluorescence microscope. The tumor area and its infiltration
length were quantified by using the program Image-Pro
Plus 7.0 Media Cybernetics (Rockville, MD). The considered
tumor area was the largest one of all the sections obtained
from each brain, and the infiltration length was measured
from the implant site to the longest distance reached by
astrocytoma cells.

2.6. Statistical Analysis. Data from tumor area were analyzed
by using ANOVA followed by the Bonferroni test for the

comparison between groups. Infiltration length data were
analyzed by using chi-square test. Prism 5.0 (GraphPad, San
Diego, CA) was used for calculating probability values.

3. Results

In this work, we studied the effects of P
4
and RU486

administration on the progression and infiltration of grade
III human astrocytoma cells (U373) implanted in the motor
cortex of the rat. In the Nissl stained brain sections from the
short progression group,we observed that, in rats treatedwith
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Figure 3: Effects of P
4
and RU486 on the growth and infiltration of U373 cells implanted in the motor cortex of the rat. (a) Tumor area. Data

represent mean ± SEM. (b) Percentage of rats with astrocytoma cells infiltration in the brain after treatments. 𝑛 = 7. ∗𝑃 < 0.01 versus all
groups.

vehicle, U373 cells stayed around the implantation area. In
this group we did not find tumor infiltration (Figure 2(a)).
In rats treated with P

4
, we observed both significant tumor

growth and infiltration to deeper structures of the brain. The
average distance covered by U373 cells with this treatment
was 1119 ± 45.6 𝜇m (mean ± SEM). At the level of the corpus
callosum, tissue structure was lost and we could not identify
individual tumor cells; only amorphous structures were
noticed (Figure 2(b)). Rats treated with RU486 (Figure 2(c))
showed a restricted tumor growth around the implant site
with slight infiltration (82.2 ± 35.4 𝜇m). U373 cells were
rounded or with elongated edges and they were smaller in
comparison with normal astrocytic cells (insert Figure 2(c)).
Figure 2(d) shows a representative brain section of a rat
treated with P

4
+ RU486. U373 cell morphology was diverse,

showing variations in size and shape (insert Figure 2(d)). We
observed that RU486 blocked P

4
effects on tumor growth

and invasion. Tumor infiltration (121.6 ± 43.3 𝜇m) was lower
than that found in the rats treated with P

4
and slightly higher

(nonsignificant) than in the treatment with RU486.
P
4

significantly increased both the tumor area of
implanted U373 cells in the cerebral cortex of the rat
(Figure 3(a)) and the infiltration length. Importantly, 100%
of the rats treated with P

4
showed cell migration toward

deeper structures in the brain, while 28.6% and 42.9% of the
animals treated with RU486 and P

4
+ RU486, respectively,

showed it (Figure 3(b)). Although rats treated with vehicle
presented a restricted tumor formation, they did not show
tumor infiltration (Figure 3).

In the long progression group, despite the fact that
we followed a different treatment scheme, the results of
steroid administration were very similar to those of the
short progression group (data not shown). Figure 4 shows
immunofluorescence staining of SOX2 and Ki-67 markers
on brain sections of the long progression group treated with
vehicle, P

4
, RU486, or P

4
+ RU486. As we observed in short

progression group with brain sections stained with the Nissl
method, in animals treated with vehicle, U373 cells stayed

around the implant area, whereas, with P
4
treatment, U373

cells migrated to deeper brain structures. In both treatments,
Ki-67 and SOX2were colocalized in 74% and 63% of the cells,
respectively. Interestingly, we found that, in rats treated with
RU486, there were just few cells positive to Ki-67 (18%) of
the total cells that expressed SOX2, indicating the absence
of proliferating glioma cells. Finally, in rats treated with
both P

4
and RU486, we noticed a decrease in U373 cells

infiltration compared to those treated with P
4
, demonstrating

that RU486 blocked P
4
effects.With this treatment, Ki-67 and

SOX2 presented colocalization in 48% of the cells.

4. Discussion

In the present study, we analyzed the effects of P
4
and its

antagonist RU486 on the growth and invasion of U373 cells
implanted in the motor cortex of the rat. The increase in
tumor growth after P

4
administration observed in our in

vivo conditions is consistent with the results observed in in
vitro experiments with U373 cells [23, 26]. Additionally, it
has been reported that, in U373 cells, P

4
increases S-phase

of the cell cycle [23] which could explain the increase in cell
proliferation and therefore in tumor size. We also observed
that RU486 blocked P

4
effects, since rats treated with P

4

+ RU486 showed a significant decrease in tumor area in
comparison with those treated with P

4
. These data are also

consistent with previous reports in astrocytoma cell cultures
[23, 26] and suggest that P

4
effects on astrocytoma cell

growth occur via the classic mechanism of action, through
an interaction with PR.

P
4
treatment also increased astrocytoma cells migration

as well as the number of animals that presented tumor
infiltration. These results have not been reported in brain
tumors; however, there are studies in breast cancer indicating
that P

4
increases migration and invasion in MCF7 and

T47D breast cancer cells and that RU486 treatment decreases
migration [32]. It has been reported that progestins increase
invasiveness in different cell lines of breast cancer. This
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Figure 4: SOX2 and Ki-67 expression in U373 cells implanted in the motor cortex of rats under different treatments: vehicle, P
4
, RU486,

or P
4
+ RU486. Each panel shows nuclei stained with Hoechst in blue, Ki-67 expression in bright green, SOX2 expression in red, and the

colocalization of Ki-67 and SOX2 in orange. Magnification is represented by 100 𝜇m scale in all photomicrographs.

effect can occur through various mechanisms, including
overexpression of proteins such as superoxide dismutase,
tissue factor, and protease-activated receptors [33–35]; the
enhancing of matrix metalloproteinases and urokinase-type
plasminogen activator activities [36]; the activating of the

focal adhesion kinase [37], and the activation of rapid
signaling cascades that leads to modifications in the actin
cytoskeleton and the cell membrane [38, 39]. In other several
cell lines, including glioma cells, it has been found that
voltage-gated ion channels play a significant role in initiation
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and progression of cancer [40, 41] and even some of them
as the potassium voltage-gated channel are regulated by P

4

[42]. In our model, we observed that RU486 blocked P
4

effects on tumor infiltration, suggesting that, as in the case
of tumor growth, P

4
effects occur through the interaction

with PR; the precise mechanism involved in astrocytoma
cells infiltration induced by P

4
needs further investigation.

