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Abstract: Glioblastoma, IDH wild-type WHO Grade IV, is a devastating diagnosis in
pediatric and adult populations with a poor prognosis and median overall survival of less
than two years. Despite the advent of the Stupp protocol and advances in neurosurgical
tumor resection techniques, there has been minimal change to both the quantity and
quality of life in individuals diagnosed. Provided the extensive research on survivin’s
association with glioblastoma tumor microenvironment, this review suggests that priming
the individual’s immune systems to the tumor-promoting protein may reduce tumor
burden through multiple mechanisms, including the arrest of the G2/M phase, microtubule
dysfunction, induction of autophagy, and ultimately activation of apoptosis in glioblastoma
cells. SurVaxM, a multiple peptide, survivin-specific vaccine, may assist in tumor cell
destruction by eliciting the production of cytotoxic T-cells specific to survivin-expression
glioblastoma tumors. Although phase I and II clinical trials suggest relatively safe adverse
effects and potential efficacy, additional research is necessary to evaluate further how this
vaccine may compare to standard treatment.

Keywords: SurVaxM; surviving; Baculoviral IAP repeat containing 5 (BIRC5); glioblastoma
(GBM)

1. Introduction
1.1. Overview of GBM and Current Treatment Modalities

Grade IV astrocytoma, historically referenced as glioblastoma multiforme (GBM),
is the most common adult primary central nervous system malignancy, with a median
overall survival reported between 10 and 16 months [1–4]. As of 2021, the WHO clas-
sification of tumors of the central nervous system has delineated glioblastoma through
isocitrate dehydrogenase (IDH) expression, with IDH wild-type high-grade gliomas be-
ing glioblastomas and IDH-mutant high-grade gliomas being grade IV astrocytoma or
oligodendrogliomas [1,5]. These devastating tumors are often discovered in middle-aged
to older individuals through imaging studies (e.g., MRI), illustrating a supratentorial
lesion typically located in the frontal or temporal lobes [6,7]. Individuals suspected to
have GBM will undergo maximal safe tumor resection and subsequent molecular and
histopathological tumor characterization to optimize treatment. Shortly after surgical
resection, temozolomide and radiotherapy are incorporated into the patient management
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strategy to augment tumor growth and prolong survival. This trio of surgical management,
chemotherapeutics, and radiation, termed the Stupp regimen, has been the gold standard
of GBM treatment for decades, notably improving median overall survival from 10.7 to
15.3 months [8]. Proper optimization of patient treatment modalities warrants a thorough
investigation of the tumor molecular environment. The status of IDH activity alone can
drastically affect prognostication in GBM-bearing patients [9,10]. The complex molecular
interplay in the glioblastoma microenvironment is crucial to understanding the diagnostic
process and how tumor genotype can influence patient management.

Prior to recent updates on the classification of central nervous system tumors, glioblas-
toma was separated into two categories based on having an IDH mutation or expressing
the wild-type gene. In 2021, the World Health Organization solely defined glioblastoma
as an IDH wild-type WHO grade IV astrocytoma, while the IDH-mutant counterpart is
designated as a WHO Grade IV astrocytoma or oligodendroglioma [5]. Isocitrate dehydro-
genase is a metabolic enzyme found in glioma and non-nervous system tumors that has five
isotypes, with IDH-1 and IDH-2 comprising most mutations in glioblastoma [11]. This citric
cycle enzyme primarily mediates the conversion of isocitrate to alpha-ketoglutarate, utiliz-
ing NADP+ as a cofactor. Mutations to IDH are believed to disrupt the glioblastoma tumor
environment by reducing the antioxidative effects of NADPH and disrupting gene expres-
sion. Diagnostic testing for the IDH-1/2 mutations often utilizes a combination of DNA
sequencing and immunohistochemistry to detect the R132H missense mutation [12,13].
Although the use of DNA sequencing and immunohistochemistry is quite sensitive and
specific in detecting the IDH1-R132H mutation, both techniques can take several weeks to
receive results. In an effort to improve efficiency, researchers have utilized RT-PCR and
CRISPR technology to improve diagnostic turnaround time while providing potentially
superior sensitivity and specificity for detecting the mutation [14].

While IDH status is crucial in determining prognosis and proper diagnosis, O6-
methylguanine-DNA-methyltransferase (MGMT) methylation status distinctively aids
in predicting the response to temozolomide and radiation therapy. MGMT is an enzyme
whose gene resides on chromosome 10, coding for a protein that primarily functions as
a DNA-repair enzyme at the O6 residue of guanine [15]. The methylation status of the
enzyme, corresponding to attenuated activity, determines the inability of GBM tumor cells
to repair cytotoxic alkylation by temozolomide, ultimately yielding GBM cell death [16]. In-
dividuals diagnosed with GBM that are IDH-WT- and MGMT-methylated, therefore, have a
significantly better prognosis due to increased sensitivity to temozolomide and subsequent
radiotherapy [17]. The CeTeG/NOA-09 phase III clinical trial noted that individuals with
MGMT-methylated GBM tumors may respond significantly better to a combination of temo-
zolomide and lomustine compared to the use of temozolomide alone [18]. Patients having
MGMT-unmethylated tumors are more resistant to the effects of temozolomide. Nonethe-
less, results of the EORTC-NCIC phase III trial observe enhanced survival in patients with
both methylated and unmethylated MGMT promoters but do not show a significant change
in progression-free survival amongst the unmethylated MGMT promoter patients [19].
Treatment with additional chemotherapeutic agents, as suggested by the GLARIUS trial,
may be beneficial in improving 6-month progression-free survival, although a significant
difference in overall survival is not observed [20]. Due to poor response from temozolomide
and radiotherapy in GBM-unmethylated patients, this population is suggested to pursue
clinical trial therapy.