Interestingly, although rats treated with vehicle presented a
restricted growth of astrocytoma tumor area, no infiltration
was observed in any rat unlike the animals treated with
RU486 in which approximately 30% presented it (Figure 3).
This may be due to a progestational action of RU486 that
depends on the formation of specific RP dimers. Human PR
presents two isoforms, PR-A and PR-B (94 and 114 kDa, resp.)
with different function, regulation, and expression pattern.
At basal state, PR is associated with heat shock proteins
(HSP70 and HSP90) and once the hormone enters the cell,
it interacts with PR and induces conformational changes
that allow the dissociation of the HSP complex followed
by phosphorylation and dimerization of the receptor. The
active receptor possesses high affinity for specific sequences
in the DNA called P

4
response elements (PRE) that are

found in the promoter region of P
4
target genes. Once

bound to PRE, PR can regulate gene transcription through
the recruitment of corregulator proteins and the interaction
with the basal transcription machinery [43, 44]. RU486 is
a type II antagonist, which promotes PR dimerization and
allows binding of the dimers to the PRE. It has been shown
that RU486-bound A:A dimers are transcriptionally silent,
whereas RU486-bound B:B dimers can activate transcription.
RU486-bound A:B dimers act to distinctly inhibit transcrip-
tional activation, and it is the activity that is commonly
observed in P

4
responsive cells [45, 46]. It is important to

mention that PR-A and PR-B isoforms have been detected
in human astrocytoma cell lines and biopsies, and their
expression is directly related to the tumor evolution grade.
Interestingly, PR-B content is three times higher than PR-
A in U373 cells [23, 47] which could lead to an increased
formation of B:B dimers and an activation of transcriptional
activity upon RU486 treatment. However, the effects of this
activation are significantly lower than those observed with
P
4
treatment. It has also been reported that, in astrocytoma

tumors implanted in the cerebral cortex, the direction of
migration is ventral through cortical gray matter and into the
corpus callosum [48], which is consistent with our results.

Regarding the observed change in morphology of the
implanted astrocytoma cells treated with RU486 (alone or in
combination with P

4
), it has been reported that its adminis-

tration induces alterations in the cellular structure of cancer
cells of different origins (including glioblastoma cells). Such
changes were associated with a redistribution of actin fibers
that can form nonadhesive membrane ruffles, leading to a
dysregulated cellular adhesion capacity and thereby altering
the invasion capacity of these cells [49].

We observed that implanted cells expressed proliferation
and glioma cells markers (Ki-67 and SOX2, resp.) and that,
in many of them, both markers exhibited colocalization.
These results demonstrated that the implanted U373 cells
were present in the cerebral tissue of the rat and that they

continued their proliferation. We also found that the per-
centage of Ki-67/SOX2 colocalization was higher in vehicle-
treated rats that in those treated with P

4
. This could be

related to the progression of these tumors induced by P
4

leading to a dedifferentiation process where the resulting cells
express less proliferation markers but overexpress invasion
and/or migration markers. In the case of RU486 treatment,
we observed very few cells positive to Ki-67 while those
expressing SOX2 were found in a greater number. This
indicates that there were glioma cells but they were not
proliferating. It has been reported that RU486 induces G1-S
blockage of the cell cycle in human ovarian cancer cells [50]
and that RU486 reduces the activity of cdk2, enzyme that
is involved in the regulation of the transcription factor E2F1
which modulates S-phase progression [51, 52].

5. Conclusions

P
4
induces proliferation and infiltration of a tumor caused by

the implant of human astrocytoma cells in the motor cortex
of the rat through the interaction with intracellular PR.
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Background. The introduction of fluorescence-guided resection allows a better identification of tumor tissue and its more radical
resection. We describe our experience with a modified exoscope to detect 5 ALA-induced fluorescence in neuronavigation-guided
brain surgery or biopsy of malignant brain tumors.Methods. Thirty-eight patients with a suspected preoperative diagnosis of high-
grade astrocytoma were included. We used a neuronavigation device and a high-definition exoscope system with a built-in filter
to detect 5-ALA fluorescence in all cases. Thirty patients underwent craniotomy with tumor resection and 8 underwent frameless
stereotactic brain biopsy. Results. Histopathological diagnosis confirmed the presence of high-grade gliomas in 34 patients. Total
resectionwas achieved in 23 cases and subtotal in 7. No relevant complications related to the administration of 5-ALAwere detected.
Conclusions. The use of the exoscope in 5-ALA fluorescence-guided tumor surgery has twofold implications: during brain tumor
surgery it can be considered a valuable tool to achieve a more radical resection of the lesion, and when applied to a biopsy of a
suspected brain high-grade glioma, it decreases the possibility of a negative biopsy.

1. Introduction

High-grade gliomas represent themajority of adultmalignant
brain tumors and include grade III anaplastic astrocytoma
(AA), anaplastic oligodendroglioma (AO), mixed anaplastic
oligoastrocytoma (AOA), and grade IV glioblastoma mul-
tiforme (GBM) [1]. The best treatment of these tumors is
extensive surgical resection, when it is possible, accompanied
by chemotherapy and radiotherapy [2–4]. However, there are
also cases in which biopsy is the best option [5].

Because of the infiltrative nature of these tumors, com-
plete resection is a complex neurosurgical procedure, regard-
less of the location of the lesion. Several methods have
been introduced to help achieve the maximum cytoreductive
treatment. Recent developments, including brain mapping,
neuronavigation, intraoperative ultrasound, magnetic reso-
nance imaging, and fluorescence techniques [6, 7], now allow
multimodal approaches.Under the suspicious of a high-grade

lesion, when a brain biopsy is indicated, the stereotactic
frame biopsy is still considered the gold standard technique
for its precise localization [8], specially in cases of deep
seated tumors. However, technological development in the
neurosurgical practice has increased the number of centers
in which brain biopsies are usually obtained by frameless
magnetic resonance imaging- (MRI-) guided neuronaviga-
tion. Either way, the percentage of biopsies with inconclusive
pathologic diagnosis varies between 7 and 15% in relation
to nontumor or necrotic areas. Thus, even if a pathologist is
available to study the sample at the time of the surgery, it is
difficult to ensure that it will be useful for diagnosis [9].

It has been described that 5-ALA fluorescence helps
to visualize tumor tissue in real-time during surgery, and
most of the studies have been performed using fluorescence
microscopy [10–13] or, much less frequently, an endoscope
[14]. Both neurosurgical microscopes and neuroendoscopes
may be modified to detect 5-ALA-induced fluorescence.
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This can be achieved by implementing a system to switch
between white and blue light and installing an observa-
tion filter (440 nm) between the surgical field and micro-
scope/endoscope. This can be done with an exoscope as
well, which is a system that consists of a tubular telescope
connected to a camera and a high definition monitor.

In this report we describe our experience in the treatment
of high-grade gliomas using 5-ALA fluorescence-guided
exoscopy, as an alternative or complement to the use of
another optical device, in order to obtain the highest level of
tumor resection or to confirm the adequacy of the specimen
obtained during biopsy procedures.

2. Methods

The present study, approved by the Ethics Committee for
Clinical Research of our institution, included 38 patients with
preoperative suspicion of brain high-grade astrocytoma in
neuroimaging techniques. Thirty patients underwent tumor
resection and 8underwent frameless stereotactic biopsy at the
Department of Neurosurgery at Hospital Universitario de la
Ribera (Alzira, Spain) between December 2012 and January
2014.

All patients received an oral dose of 20mgr/Kg of body
weight of 5-ALA5-6 hours prior to the surgical procedure and
were submitted to the standard protocols for low exposure
to sunlight or artificial light. In all cases, clinical data
were collected from electronic and paper medical records,
including the suspected clinical diagnosis, the definitive
histopathological diagnosis, and any systemic or neurological
morbidity (progression of neurological deficit).

2.1. Preoperative Procedures. A brain 1.5-T MRI was per-
formed as conventional preoperative study of the lesion in
all cases. For those patients harboring tumors in proximity
to eloquent areas (specially primary motor and sensory
cortices, and primary language areas), a functional MRI
was also performed. A Contrast T1-weighted MRI sequence
in combination with a StealthStation Surgical Navigation
System (Medtronic, Inc.,Minneapolis,MI,USA)was used for
preoperative planning and intraoperative neuronavigation of
tumor resection or frameless stereotactic biopsy. All lesions
were topographically classified according to Shinoda et al.
[15]. Neurophysiologic monitoring by transcranial or cortical
stimulation for motor-evoked potentials was performed in
tumor resection cases in which the tumor was close to
primary motor areas, and when necessary, the central groove
was located by median nerve somatosensory-evoked poten-
tials.

2.2. Surgical Procedure. When tumor resection was the goal,
the routine procedure consisted of a tailored craniotomy
according to the location of the lesion, followedwithmaximal
tumor resection by using neuronavigation, 5-ALA fluores-
cence, and the appropriate fluorescence filter mounted in
an exoscopy system. In those areas, where the tumor tissue
looked red or pink under fluorescence, resection was carried
out by alternating white and blue light in the exoscope. In

 

Figure 1: View of high-definition exoscope-assisted system in
neuronavigation-guided biopsy.

patients with tumors close to eloquent areas, the resection
stopped according to anatomical and neuronavigation limits,
together with changes in neurophysiological monitoring
indicating that an eloquent area could be compromised, even
though remaining of some fluorescence tumor tissue was
encountered. But in those with tumors not related to a par-
ticular eloquent area, the resection stopped when 5-ALA flu-
orescence was not visible, in conjunction to neuronavigation
guidance of tumor limits. During surgery, several samples
exhibiting different fluorescence intensities were obtained for
tissue analysis. Fluorescence intensitywas subjectively graded
during surgery by both the surgeon and the assistant using
a scale from 1 to 5 (5 being the highest intensity). In order
to assess the extent of the resection, postoperative control
MRI was performed in all craniotomy cases within the first 72
hours after surgery. Complete resection was considered when
no enhancement was seen at the tumor cavity on T1-weighted
imaging.

In frameless stereotactic biopsy cases we used theNavigus
System (Medtronic), in combination with 5-ALA fluores-
cence and the exoscopy system. The biopsy was performed
under general anesthesia and with the head fixed with the
three-point Mayfield device. Automatic burr-hole insertion
of 11mm diameter was performed in the selected entry area,
and, after assembling the biopsy system, a referenced needle
of 1.2mm diameter was introduced to reach the target. From
5 to 7 tumor samples of 1 to 2mm size were obtained from
each of the patients; the presence or absence of fluorescence
was observed, and the samples were sent to histopathological
examination.

2.3. ExoscopeDescription. For fluorescence detection, a high-
definition exoscope system (HD-Xoscope, HDXO-SCOPE,
Karl Storz Endoscopy, Tuttlingen, Germany) was used,
including a specially developed autoclavable rigid lens tele-
scope and a fiber optic light source channel (Figure 1). This
system implements a 5-ALA filter blocking the excitation
light while the fluorescence signal from the 5-ALA (380–
450 nm) could pass through, along with normal white light.
Upon excitation with blue light (lambda = 400–410 nm),
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Figure 2: Glioblastomamultiforme surgical view. (a) Tumor and infiltration area without fluorescence. (b) Tumor and infiltration area under
5-ALA fluorescence.

protoporphyrin IX, the 5-ALA metabolite accumulated in
tumor cells, is strongly fluorescent (peak kappa= 635 nm) and
can be viewed in a specifically prepared neurosurgical optical
system. Fluorescence emission may be classified as intense
(solid) red fluorescence, corresponding to tumor tissue, or
appear blue in the case of normal tissue not accumulating
protoporphyrin IX, which reflects blue-violet light. The tele-
scope is held in position by a pneumatic endoscope holder
and the system is complemented with a 3-chip sterilizable
high-definition digital camera, with optical zoom and focus
features, and a video display with a medical grade 23” high-
definition video monitor.