In addition to testing for IDH and MGMT-methylation status, other molecular markers
should be tested to rule out the possibility of alternative glioma diagnoses. For IDH-WT
WHO Grade IV astrocytoma (i.e., glioblastoma), histopathological detection of microvas-
cular proliferation or necrosis is sufficient to diagnose [21]. In instances where these
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histological features are absent, further molecular analysis for a positive H3 G34 mutation
or H3 K27 alteration will yield a respective diagnosis of diffuse hemispheric glioma WHO
Grade IV or diffuse midline glioma WHO Grade IV, respectively. IDH-mutant gliomas,
no longer classified as GBM, are often tested for 1p/19q codeletion, ATRX, TP53, and
CDKN2A/B [22–25]. The presence of diagnostic markers, such as 1p/19q codeletion or the
loss of expression of ATRX and TP53 tumor suppressors, aids in defining the diagnoses
of oligodendroglioma or IDH-mutant astrocytoma, respectively. Nevertheless, despite
researchers’ progress in glioblastoma diagnosis and management, median overall sur-
vival over the decades has increased minimally, and the quality of life of individuals after
treatment is questionable at best [26,27]. Owing to the advances in understanding the
glioblastoma tumor microenvironment, inhibitor of apoptosis protein (IAP) survivin has
been proposed as an anticancer target for malignancies, including gliomas, for decades,
and appears to be a considerable adjunct to GBM therapy [28].

1.2. Overview of Inhibitor of Apoptosis Protein Survivin

Survivin, specifically termed Baculoviral IAP repeat containing 5 (BIRC5), is a member
of the inhibitor of apoptosis (IAP) proteins [28,29]. Identified in 1993, inhibitor of apoptosis
proteins have since been well studied and found to play a crucial role in cell cycle progres-
sion and apoptosis [30,31]. Survivin is a relatively small 16.5 kDa protein comprising both
a well-conserved N-terminal zinc-binding baculoviral IAP repeat (BIR) domain, assisting
in mediating protein-protein interactions, linked to an amphipathic C-terminal alpha he-
lix [31,32]. BIRC5 is believed to promote tumor cell replication, invasion, and metastasis
through cell cycle dysregulation and abrogating cellular death. As depicted in Figure 1,
survivin’s tumor-promoting mechanisms of cell cycle regulation and cellular dysfunction
are more specifically related to complex and poorly understood protein-microtubule in-
teractions that facilitate G2/M cell cycle transition, as well as inhibiting autophagy and
apoptotic processes. These tumor-promoting processes that facilitate GBM growth may
be downregulated by BIRC5 inhibitors such as YM155. BIRC5 is believed to attenuate
apoptosis by closely interacting with microtubules in the G2/M phase of the cell cycle [33].
In particular, microtubule-based organelles, centrosomes, showcase dysregulation with the
transfection of U251MG cells with survivin siRNA [34]. These microtubule-constructed
organelles are critical in interphase and mitosis as they maintain cellular polarity and
ensure proper chromosomal segregation [35]. In the setting of siRNA-mediated survivin
downregulation, glioblastoma cells express centrosomal dysfunction through centrosome
amplification and corresponding chromosomal instability [34]. Given its critical role in
the interphase process, the disruption of the survivin-microtubule interaction in the cell
cycle is associated with enhanced caspase-3 activity, corresponding with increased cell
death during mitosis. This microtubule interaction may be facilitated by protein-protein
interaction between survivin and Aurora B, a mitotic serine-threonine kinase that facilitates
chromosomal condensation, spindle kinetochore attachment, and mediates alignment and
segregation of sister chromatids during the transition of metaphase to anaphase [36,37].
These protein interactions throughout mitosis that facilitate the G2/M transition are ev-
idenced by studies in multiple malignancies, demonstrating the significance of survivin
overexpression in cell cycle maintenance and cellular replication [38,39].

The concept of oncolytic viral therapy began in 1912, with scientists beginning to
use rodent models in the mid-twentieth century to contribute to novel viral propagation
techniques in an attempt to produce tumor-destructive viruses [40]. Oncolytic viral therapy
is an immunotherapy that can target tumor cells and spare healthy cells through viruses
to destroy tumors expressing specific antigens and proteins [41]. SurVaxM works simi-
larly to oncolytic viral therapy and is a multiple peptide vaccine conjugate that targets
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survivin, particularly abundant in Grade IV gliomas, through the activation of cytotoxic
T-cells that mediate the destruction of GBM cells using direct cell-cell contact or cytokine
release [42–44].

Figure 1. Illustrates the radioresistant mechanisms of the inhibitor of apoptosis protein, survivin, in
the presence of radiation. Survivin primarily interferes with physiologic cell death and cell cycle
dysregulation. Radioresistance in the context of cell death is dependent on BIRC5 downregulating
apoptosis and autophagy. In contrast, cell cycle dysregulation results primarily from microtubule
disorganization, thereby interfering with the G2/M checkpoint and resulting in apoptotic inhibition.
BIRC5 inhibitor YM155 will reduce survivin production, thereby preventing cell death interference
and cell cycle dysregulation and allowing for regulated apoptosis and cell cycle progression.

2. Survivin Cellular Localization Impacts Overall Survival
Provided the presumed role of survivin in assisting Aurora B kinase and microtubule

organization in the G2/M transition, adequate cellular localization of the protein is critical
in adequately mediating these interactions. Multivariate analysis appreciates a positive
correlation between overall survival in glioblastoma patients and clinicopathological fac-
tors such as age, MGMT, survivin expression, and survivin localization [45]. Glioblastoma
patients with nuclear expression of survivin were found to have a significantly shorter
overall survival of 19.5 months in comparison to individuals with predominantly cytoplas-
mic expression (31.7 months). Other studies have identified that high-grade astrocytomas
and gliomas expressing both nuclear and cytoplasmic survivin exhibited a poorer survival
rate than individuals with tumors expressing only nuclear or cytoplasmic survivin [46].
Immunohistochemical analysis of fifty-one high-grade astrocytoma samples for cellular
localization of survivin revealed a significantly shorter overall survival in patients with
tissue samples testing positive for both cytoplasmic and nuclear expression than with
survivin expression of either location alone [47]. It is sensible that nuclear predominance
of survivin in glioblastoma tissues may be associated with poorer survival due to the
nucleus-specific roles the protein undertakes during its assistance in the G2/M phase. It
is as yet unclear why glioblastomas expressing both nuclear and cytoplasmic survivin
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have a poorer prognosis than individuals who have either a predominance of nuclear or
cytoplasmic survivin alone.