3. Results

The age of patients who underwent craniotomy (Table 1) was
between 21 and 78 years with a mean age of 52 years. Eleven
patients were women and 19 were men. The age range in
patients who underwent biopsy (Table 2) was between 44 and
76 years with a mean age of 62.6 years. Four of these patients
were men and 4 women.

In the craniotomy group, MRI evaluation indicated that
total resectionwas achieved in 23 cases and subtotal resection
in 7 patients. Progression of hemiparesis was observed in
three patients after surgery, with subsequent partial recovery
in two of them and transient dysphasia in one patient.
Perioperative mortality occurred in a 79-year-old patient due
to liver failure. In the biopsy group, no complications were
seen. Minor adverse events related to the administration of
5-ALA were observed: a slight increase in serum GGT in one
case and thrombocytopenia in two cases.However, no serious
complications were registered in any of the groups.

Histopathological results in the craniotomy group
reported three patients with metastases and 27 with high-
grade gliomas: 23 with glioblastoma multiforme and two
with oligodendroglioma and anaplastic astrocytoma in the
remaining two of them. The mean fluorescence intensity,
according to the subjective assessment of the surgeon
and the assistant on a 1–5 scale, was 3.9 in the GBM
group (IQR = 3.5–4.5), 3 (IQR = 2.5–3.5) in the cases
of anaplastic astrocytoma, and 4 (IQR = 3.5–4.5) for the
oligodendrogliomas. Of the three metastases, one showed a
level 4 of fluorescence. On the other hand, histopathological

results in the biopsy group revealedGlioblastomaMultiforme
in 6 cases, one case with a central nervous system lymphoma
and another one with an anaplastic astrocytoma. In this
group, 5 to 7 samples were taken from each patient, with
clear variations in the fluorescence intensity in relation to
the tissue area obtained (either tumor cells or necrosis or
peritumoral area). The intraoperative biopsy showed no
fluorescence at all in the patient with central nervous system
lymphoma.

When analyzing the tissue samples of both groups
the most fluorescent areas observed intraoperatively corre-
sponded to tumor, according to the histological results.Thus,
when positive fluorescence was observed at the surgical site
or in the frameless biopsy sample, the existence of tumor
was confirmed in all cases (100%). The first 14 surgeries were
performed without the 5-ALA filter blocked to the exoscope.
In five of the craniotomy rest cases and in three biopsy
cases, operated with the 5-ALA blocked filter, the histological
findings of presence or absence of tumor with the presence
or absence of fluorescence (red or blue) is correlated. Tumor
tissue or infiltration areaswere easily identified by their bright
red or pink color, while nontumor area reflected the blue
light. In those patients where no fluorescence was observed
(blue), the absence of tumor was confirmed in 62% of them (5
patients); necrosis was observed in other two, and only in one
(12%) was the existence of brain tissue with a small infiltrative
tumor area revealed. Although the sample is very small, this
would result in a sensitivity of 73% and a specificity of 100%,
or, what is the same, in a negative predictive value of only 63%
but a positive predictive value of 100%.

4. Discussion

Various authors have described that fluorescence-guided
tumor resection increases the rate of complete excision of
high-grade gliomas, without significantly increasing mor-
bidity [4, 12, 16–22]. 5-ALA fluorescence allows for tumor
“visualization” in real-time during surgery, including diffuse
infiltration areas in which tumor cells are mixed with normal
parenchyma, so the malignant tissue can be easily identified
[23, 24] (Figures 2(a) and 2(b)). The study performed by
Stummer et al. [13] validated the use of 5-ALA fluores-
cence to guide the resection of high-grade gliomas using
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Table 1: Clinical characteristics of tumor resection cases.

Case Age HPD ALA I L Lobe Resection grade PND Systemic CPL
1 40 AA 4 B-1-1 Left frontal Subtotal No PTE
2 50 GBM 4 B-0-1 Left frontal Total No No
3 61 GBM 5 A-0-0 Right parietotemporal Total No TCP
4 43 GBM 4 A-0-0 Right temporal Total No No
5 59 GBM 5 B-1-1 Left frontal Subtotal No No
6 79 GBM 2 A-1-0 Right temporal Total No TCP
7 28 OLG GIII 1 A-1-0 Right frontal Total No No
8 45 OLG GIII 3 A-1-0 Right frontal Total No No
9 50 AA 2 B-1-1 Left temporal Subtotal No No
10 66 GBM 2 A-0-0 Right temporal Total No No
11 44 GBM 4 B-1-1 Left temporal Total No No
12 55 GBM 4 B-1-1 Left temporal Subtotal No GGT
13 56 GBM 5 A-1-0 Right parietotemporal Total No PTE
14 76 MET 5 B-1-1 Left temporal Total No No
15 63 GBM 1 A-0-0 Right parietal Total No PTE
16 68 MET 5 B-1-1 Left frontal Total HEM P No
17 20 GBM 4 A-0-1 Left parietooccipital Total No No
18 49 GBM 5 A-1-0 Right frontotemporal Subtotal HEM P No
19 58 MET 4 A-1-0 Right frontal Total HEM P No
20 66 GBM 1 A-1-0 Right temporal Total No No
21 72 GBM 5 A-0-1 Right occipital Subtotal No No
22 66 GBM 4 A-0-0 Right parietal Total No No
23 64 GBM 4 A-0-0 Right parietal Total No No
24 57 GBM 5 A-0-0 Right parietal Subtotal No No
25 21 GBM 4 A-0-1 Left parietooccipital Total No No
26 70 GBM 4 A-1-0 Right temporal Total No No
27 23 GBM 5 B-1-1 Left frontal Total No No
28 44 GBM 5 B-1-1 Left parietal Total No No
29 34 GBM 4 A-1-0 Right frontal Total No No
30 59 GBM 4 A-1-0 Right parietotemporal Total No No
HPD: histopathological diagnosis; AA: anaplastic astrocytoma; GBM: glioblastoma multiforme; OLG: oligodendroglioma; G: grade, MET: metastasis; L:
tumor location (Shinoda); location-size-eloquence of adjacent parenchyma; PND: postoperative neurological deficit; HEM P: hemiparesis progression; CPL:
complications; PTE: pulmonary thromboembolism; TCP: thrombocytopenia; GGT: gamma glutamyl transferase.

a microscope, describing complete resection in 65% of
patients treated with 5-ALA compared to 36% without 5-
ALA, with a 6-month disease-free survival rate and common
adverse effects between both groups.

In our study, of the 27 high-grade gliomas (23GBM
and 4 anaplastic gliomas) in the craniotomy group, total
resectionwas accomplished in 79.3%of the cases, with clinical
morbidity in three patients, these results being very similar to
those observed in larger series.

Analogous to the microscope, our high-definition exo-
scope has been adapted to detect 5-ALA-induced fluores-
cence. The filter combination/specification is exactly the
same as the one found in surgical microscopes from other
manufacturers, sharing similar image properties. The exo-
scope obtains high quality images with a wide field and a
target distance of 200mm. This wide range allows it to be
set far from the surgical field, and the instruments can be
used with fluoroscopy, which is impossible with traditional
neuroendoscopes.The exoscope is also helpful for visualizing

deeply located lesions. On the other hand the exoscope is less
heavy and expensive when compared with a microscope. It
also allows both the surgeon and the assistant to adopt an
ergonomic position, making it possible to perform surgery
with “four hands,” or to switch continuously from a micro-
scopic to a macroscopic view during microsurgery, while the
whole team has access to the same images [25]. Furthermore,
allocating a microscope to detect fluorescence in the samples
of guided biopsy involves using a disproportionate remedy
and prevents using it at the same time in other open surgical
procedure where it is most needed.

In frameless stereotactic biopsy, despite the high accuracy
of neuronavigation systems in relation to the target point
chosen, the samples obtained are not always useful for patho-
logical diagnosis. Biopsies can be nondiagnostic in 2–15%
of cases. Several causes for this result have been described,
such as small lesion size, deep location, presence of necrosis,
poorly differentiated tumors, lack of contrast enhancement,
and deep tumor location [9]. This means that in many
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Table 2: Clinical characteristics of tumor biopsy cases.

Case Age HPD ALA I L Lobe PND Systemic CPL
1 76 GBM 3 C-0-0 Basal ganglia No No
2 44 GBM 4 C-1-0 Corpus callosum No No
3 70 GBM 4 B-0-1 Left temporal No No
4 60 GBM 5 B-0-1 Left temporal No No
5 50 GBM 4 A-1-1 Right frontoparietal No No
6 62 LINFOMA 1 C-1-1 Bilateral hemispheric No No
7 70 GBM 4 B-0-1 Left frontal rolandic area No No
8 69 GBM 3 A-0-1 Right parietofrontal No No
HPD: histopathological diagnosis; GBM: glioblastoma multiforme; L: tumor location (Shinoda); location-size-eloquence of adjacent parenchyma; PND:
postoperative neurological deficit; CPL: complications.

centers biopsies should be examined intraoperatively by the
pathologist, verifying that the sample contains tumor areas,
with a consequent increase in operative time and the need
for the presence of staff who can examine them. However,
Shooman et al. [5] question the utility of intraoperative
neuropathological assessment. They observe that intraoper-
ative neuropathology rarely influences the procedures that
are being performed. Furthermore, false-positive results left
open the possibility that biopsy might be ceased prematurely
despite an ultimately negative sample. In addition, a false-
negative result may necessitate continuation of an ultimately
fruitless procedure despite the acquisition of ample material.
Since 5-ALA is a safe medication (there are few reported
adverse reactions) and easy to administer, and as a result
of the experience obtained from fluorescence-guided tumor
resection, we think that its use would increase the diagnostic
yield of brain biopsies. Panciani et al. [26] assessed the
reliability of a multimodal strategy based on 5-ALA and
neuronavigation and the combined approach represented the
best sensitivity to tumor tissue. In the present series, all
the fluorescent samples obtained within the tumor bound-
aries, and according to the neuronavigation, were positive
for high-grade glioma in the pathological examination. 5-
ALA-induced fluorescence showed high sensitivity for the
assessment of malignant glioma and, interestingly, in cases
of confirmed metastasis a high intraoperative fluorescence
level was appreciated in the samples, even though they usually
exhibit an inhomogeneous fluorescence pattern, as reported
by other authors [27]. Inflammatory cells and reactive astro-
cytes in the peritumoral area may appear fluorescent. In
contrast, necrotic areas can appear negative despite being
intratumoral. Despite our limited series of patients, during
biopsy procedures in high-grade gliomas, when relying on
neuronavigation accuracy for identification of the tumor
target, combined with positive fluorescence in the samples
collected, the possibility that they would not be adequate for
histopathological examination is minimal (Figures 3 and 4).

5. Conclusion

The high-definition exoscope system, modified to detect 5-
ALA-induced fluorescence, is useful both for guided surgery
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Figure 3: Coronal T1-weightedMR imagewith gadolinium showing
a partially enhancing lesion.