3. Survivin Overexpression and Immunosurveillance in Glioblastoma
Multiple nervous system tumors illustrate a strong expression of survivin [48]. An

aggregate of studies supports that survivin is particularly overexpressed in glioblastoma
cells [48–50]. Retrospective analysis of various human astrocytic tumors revealed 80.6% sur-
vivin expression in primary GBM tumors and 100% in secondary tumors [51]. Additional
studies show similar degrees of survivin expression in glioblastoma [52], with some depict-
ing up to ninety percent of glioblastoma samples expressing survivin [53,54]. In glioma,
higher-grade gliomas illustrate a higher survivin mRNA or protein expression than their
lower-grade counterparts [48,55,56]. As BIRC5 expression becomes more predominant in
higher-grade gliomas, there appears to be an opposing negative linear association with
survival in animal and human models. Analysis of 144 frozen glioblastoma samples found
that higher levels of mRNA expression in the tissues were inversely associated with lower
overall survival of the respective patients [57]. Glioblastoma patients with tumors display-
ing negative survivin histology appear to have a longer overall survival than those with
survivin overexpression [58]. Enhanced mortality in survivin-abundant tumors is likely
related to the anti-apoptotic properties of the protein, thereby facilitating the continued
replication of glioblastoma tumor cells. Although prognosis may favor patients with mini-
mal survivin expression in their tumor, proper immunorecognition is critical in mediating
survivin levels and regulating the tumor microenvironment. Adequate immunoregula-
tion and surveillance may offer survival benefits in individuals with survivin-expressing
glioblastoma. Immunohistochemical analysis of the peripheral blood of patients with
gliomas noted 30% of samples to have IFN-gamma responses [54]. Glioblastoma-bearing
patients who elicited T-cell responses and IFN-gamma to survivin peptide were also found
to have a longer overall survival.

4. Survivin Regulation Impacts Glioma Tumor Viability
4.1. Survivin and Radioresistance in GBM

Survivin is attributed to radiation resistance in various central nervous system malig-
nancies, including medulloblastoma and various forms of gliomas [59–61]. In the setting
of ionizing radiation, the downregulation of the inhibitor of apoptosis protein by siRNA
in T98 glioma cells yields significant cellular destruction, compared to a lack of apoptosis
evident with ionizing radiation and intact BIRC5 protein [60]. Post-ionizing radiation,
survivin inhibition by siRNA increased apoptosis and DNA strand breakage in high-grade
glioma cells, further supporting a radioresistant property of the protein [62]. Additional
methods of survivin attenuation in glioblastoma through the regulation of other molecular
targets have been identified to impact radioresistance in glioma tumor models [63]. The
expression of survivin has been found to correspondingly decrease with the use of MTOR
inhibitor rapamycin. Reduction of survivin through rapamycin and subsequent radiation
treatment yields a decrease in GBM cell viability, suggesting a radio-sensitizing effect of
the cells in the absence of BIRC5. Although the mechanism of survivin downregulation
by Rapamycin is unclear, direct survivin modulators have been identified with strong
evidence supporting the radiosensitizing effects of the agents when used alone or coupled
with standard treatment.
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4.2. Survivin Inhibitor YM155 Enhances Radiosensitivity in Glioblastoma

YM155 is a small imidazolium-based compound that was first discovered to abrogate
survivin promoter activity and induce apoptosis in hormone-resistant prostate cancer
cells [64]. Since this initial study, YM155 has been well studied in multiple malignancies
as an augmenter of BIRC5 [65–67], notably not displaying any significant inhibition of
other IAP proteins in the family. Although first discovered in the context of prostate can-
cer, YM155 has since been analyzed in the setting of glioblastoma cell lines M059K and
M059J, with an augmentation of cell growth reported at an IC50 of 30–35 nm [68,69]. In
radioresistant and radiosensitive GBM cell lines, M059K and M059J, respectively, the appli-
cation of survivin inhibitor YM155 yielded a 70% inhibition of cell viability, suggesting a
radiosensitizing effect of YM155 on the radioresistant cell line M059K. The use of YM155 in
other radiation-resistant GBM cell lines further displays concentration-dependent cytotoxic
effects, apoptotic induction, and abrogation of survivin with a 30 nM concentration of
the protein inhibitor [69]. Rapid cell division, a defining characteristic of glioblastoma
cells, intriguingly maintains its rapid-dividing stem cell-like phenotype in the presence of
irradiation [70], thus contributing to its radiation resistance and difficulty in clinical treat-
ment. Treatment of GBM cells with YM155 before irradiation corresponded with a blockage
of the tumor plasticity and dedifferentiation into a less severe phenotype. Provided the
role of survivin with microtubule organization, particularly in the G2/M phase, inhibition
of the protein by YM155 should produce a disorganization of microtubules within inter-
phase and mitosis. As depicted in Figure 2, attenuation of survivin by the BIRC5 inhibitor
is associated with destabilizing microtubules within the G2/M phase, thereby yielding
downstream activation of caspase-mediated apoptosis within GBM cells. Treatment of
U87 glioblastoma cells with the survivin inhibitor further results in a significant centro-
somal overduplication, suggesting a role of survivin in interfering with the microtubule
organization of centrosomes.

Figure 2. Depicts the blockage of the G2/M phase (depicted by the red X) by survivin with YM155 in-
hibition. Inhibition with the BIRC5 inhibitor (YM155) halts the G2/M phase bypass through survivin
inhibition, resulting in the destabilization of microtubules. Survivin inhibition may destabilize micro-
tubules through a hyperproliferating effect, corresponding to centrosome overduplication, or through
microtubule depolymerization, associated with a decrease in mitotic spindle formation. Centrosomal
overduplication and mitotic spindle depletion are associated with chromosomal abnormalities in
mitosis and subsequent cell cycle arrest, promoting the apoptosis of glioblastoma cells.
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Although not explicitly stated in the literature, it is feasible to suggest that the radiation-
resistant characteristics of survivin may be related to its anti-apoptotic properties in relation
to microtubule organization in interphase and mitosis; this is evident by the disorganization
of centrosomes under survivin inhibition and the corresponding decreases in cell viability
appreciated. The rapid cell-dividing quality of glioblastoma cells further lends to its
highly invasive nature; radio-resistant characteristics of survivin may indeed contribute
to these malignant characteristics. Radio-sensitizing effects of YM155 orthotopic GBM
xenografts have reduced cell viability and tissue invasion, corresponding with a reduction
in tumor growth and prolonged survival in the murine models [71]. These results are
further supported by survivin-depleted glioma cells that are noted to have a reduction in
cellular proliferation and metastatic properties with the use of YM155 [72].