 

Figure 4: Sample obtained from tumor area in a neuronavigation-
guided biopsy.

of suspected high-grade gliomas and frameless MRI stereo-
tactic biopsies, acting as a valuable tool to achieve more
radical resections in brain tumor surgeries and decreasing the
chances of negative biopsies. Further advantages, compared
to other systems, include a lower cost and simple and man-
ageable mobilization and transportation, as well as allowing
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the surgeon to perform his act in a more ergonomic position
and lessening the surgeon’s fatigue.
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Glioblastoma (GBM) stem cells (GSCs), responsible for tumor growth, recurrence, and resistance to therapies, are considered the
real therapeutic target, if they had no molecular mechanisms of resistance, in comparison with the mass of more differentiated
cells which are insensitive to therapies just because of being differentiated and nonproliferating. GSCs occur in tumor niches where
both stemness status and angiogenesis are conditioned by the microenvironment. In both perivascular and perinecrotic niches,
hypoxia plays a fundamental role. Fifteen glioblastomas have been studied by immunohistochemistry and immunofluorescence for
stemness and differentiation antigens. It has been found that circumscribed necroses develop inside hyperproliferating areas that
are characterized by high expression of stemness antigens. Necrosis developed inside them because of the imbalance between the
proliferation of tumor cells and endothelial cells; it reduces the number of GSCs to a thin ring around the former hyperproliferating
area.The perinecrotic GSCs are nothing else that the survivors remnants of those populating hyperproliferating areas. In the tumor,
GSCs coincide with malignant areas so that the need to detect where they are located is not so urgent.

1. Introduction

Glioblastoma (GBM) stem cells (GSCs), responsible for
tumor growth, recurrence, and resistance to therapies, are
considered the real therapeutic target in comparison with
the mass of insensitive and differentiated tumor cells [1]. To
know where they are located in the tumor and to detect
them in vivo could be an important therapeutic achieve-
ment. Independently of their origin, by transformation from
normal neural stem cells (NSCs) [2] or from progenitors
[3] or from dedifferentiation of mature glia cells with the
acquisition of stemness properties [4, 5], they occur in
niches, corresponding to the niche of normal NSCs in the
subventricular zone (SVZ) where the NSCs and progenitors
are in close contact with the vasculature [6, 7].They show self-
renewing, proliferation, differentiation capacity, and high
motility and express stemness antigens and an immature
genetic signature [8].Their stemness status and their relation-
ship with angiogenesis are under specific molecular signaling
[9].

GSCs occur in perivascular or perinecrotic niches,
express stemness antigens, and show the same genetic
alterations of primary tumors. Perivascular niches go from
simple forms represented by endothelial cells associated with
Nestin+ and CD133+ cells, which condition angiogenesis
and tumor growth [10], to more complicated niches that
include astrocytes, fibroblasts, macrophages, pericytes, non-
stem tumor cells, and microglia [9] with a complicated cross-
talk [11]. Perinecrotic niches have been described around
circumscribed necroses where a central role is played by
hypoxia and hypoxia-inducible factors 1/2 (HIF-1/2) [11] and
an intrinsic and extrinsic regulation occurs [9, 11].

CD133 [12] or specific stemness proteins [13] have been
used to recognize perivascular, dispersed, or perinecrotic
GSCs [14].The association of GSCs with endothelial cells and
hypoxia by HIF-1/2 maintains cell stemness and favors inva-
sion and angiogenesis.

Nestin is not a specific marker of stemness; however,
from a neuropathological point of view, as deduced from
its distribution complementary to that of GFAP in gliomas
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Table 1: List of primary antibodies used.

Antibody Source Dilution Code Company
Ki-67/MIB.1 Mouse 1 : 100 M7240 Dako
GFAP Mouse 1 : 200 M0761 Dako
Nestin Mouse 1 : 200 MAB5326 Millipore
SOX2 Mouse 1 : 100 MAB2018 R&D Systems
REST Rabbit 1 : 150 IHC-00141 Bethyl Laboratories
HIF-1 Mouse 1 : 100 NB100-105 Novus Biological
CD34 Mouse Prediluted 790-2927 Ventana
𝛼-Sm-actin Mouse Prediluted 760-2833 Ventana
GFAP∗ Rabbit 1 : 200 Z0334 Dako
Nestin∗ Rabbit 1 : 200 AB5922 Millipore
CD133/1 (AC133)∗ Mouse 1 : 20 130-090-422 Miltenyi Biotec
Musashi.1∗ Rabbit 1 : 200 AB5977 Millipore
∗Tested by IF.

[15], it marks immature glia cells, including GSCs [16].
The problem is how far the concepts elaborated on niches
can find corresponding aspects in human neuropathology,
knowing that sometimes observations made in experimental
conditions or in animal models are not confirmed [17]. In
the present study, we wanted to verify in a series of human
GBMs whether alternative interpretations exist to perine-
crotic niches.

2. Materials and Methods

The study was performed on 15GBMs operated at the
Neurosurgical Unit of CTOHospital, Turin. Surgical samples
were split in two fragments. One was formalin fixed, paraffin
embedded, and cut in 5 𝜇m thick sections that were stained
with haematoxylin and eosin (H&E) and by immunohisto-
chemistry (IHC).

IHC was performed with the primary antibodies listed in
Table 1 on a Ventana Full BenchMark automatic immunos-
tainer (Ventana Medical Systems, Tucson, AZ, USA). Heat-
induced epitope retrieval (HIER) was performed in Tris-
EDTA, pH 8 (Ventana) and the ultraView Universal DAB
Detection Kit (Ventana) was used as detection system.

The second fragment of the sample was frozen and 7 𝜇m
thick cryostat sections were cut, fixed with paraformalde-
hyde, and used for immunofluorescence (IF). Primary anti-
bodies used are listed in Table 1; secondary antibodies were
goat anti-rabbit fluorescein isothiocyanate (FITC-) con-
jugated IgG and rabbit anti-mouse tetramethylrhodamine
isothiocyanate (TRITC-) conjugated IgG antibodies (Dako,
Carpinteria, CA, USA). Negative controls were obtained by
omitting the primary antibody. Observations were carried
out on aZeissAxioskopFluorescenceMicroscope (Karl Zeiss,
Oberkochen, Germany) equipped with an AxioCam5MR5c
and coupled to an imaging system (AxioVision Release 4.5,
Zeiss).