4.3. Survivin Downregulation Impacts Radiosensitivity Through Inducing Apoptosis and
Regulating Interphase

Despite YM155 being one of the most well-studied survivin inhibitors for glioblas-
toma multiforme, inhibition of the IAP protein may also be approached through inducing
survivin mutations, siRNA interference, and additional pharmacotherapeutic agents, as
highlighted in Table 1. Missense mutations induced in survivin genes through amino acid
changes have been associated with both a downregulation of survivin and an attenuation of
cell growth, likely mediated by an induction of caspase-dependent apoptosis [73]. Indirect
regulation of survivin gene transcription through the inhibition of associated transcription
factor Tetra-O-methyl Nordihydroguiaretic acid (M4N) in GBM cell lines, correspondingly
down-regulates survivin and multiple survivin splice variants [74]. The downregulation
of the IAP protein and its splice variants is expectedly associated with an induction of
apoptosis, a decrease in cell mitotic index, and an arrest of G2/M cell cycle progression.
Small interfering RNA molecules have further been utilized to suppress survivin activity,
with similar results of abrogating tumor viability [75]. The use of other survivin RNA
downregulatory agents, including small hairpin RNA (shRNA), has shown considerable
efficacy in assisting other inducers of apoptosis in promoting murine GBM cell apopto-
sis, cellular invasion, and angiogenesis [76]. Nanoparticles have been implemented to
assist in the delivery of anti-survivin agents across the blood-brain barrier (BBB) with
the promise of inducing apoptosis within glioblastoma cells and improving radiosensitiv-
ity [77]. Nanoparticles packed with miRNA plasmids against survivin displayed efficacy in
reducing survivin expression and enhancing caspase 3/7 activity compared to the control
PEG-SPA miRNA plasmid. Radio-sensitizing effects of the anti-survivin nanoparticles
were illustrated through a significant increase in caspase 3/7 activity with varying dosages
of irradiation in U87MG and LN229 GBM cell lines. Anti-survivin pharmacotherapeu-
tics replicate similar results in inducing apoptosis and regulating the G2/M transition
of glioblastoma cells. Cucurbitacin, a natural compound isolated from the fruits of the
gourd family (e.g., squash), has been shown to increase the number of GBM cells in the
G2/M phase and subsequently decrease the number of cells in G1 and S phase, suggesting
cell cycle arrest and cell death [78,79]. Polarization of the cells toward the G2/M phase
is believed to be related to an increase in GADD45γ, an isoform of the GAD45 family of
proteins that assists in the G2/M cell cycle checkpoint for DNA damage [79,80]. Exposure
of GBM cells to cucurbitacin also augments the proliferation of the malignant cells [78].
A closer analysis of the potential signaling pathways involved in reducing cell viability
reveals the downregulation of EGF-induced FAK, AKT, and GSK3ß in glioblastoma cells.
Provided the significance of epidermal growth factor (EGF) and focal adhesion kinase
(FAK) in promoting tumor proliferation, migration, and angiogenesis of tumors, further
investigation displayed a dose and time-dependent significant inhibition of proliferating
GBM cells.
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The plant-derived survivin inhibitor further regulates microtubule interactions
throughout the cell cycle by aiding aurora kinase A and B [81]. Aurora kinases A and B act
alongside survivin, inner centromere protein (INCENP), and Borealin/Dasra-B as a chro-
mosomal passenger complex (CPC) that mediates mitotic centromere localization [82,83].
These proteins work closely together to facilitate proper centromere localization, thereby
facilitating mitotic cell division. Reduced expression of even a single member of the pro-
tein complex can attenuate the expression of other complex proteins and induce mitotic
derangements in cells [84,85]. The use of the plant-derived inhibitor cucurbitacin signif-
icantly depletes mitotic spindles and decreases cell viability in glioblastoma cells [81].
Although it is unclear whether the regulation of mitotic spindles was secondary to the
abrogation of survivin or Aurora kinase enzymes, which both share a close interplay in
microtubule organization in the cell cycle, these results nonetheless suggest the potential
role of additional pharmacotherapeutic agents in disrupting GBM mitotic division. The
synthetic production of survivin inhibitor AZTM, an azide-terminated survivin ligand
derivative proposed by Abbott Laboratories, displays a significant cytotoxic effect on GBM
cell lines, corresponding with cellular apoptotic characteristics [86]. Pharmacotherapeutics
well studied in non-nervous system pathologies, including the anti-malarial agent Arte-
sunate, intriguingly show promise for radio-sensitizing glioblastoma cells through possible
downregulation of survivin by unknown mechanisms [87,88]. Cells exposed to the syn-
thetic derivative of artemisinin and subsequently irradiated display a significant increase
in caspase 3/7 activity and cell death. Molecular compound Parthenolide, a germacrene
sequiterpene lactone with antitumor properties, also shows promise in downregulating
survivin and inhibiting GBM cell viability through similar mechanisms of cell cycle arrest;
interestingly, the compound was only capable of inducing apoptosis in minimal GBM
cells [89,90].

Table 1. Clinically relevant survivin inhibitors tested on various GBM cell lineages, along with their
respective molecular structure, half-maximal inhibitory concentration (IC50), and pathophysiologic
effects on glioblastoma tissues.

Survivin Inhibitor Molecular Structure GBM Cell Viability IC50 Observed Effects on
Glioblastoma Tissue

YM155 Imidazolium compound 30–35 nM
Apoptosis induction,
centrosomal duplication,
radiosensitization

Cucurbitacin Oxidized tetracyclic
triterpenoid [91] 2.5 µM

Mitotic spindle depletion,
G2/M cell cycle arrest through
increasing GAD45γ,
EGF-induced FAK, AKT, and
GSK3ß cell inhibition

AZTM Azide-terminated survivin
ligand derivative 0.78–4.5 nM [92] Apoptosis induction,

radiosensitization

Parthenolide Germacrane
sequiterpenenoid 16 µM

Mild apoptosis induction,
autophagy induction, G2/M cell
cycle arrest

Piperine Alkaloid derivative 120 µM Cell migration reduction

Spironolactone Antimineralicorticoid
Steroid lactone Unknown Chemoresistance
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4.4. Survivin Regulatory Agents Show Promise for Adjunctive Therapy with Standard Treatment