Apoptosis was revealed by in situ terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end
labelling (TUNEL) assay, using the in situ cell death detection

kit, Fluorescein (Roche, Diagnostic Corporation Indianapo-
lis, IN, USA) according to the manufacturer’s protocols.

Cell density was evaluated as the mean number of cells
counted in 5 microscopic fields, 1000x.

The labelling index (LI) of Ki-67/MIB.1 was calculated as
the mean percentage of positive nuclei in comparison with
the total number of nuclei in 5 microscopic fields, 1000x.

3. Results

In proliferating areas with very high cell density and Ki-
67/MIB.1 labelling LI, hyperchromatic nuclei, and scanty
cytoplasm, it was common to find Nestin+ cells around
capillaries or larger vessels, prevailing on GFAP+ cells (Fig-
ures 1(a)–1(c)). In perivascular cell cuffings, Nestin still
prevailed upon GFAP in the inner cell layer (Figures 1(d)
and 1(e)). Hypercellular areas around circumscribed necroses
(Figure 2(b)) showed a high Ki-67/MIB.1 LI (Figure 2(e)) and
expressed much more Nestin than GFAP (Figures 1(f)–1(i)).
These areas were frequently devoid of CD34+ small vessels or
capillaries (Figure 2(a)). Circumscribed necroses developed
in hyperproliferating areas and showed a necrotic centre
with TUNEL-positive nuclear fragments and an internal
slope with TUNEL-positive apoptotic nuclei. The palisades,
crowded with Nestin+ cells and mitoses, flew into areas with
lower cell density where GFAP+ cells progressively prevailed
upon Nestin+ cells.

The hyperproliferating areas and the palisades strongly
expressed SOX2 and REST (Figures 2(c) and 2(d)). HIF-
1+ nuclei were mainly found in the palisade bordering
the necrosis, but also scattered in the tissue (Figure 2(f)).
Microvascular proliferations (MVP) could be variably sur-
rounded by various cell types such as tumor cells, fibroblasts,
macrophages, reactive astrocytes, and mainly alpha smooth
muscle actin (𝛼-sm-actin-) positive pericytes. By IF, the
respective distribution of GFAP+ and Nestin+ cells was
clearly evident (Figures 3(a)–3(c)). CD133+ and Musashi.1+
cells were found in small groups or scattered in the hyper-
proliferating areas and in the palisades (Figures 3(d)–3(f)).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 1: (a) Infiltration area with many positive cells on vessels of different size, Nestin, DAB, 200x. (b) Transition area: medium size vessels
with no cell around, GFAP, DAB, 100x. (c) Same area withmany positive cells around vessels, Nestin, DAB, 100x. (d) Proliferation area: cuffing
of tumor cells around vessels; GFAP+ cells are in an external position, DAB, 200x. (e) Id Nestin+ cells prevail and are located in the inner
layer of the cuffing, DAB, 200x. (f) Hyperproliferating area with a circumscribed necrosis: most cells do not express GFAP, DAB, 100x. (g)
The same area: the cells strongly express Nestin, DAB, 100x. (h) Id for GFAP, DAB, 400x, and (i) Nestin, DAB, 400x.

4. Discussion

The close contact between Nestin+ cells and capillaries [10]
and the perivascular position of tumor stem cells recogniz-
able by CD133 positivity or expression of specific stem cell
antigens [13] correspond, from the neuropathological point
of view, to the distribution of Nestin in gliomas that is less
extensive than that of GFAP, but it includes more immature
tumor cells, stem cells, and progenitors [15]. As a matter
of fact, in the cytogenesis, Nestin is the first antigen to be
expressed and it persists in the following stages, for example,
in radial glia which is the only glia expressing the three
antigens Nestin, Vimentin, and GFAP at the same time. In
the course of differentiation, GFAP expression progressively
increases as that of Nestin decreases [15]. The perivascular
position of stem cells observed by Nestin, CD133, or other
stemness antigens corresponds to that of Nestin+ cells which,
if not a specific marker of stem cells, marks immature cells

[15]. Nestin is strongly expressed in hyperproliferating areas,
where oftenGFAP is lacking, demonstrating that they contain
more immature cells, that is, stem cells or progenitors, and
this corresponds towhat has been shownwithCD133 or other
stemness antigens [12, 13].

In the association of GSCs/progenitors with endothelial
cells in perivascular positions, the latter maintain the stem-
ness of the former and, on the other side, the former favor
angiogenesis. This reciprocity is easily comprehensible when
there is a direct contact betweenNestin+ cells and endothelial
cells, as it happens in capillaries or small vessels; it is more
difficult when Nestin+ cells crowd around vessels with a
thicker wall. Anyway, the association has been considered as
instrumental to tumor diffusion and expansion, which are
realized through the epithelial-mesenchymal transition [18].

The perivascular stem cell niche consists of distinct
cell types and matrices that regulate proliferation, fate
specification, and protection of normal neural stem cells
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(a) (b) (c)

(d) (e) (f)

Figure 2: (a) Hyperproliferating area with a circumscribed necrosis devoid of vessels, CD34, DAB, 100x. (b) Circumscribed necrosis in a
hypercellular area, H&E, 100x. (c) Hyperproliferating area strongly positive for SOX2, DAB, 100x. (d) Id for REST, DAB, 100x. (e) Id in a
hyperproliferating area with high Ki-67/MIB.1 LI, DAB, 100x. (f) HIF-1-positive cells near a circumscribed necrosis, DAB, 200x.