Although survivin gene downregulation and inhibitor agents demonstrate apoptosis-
promoting and cell cycle regulatory effects favoring a negative tumor microenvironment,
the efficacy of survivin inhibition in combination with the current standard Stupp proto-
col is critical in determining the clinical translation of such complex molecular interplay.
Glioblastoma cells exposed to temozolomide, a first-line chemotherapeutic agent in treat-
ing GBM shortly after tumor resection and pathological analysis, and cationic gemini
surfactants carrying anti-survivin siRNA, yielded a significant decrease in cell viability
compared to the use of temozolomide alone [93]. MicroRNA-138 (miR-138), found to be
downregulated in GBM, has been depicted as an inhibiting agent of BIRC5 when overex-
pressed [94]. Combination therapy with temozolomide and survivin augmentation through
miR-138 increases the survival in GBM xenograft murine models compared with the use
of temozolomide alone, suggesting a clinical benefit of survivin inhibition with standard
chemotherapeutic agents for treating the malignancy. Pharmacotherapeutic agents aimed
at survivin downregulation combined with agents of the Stupp protocol further support the
benefit of utilizing adjunct therapy for glioblastoma. Piperine, an alkaloid derived from the
plant-producing black pepper, has shown a considerable reduction in GBM cell migration
when combined with temozolomide treatment [95,96]. Potassium-sparing diuretics such as
spironolactone also appear to confer radiosensitizing benefits in multiple cancer cell lines,
including glioblastoma, possibly through the attenuation of survivin [97]. Glioma stem cells
exposed to spironolactone had a corresponding reduction in survivin, cell viability, and
enhanced cell death. Spironolactone use in non-glioma cell lines further displayed efficacy
in reducing chemoresistance when used with chemotherapeutics such as gemcitabine and
Osimertinib, suggesting a possibility of enhancing radiosensitivity to GBM cells when used
with temozolomide.

5. SurVaxM Vaccine Therapy as a Treatment Modality for
Refractive Glioblastoma

SurVaxM is a peptide vaccine developed for glioblastoma multiforme tumor cells ex-
pressing the survivin protein [98]. The vaccine consists of a main synthetic survivin peptide
conjugate, a long peptide with multiple cytotoxic T-cell epitopes, and a survivin-specific
CD4+ T-cell to facilitate the recruitment of cytokines. Vaccine use in glioblastoma may
induce an immunogenic response against BIRC5 and a subsequent reduction of survivin
exosomes, possibly corresponding with enhanced GBM apoptosis and improved cell cycle
regulation [99]. As of early 2025, phase I and II studies have been conducted to assess the
relative safety and efficacy of the vaccine with gold-standard treatment. As depicted in
Table 2, these clinical studies and future phase II studies are ultimately dedicated to identi-
fying the efficacy of immune-mediated inhibition of survivin in glioblastoma malignancy.
Immunologic inhibition of the survivin protein has demonstrated efficacy in reducing
high-grade gliomas in murine models and depicting safety for use in its first phase I clinical
trial [43]. Analysis of nine patients with survivin-positive gliomas was fairly tolerable
among the sample, with few grade one and three effects noted. Two-thirds of the cohort
reported localized erythema at the injection site, one-third noted fatigue, and two patients
experienced myalgia. Hematological manifestations were additionally observed, with a
third of patients expressing grade 1 lymphopenia and leukopenia. The majority of the
patients further expressed an immunologic response to survivin, with most of the patients
having a stable disease course over the subsequent year. Subsequent phase II studies of
SurVaxM and adjuvant temozolomide in 64 patients who failed the Stupp protocol reveal
an 11.4-month median progression-free survival, with an overall survival of approximately
26 months; the clinical benefit was apparent in methylated and non-methylated GBM
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patients [42]. The patients were further found to elicit an immune response to the vaccine,
with the production of survivin-specific CD8+ T-cells and immunoglobulin G. Pediatric
patients with glioblastoma may additionally mount an immunogenic response to survivin-
expressing GBM tumors [100]. Children with glioblastoma or other high-grade gliomas
who were treated with intramuscular injections of peptide epitopes for survivin, EphA2,
and IL13Ra2, mounted T-cell-specific responses to the peptides displayed considerable
tolerability throughout the participants. The potential efficacy of the SurVaxM vaccine
for adjuvant GBM therapy is further supported by observed prognostic benefits noted
in mice with survivin-focused oncolytic adenoviral virotherapy [101]. FDA-approved
neural stem cells expressing CRAd-Survivin-pk7, an adenovirus displaying selectivity to
gliomas through survivin promoter modification, correlated with increased survival in
glioma-bearing mice. The adenoviral therapy further yielded enhanced cytotoxicity of the
tumor cells when paired with standard GBM treatment of temozolomide and radiother-
apy [102]. Intriguingly, GBM-bearing mice treated illustrated a dose-response relationship
with respect to virotherapy exposure and median survival.

Table 2. Completed clinical trials and current trials, in addition to their respective clinical phase and
notable discoveries, if applicable [103].

Trial Name/NCT Number Clinical Phase Status Notable Discoveries

Phase I Study of Safety,
Tolerability, and Immunologic
Effects of a Survivin Peptide
Mimic Vaccine (SurVaxM) in
Patients with Recurrent
Malignant Glioma

Phase I Completed

Adverse effects elicited from patients
include erythema (reddening) of the
injection site, fatigue, myalgia,
lymphopenia, leukopenia.

Phase IIa Study of SurVaxM Plus
Adjuvant Temozolomide for
Newly Diagnosed Glioblastoma

Phase II Completed

No serious adverse effects elicited.
Ninety-five percent of patients
remained progression-free after
diagnosis. Median progression-free
survival (PFS) was 11.4 months, with
an overall survival of 25.9 months.
Survivin elicited a cytotoxic cellular
and humoral response in vaccinated
participants.

SurVaxM Plus Adjuvant
Temozolomide for Newly
Diagnosed Glioblastoma [104]

Phase II In Progress N/A

Phase II Study of Pembrolizumab
Plus SurVaxM for Glioblastoma at
First Recurrence

Phase II In Progress N/A

6. Conclusions
Survivin regulation in glioblastoma multiforme appears critical in maintaining a tumor

microenvironment resistant or sensitive to therapeutic interventions. The downregula-
tion of BIRC5 likely reduces tumor burden in glioblastoma-expressing mice and humans
through microtubule destabilization in interphase and mitosis, thereby facilitating apopto-
sis in rapidly dividing cancer cells. In addition to the efficacy of tumor reduction noted
through siRNA interference and the use of survivin-specific inhibitors, vaccine conjugate
therapy dedicated to the inhibitor of apoptosis protein possesses considerable potential
in priming the immune system against survivin and reducing the radioresistant qualities
inherent to the malignancy. The advent of oncolytic adenoviral therapy and similar vac-
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cines such as SurVaxM for the treatment of glioblastoma has been studied in phase I and II
clinical trials, demonstrating a relatively safe adverse effect profile and comparable overall
survival when used with temozolomide. Although survivin inhibition by SurVaxM may
yield potential clinical benefit to respective patients, additional phase II and III trials are
important in elucidating both the efficacy and benefit of the vaccine in comparison to gold
standard treatments. To date, multiple institutions such as the University of California,
San Francisco (UCSF) are working toward clinical trials, such as the SURVIVE trial, which
compares the possible benefits of anti-survivin vaccine therapy to standard temozolomide
treatment [104]. Additional phase II clinical trials are being conducted to assess how
SurVaxM combination therapy with anti-PD1 agent pembrolizumab impacts overall and
progression-free survival in glioblastoma patients [103].