(a) (b) (c)

(d) (e) (f)

Figure 3: (a) Hyperproliferating area with few cells expressing GFAP, IF, 200x. (b) Id with many cells expressing Nestin, 200x. (c) Merge.
(d) Hyperproliferating areas with omission of CD133 antibody, 400x. (e) Hyperproliferating area with CD133 antibody. (f) Id with Musashi.1,
400x.
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(NSCs). The intimate association between normal NSCs
and endothelial cells has been reported to regulate self-
renewal and differentiation of normal NSCs. There would
be a bidirectional communication between endothelial cells
and tumor initiating cells (TICs) [19]. The composition of
perivascular niche (PVN) has been carefully described, with
also the inclusion of extra-cellular matrix, integrins, cell
adhesion signaling, cadherin family, and so forth [20]. In
GBMs, strong evidence for the existence of the epithelial-
to-mesenchymal transition (EMT) process is still lacking,
but this process is increasingly reported as instrumental to
growth and diffusion of the tumor [21, 22]. EMT is a process
letting differentiated epithelial cells establish stable contacts
with neighbor cells, assume a mesenchymal cell phenotype
with loss of cell-cell interactions, reduced cellular adhesion,
active production of ECM proteases, increased cytoskeletal
dynamics, and changes in transcription factor expression,
and assume the acquisition of a stem cell program; all of them
lead to increased migration and invasion ability.

The threemajor groups of transcription factors, the SNAI,
TWIST, and Zinc-finger enhancer binding (ZEB) family
members have been reported to be altered in GBM. Their
overexpression follows the activation of WNT/𝛽-catenin
pathway and results in increased in vitro cell migration and
invasion [23, 24]. It is likely that the high expression of
mesenchymal genes in the mesenchymal subset of human
GBMs [25] can be considered to be reminiscent of the EMT
program [26] or that the aberrant activation of EMT factors
during gliomagenesis can trigger the mesenchymal shift in
GBM [27].

In the hyperproliferating zones of GBM there are areas
devoid of vessels. Neoangiogenesis in gliomas is realized
through a complex molecular mechanism focused on vascu-
lar endothelial growth factor (VEGF), angiopoietin-1 (Ang-
1), angiopoietin-2 (Ang-2), hypoxia, and so forth [28]; that
does not exclude the possibility that bone marrow-derived
endothelial progenitor cells [29, 30] or mesenchymal stem
cells [31] participate in the process. Angiogenesis starting
from the vessels of the host produces, on the one side, a
thick net of small neoformed vessels capable of nourishing
a large population of tumors cells and, on the other side,
multilayered bumpy vessels, usually derived from the pene-
tratingmeningeal vessels assailed by the invading tumor cells,
inadequate to feed themultitude of invading cells [32, 33]. On
the vessel walls, there is a crowding of pericytes, recruited by
PDGFR expressed by endothelial cells, but alsomacrophages,
fibroblasts, tumor or reactive astrocytes [11]. Pericytes are
critical for the structural stability of the vascular niche, for
survival of tumor endothelial cells [34], and, in general, for
the establishment of the neovascular tree [35].

Perinecrotic niches represent an even more complicated
matter. The perinecrotic GSCs are believed to be induced by
hypoxia; the hypothesis is that HIF-1/2 activates key stem cell
genes such as Nanog, Oct4, and c-Myc [35]. Circumscribed
necroses have been carefully described and codified [28,
36, 37] as due to an ischemic process following a vascular
occlusion or a pathology of the endothelium; the consequent
hypoxia would stimulate angiogenesis, through HIF-1 and
VEGF. According to our observations, another interpretation

can be given. Necroses develop in hyperproliferating areas,
with a high Ki-67/MIB.1 LI and a high Nestin expression
in comparison with GFAP, due to the focal insufficiency
of neoangiogenesis to feed a very large number of tumor
cells, because of the imbalance between the high tumor
cell proliferation capacity and the low one of endothelial
cells [32, 38, 39]. This observation does not exclude that
inside necroses regressive pathological vessels occur [37].The
palisades, as well as hypercellular areas, are composed of
Nestin+, SOX2+, and REST+ cells, which can be considered
as stemness markers [40, 41] with a high proliferation index,
and contain CD133+ cells, as already observed [12]. It is likely
that GSCs represent the quota of GSCs, that populated the
hyperproliferating areas, remained after necrosis develop-
ment. Similarly the palisades themselves are the remnants of
the part of hyperproliferating areas spared by necrosis. This
interpretation would not be in contrast with that of a vascular
pathology as the first step of necrosis [37].

The real origin of GSCs is still debated. They are sup-
posed to derive from the transformation of NSCs [42, 43],
from mature astrocytes through dedifferentiation [4, 5],
from precursor oligodendrocytes, or NG2 [44–47] or they
represent a simple functional status [48–50].The latter can be
regulated in themicroenvironment of the niches, considering
the entire hyperproliferating area as a niche. The stem-
like status could be reached by the most malignant cells,
that is, dedifferentiated tumor cells, which acquire stemness
properties. On the other hand, GSCs have been considered
at the top of a hierarchy of tumor cells as for phenotypic
and genotypic stemness expression [51, 52] corresponding to
stemness hierarchy [50] which is at its maximum height in
themostmalignant phenotype of the tumor. Our observation
that the capacity to generate neurospheres in culture varies
according to the site of the sample [50], in agreement [53, 54]
or in contrast [55] with other observations, is in line with the
present results.

No possibility has been found till now to detect GSCs
in vivo by MRI techniques. With 5-ALA, it was shown that
TICs from the fluorescent mass are different from those of
nonfluorescent margins which are tumorigenic in vivo but
not self-renewing in vitro [54]. On the other hand, the results
of this work demonstrate that the detection of GSCs in vivo is
not so urgent, because they probably correspondmore or less
to the most malignant areas of GBM. This does not exclude
that their annihilation by pharmacological means continues
to be a therapeutic target.

5. Conclusions

Therapies directed to the elimination of GSCs in glioblas-
toma remain fundamental. They would require the in vivo
detection of GSCs. GSCs, as expression of a functional status,
roughly correspond to the most malignant tumor phenotype.
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