Author Contributions: Conceptualization, investigation, writing, editing, review, illustrations, W.J.E.;
investigation, writing, editing, review, N.G.; supervision, editing, review, M.R.G.; supervision, review,
A.J.T.; conceptualization, supervision, editing, review, K.K.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original data presented in the study are openly available through
the National Library of Medicine on PubMed.

Acknowledgments: The authors thank Mark Linder Walk for the Mind, the Illinois Neurological
Institute, the OSF Foundation, Peoria, IL, and the KBStrong Foundation, Washington, IL, for their
funding support. The authors thank Christina Constantinidou for helping in the formatting of
the manuscript.

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

References
1. Wirsching, H.-G.; Galanis, E.; Weller, M. Glioblastoma. Handb. Clin. Neurol. 2016, 134, 381–397. [CrossRef] [PubMed]
2. Mohammed, S.; Dinesan, M.; Ajayakumar, T. Survival and quality of life analysis in glioblastoma multiforme with adjuvant

chemoradiotherapy: A retrospective study. Rep. Pract. Oncol. Radiother. J. Gt. Cancer Cent. Poznan Pol. Soc. Radiat. Oncol. 2022, 27,
1026–1036. [CrossRef]

3. Brown, N.F.; Ottaviani, D.; Tazare, J.; Gregson, J.; Kitchen, N.; Brandner, S.; Fersht, N.; Mulholland, P. Survival Outcomes and
Prognostic Factors in Glioblastoma. Cancers 2022, 14, 3161. [CrossRef] [PubMed]

4. Omuro, A.; DeAngelis, L.M. Glioblastoma and other malignant gliomas: A clinical review. JAMA 2013, 310, 1842–1850. [CrossRef]
5. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,

G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncol. 2021, 23, 1231–1251.
[CrossRef] [PubMed]

6. Thakkar, J.P.; Dolecek, T.A.; Horbinski, C.; Ostrom, Q.T.; Lightner, D.D.; Barnholtz-Sloan, J.S.; Villano, J.L. Epidemiologic and
molecular prognostic review of glioblastoma. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc.
Prev. Oncol. 2014, 23, 1985–1996. [CrossRef]

7. Larjavaara, S.; Mäntylä, R.; Salminen, T.; Haapasalo, H.; Raitanen, J.; Jääskeläinen, J.; Auvinen, A. Incidence of gliomas by
anatomic location. Neuro-Oncol. 2007, 9, 319–325. [CrossRef]

8. Teo, M.; Martin, S.; Owusu-Agyemang, K.; Nowicki, S.; Clark, B.; Mackinnon, M.; Stewart, W.; Paul, J.; St George, J. A survival
analysis of GBM patients in the West of Scotland pre- and post-introduction of the Stupp regime. Br. J. Neurosurg. 2014, 28,
351–355. [CrossRef]

9. Sanson, M.; Marie, Y.; Paris, S.; Idbaih, A.; Laffaire, J.; Ducray, F.; El Hallani, S.; Boisselier, B.; Mokhtari, K.; Hoang-Xuan, K.; et al.
Isocitrate dehydrogenase 1 codon 132 mutation is an important prognostic biomarker in gliomas. J. Clin. Oncol. Off. J. Am. Soc.
Clin. Oncol. 2009, 27, 4150–4154. [CrossRef]

10. Weller, M.; Felsberg, J.; Hartmann, C.; Berger, H.; Steinbach, J.P.; Schramm, J.; Westphal, M.; Schackert, G.; Simon, M.; Tonn, J.C.;
et al. Molecular predictors of progression-free and overall survival in patients with newly diagnosed glioblastoma: A prospective
translational study of the German Glioma Network. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 5743–5750. [CrossRef]

11. Kálovits, F.; Tompa, M.; Nagy, Á.; Kálmán, B. Isocitrate dehydrogenase mutations in defining the biology of and supporting
clinical decision making in glioblastoma. Ideggyogyaszati Szle. 2018, 71, 237–247. [CrossRef]

https://doi.org/10.1016/B978-0-12-802997-8.00023-2
https://www.ncbi.nlm.nih.gov/pubmed/26948367
https://doi.org/10.5603/RPOR.a2022.0113
https://doi.org/10.3390/cancers14133161
https://www.ncbi.nlm.nih.gov/pubmed/35804940
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1158/1055-9965.EPI-14-0275
https://doi.org/10.1215/15228517-2007-016
https://doi.org/10.3109/02688697.2013.847170
https://doi.org/10.1200/JCO.2009.21.9832
https://doi.org/10.1200/JCO.2009.23.0805
https://doi.org/10.18071/isz.71.0237


Cells 2025, 14, 755 12 of 16

12. Davis, M.; Pragani, R.; Popovici-Muller, J.; Gross, S.; Thorne, N.; Salituro, F.; Fantin, V.; Straley, K.; Su, M.; Dang, L.; et al. ML309:
A potent inhibitor of R132H mutant IDH1 capable of reducing 2-hydroxyglutarate production in U87 MG glioblastoma cells. In
Probe Reports from the NIH Molecular Libraries Program; National Center for Biotechnology Information (US): Bethesda, MD, USA,
2010. Available online: http://www.ncbi.nlm.nih.gov/books/NBK153220/ (accessed on 17 May 2025).

13. Cohen, A.L.; Holmen, S.L.; Colman, H. IDH1 and IDH2 mutations in gliomas. Curr. Neurol. Neurosci. Rep. 2013, 13, 345. [CrossRef]
[PubMed]

14. Nelson, E.J.; Gubbiotti, M.A.; Carlin, A.M.; Nasrallah, M.P.; Van Deerlin, V.M.; Herlihy, S.E. Clinical Evaluation of IDH Mutation
Status in Formalin-Fixed Paraffin-Embedded Tissue in Gliomas. Mol. Diagn. Ther. 2023, 27, 371–381. [CrossRef]

15. Berghoff, A.S.; Hainfellner, J.A.; Marosi, C.; Preusser, M. Assessing MGMT methylation status and its current impact on treatment
in glioblastoma. CNS Oncol. 2015, 4, 47–52. [CrossRef]

16. Mansouri, A.; Hachem, L.D.; Mansouri, S.; Nassiri, F.; Laperriere, N.J.; Xia, D.; Lindeman, N.I.; Wen, P.Y.; Chakravarti, A.; Mehta,
M.P.; et al. MGMT promoter methylation status testing to guide therapy for glioblastoma: Refining the approach based on
emerging evidence and current challenges. Neuro-Oncol. 2019, 21, 167–178. [CrossRef] [PubMed]

17. Binabaj, M.M.; Bahrami, A.; ShahidSales, S.; Joodi, M.; Joudi Mashhad, M.; Hassanian, S.M.; Anvari, K.; Avan, A. The prognostic
value of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical trials. J. Cell. Physiol. 2018, 233, 378–386.
[CrossRef] [PubMed]

18. Herrlinger, U.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Sabel, M.; Hau, P.; Kortmann, R.-D.; Krex, D.; Grauer, O.;
et al. Lomustine-temozolomide combination therapy versus standard temozolomide therapy in patients with newly diagnosed
glioblastoma with methylated MGMT promoter (CeTeG/NOA-09): A randomised, open-label, phase 3 trial. Lancet Lond. Engl.
2019, 393, 678–688. [CrossRef]

19. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.B.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef]

20. Herrlinger, U.; Schäfer, N.; Steinbach, J.P.; Weyerbrock, A.; Hau, P.; Goldbrunner, R.; Friedrich, F.; Rohde, V.; Ringel, F.; Schlegel,
U.; et al. Bevacizumab Plus Irinotecan Versus Temozolomide in Newly Diagnosed O6-Methylguanine-DNA Methyltransferase
Nonmethylated Glioblastoma: The Randomized GLARIUS Trial. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2016, 34, 1611–1619.
[CrossRef]

21. Dietrich, J. Clinical presentation, diagnosis, and initial surgical management of high-grade gliomas. In UpToDate; Wolters Kluwer.
Available online: https://www.uptodate.com/contents/clinical-presentation-diagnosis-and-initial-surgical-management-of-
high-grade-gliomas (accessed on 12 March 2025).

22. Ceccarelli, M.; Barthel, F.P.; Malta, T.M.; Sabedot, T.S.; Salama, S.R.; Murray, B.A.; Morozova, O.; Newton, Y.; Radenbaugh, A.;
Pagnotta, S.M.; et al. Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma.
Cell 2016, 164, 550–563. [CrossRef]

23. Brandner, S.; McAleenan, A.; Jones, H.E.; Kernohan, A.; Robinson, T.; Schmidt, L.; Dawson, S.; Kelly, C.; Leal, E.S.; Faulkner, C.L.;
et al. Diagnostic accuracy of 1p/19q codeletion tests in oligodendroglioma: A comprehensive meta-analysis based on a Cochrane
systematic review. Neuropathol. Appl. Neurobiol. 2022, 48, e12790. [CrossRef] [PubMed]

24. Marker, D.F.; Agnihotri, S.; Amankulor, N.; Murdoch, G.H.; Pearce, T.M. The dominant TP53 hotspot mutation in IDH -mutant
astrocytoma, R273C, has distinctive pathologic features and sex-specific prognostic implications. Neuro-Oncol. Adv. 2022, 4,
vdab182. [CrossRef] [PubMed]

25. Nasser, A.M.; Melamed, L.; Wetzel, E.A.; Chang, J.C.-C.; Nagashima, H.; Kitagawa, Y.; Muzyka, L.; Wakimoto, H.; Cahill, D.P.;
Miller, J.J. CDKN2A/B Homozygous Deletion Sensitizes IDH-Mutant Glioma to CDK4/6 Inhibition. Clin. Cancer Res. Off. J. Am.
Assoc. Cancer Res. 2024, 30, 2996–3005. [CrossRef] [PubMed]

26. Eriksson, M.; Kahari, J.; Vestman, A.; Hallmans, M.; Johansson, M.; Bergenheim, A.T.; Sandström, M. Improved treatment of
glioblastoma - changes in survival over two decades at a single regional Centre. Acta Oncol. Stockh. Swed. 2019, 58, 334–341.
[CrossRef]

27. Ståhl, P.; Henoch, I.; Smits, A.; Rydenhag, B.; Ozanne, A. Quality of life in patients with glioblastoma and their relatives. Acta
Neurol. Scand. 2022, 146, 82–91. [CrossRef]

28. Siragusa, G.; Tomasello, L.; Giordano, C.; Pizzolanti, G. Survivin (BIRC5): Implications in cancer therapy. Life Sci. 2024, 350,
122788. [CrossRef]

29. Wheatley, S.P.; Altieri, D.C. Survivin at a glance. J. Cell Sci. 2019, 132, jcs223826. [CrossRef]
30. Crook, N.E.; Clem, R.J.; Miller, L.K. An apoptosis-inhibiting baculovirus gene with a zinc finger-like motif. J. Virol. 1993, 67,

2168–2174. [CrossRef]
31. Hrdinka, M.; Yabal, M. Inhibitor of apoptosis proteins in human health and disease. Genes Immun. 2019, 20, 641–650. [CrossRef]

http://www.ncbi.nlm.nih.gov/books/NBK153220/
https://doi.org/10.1007/s11910-013-0345-4
https://www.ncbi.nlm.nih.gov/pubmed/23532369
https://doi.org/10.1007/s40291-022-00638-7
https://doi.org/10.2217/cns.14.50
https://doi.org/10.1093/neuonc/noy132
https://www.ncbi.nlm.nih.gov/pubmed/30189035
https://doi.org/10.1002/jcp.25896
https://www.ncbi.nlm.nih.gov/pubmed/28266716
https://doi.org/10.1016/S0140-6736(18)31791-4
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1200/JCO.2015.63.4691
https://www.uptodate.com/contents/clinical-presentation-diagnosis-and-initial-surgical-management-of-high-grade-gliomas
https://www.uptodate.com/contents/clinical-presentation-diagnosis-and-initial-surgical-management-of-high-grade-gliomas
https://doi.org/10.1016/j.cell.2015.12.028
https://doi.org/10.1111/nan.12790
https://www.ncbi.nlm.nih.gov/pubmed/34958131
https://doi.org/10.1093/noajnl/vdab182
https://www.ncbi.nlm.nih.gov/pubmed/35047821
https://doi.org/10.1158/1078-0432.CCR-24-0562
https://www.ncbi.nlm.nih.gov/pubmed/38718141
https://doi.org/10.1080/0284186X.2019.1571278
https://doi.org/10.1111/ane.13625
https://doi.org/10.1016/j.lfs.2024.122788
https://doi.org/10.1242/jcs.223826
https://doi.org/10.1128/jvi.67.4.2168-2174.1993
https://doi.org/10.1038/s41435-019-0078-8


Cells 2025, 14, 755 13 of 16

32. Verdecia, M.A.; Huang, H.; Dutil, E.; Kaiser, D.A.; Hunter, T.; Noel, J.P. Structure of the human anti-apoptotic protein survivin
reveals a dimeric arrangement. Nat. Struct. Biol. 2000, 7, 602–608. [CrossRef]

33. Li, F.; Ambrosini, G.; Chu, E.Y.; Plescia, J.; Tognin, S.; Marchisio, P.C.; Altieri, D.C. Control of apoptosis and mitotic spindle
checkpoint by survivin. Nature 1998, 396, 580–584. [CrossRef] [PubMed]

34. Saito, T.; Hama, S.; Izumi, H.; Yamasaki, F.; Kajiwara, Y.; Matsuura, S.; Morishima, K.; Hidaka, T.; Shrestha, P.; Sugiyama, K.; et al.
Centrosome amplification induced by survivin suppression enhances both chromosome instability and radiosensitivity in glioma
cells. Br. J. Cancer 2008, 98, 345–355. [CrossRef]

35. de Rodrigues, F.O.; Sarmet, M.; Maldaner, V.; Yamasaki, R.; Behlau, M.; Davison Mangilli, L. Traumatic Spinal Injury: Preliminary
Results of Respiratory Function, Voice and Quality of Life. J. Voice Off. J. Voice Found. 2023, 37, 469.e1–469.e10. [CrossRef]

36. Beardmore, V.A.; Ahonen, L.J.; Gorbsky, G.J.; Kallio, M.J. Survivin dynamics increases at centromeres during G2/M phase
transition and is regulated by microtubule-attachment and Aurora B kinase activity. J. Cell Sci. 2004, 117, 4033–4042. [CrossRef]
[PubMed]

37. Borah, N.A.; Reddy, M.M. Aurora Kinase B Inhibition: A Potential Therapeutic Strategy for Cancer. Mol. Basel Switz. 2021, 26,
1981. [CrossRef] [PubMed]

38. Chandele, A.; Prasad, V.; Jagtap, J.C.; Shukla, R.; Shastry, P.R. Upregulation of survivin in G2/M cells and inhibition of caspase 9
activity enhances resistance in staurosporine-induced apoptosis. Neoplasia N. Y. 2004, 6, 29–40. [CrossRef]

39. Dai, D.; Liang, Y.; Xie, Z.; Fu, J.; Zhang, Y.; Zhang, Z. Survivin deficiency induces apoptosis and cell cycle arrest in HepG2
hepatocellular carcinoma cells. Oncol. Rep. 2012, 27, 621–627. [CrossRef] [PubMed]

40. Kelly, E.; Russell, S.J. History of oncolytic viruses: Genesis to genetic engineering. Mol. Ther. J. Am. Soc. Gene Ther. 2007, 15,
651–659. [CrossRef]

41. Reddy, R.; Yan, S.C.; Hasanpour Segherlou, Z.; Hosseini-Siyanaki, M.-R.; Poe, J.; Perez-Vega, C.; Chiocca, E.A.; Lucke-Wold, B.
Oncolytic viral therapy: A review and promising future directions. J. Neurosurg. 2024, 140, 319–327. [CrossRef]

42. Ahluwalia, M.S.; Reardon, D.A.; Abad, A.P.; Curry, W.T.; Wong, E.T.; Figel, S.A.; Mechtler, L.L.; Peereboom, D.M.; Hutson, A.D.;
Withers, H.G.; et al. Phase IIa Study of SurVaxM Plus Adjuvant Temozolomide for Newly Diagnosed Glioblastoma. J. Clin. Oncol.
Off. J. Am. Soc. Clin. Oncol. 2023, 41, 1453–1465. [CrossRef]

43. Fenstermaker, R.A.; Ciesielski, M.J.; Qiu, J.; Yang, N.; Frank, C.L.; Lee, K.P.; Mechtler, L.R.; Belal, A.; Ahluwalia, M.S.; Hutson,
A.D. Clinical study of a survivin long peptide vaccine (SurVaxM) in patients with recurrent malignant glioma. Cancer Immunol.
Immunother. CII 2016, 65, 1339–1352. [CrossRef] [PubMed]

44. Andersen, M.H.; Schrama, D.; Thor Straten, P.; Becker, J.C. Cytotoxic T cells. J. Invest. Dermatol. 2006, 126, 32–41. [CrossRef]
45. Saito, T.; Sugiyama, K.; Takeshima, Y.; Amatya, V.J.; Yamasaki, F.; Takayasu, T.; Nosaka, R.; Muragaki, Y.; Kawamata, T.; Kurisu, K.

Prognostic implications of the subcellular localization of survivin in glioblastomas treated with radiotherapy plus concomitant
and adjuvant temozolomide. J. Neurosurg. 2018, 128, 679–684. [CrossRef]

46. Faccion, R.S.; Bernardo, P.S.; de Lopes, G.P.F.; Bastos, L.S.; Teixeira, C.L.; de Oliveira, J.A.; Fernandes, P.V.; Dubois, L.G.; Chimelli,
L.; Maia, R.C. p53 expression and subcellular survivin localization improve the diagnosis and prognosis of patients with diffuse
astrocytic tumors. Cell. Oncol. Dordr. Neth. 2018, 41, 141–157. [CrossRef]

47. Saito, T.; Arifin, M.T.; Hama, S.; Kajiwara, Y.; Sugiyama, K.; Yamasaki, F.; Hidaka, T.; Arita, K.; Kurisu, K. Survivin subcellular
localization in high-grade astrocytomas: Simultaneous expression in both nucleus and cytoplasm is negative prognostic marker.
J. Neurooncol. 2007, 82, 193–198. [CrossRef]

48. Sasaki, T.; Lopes, M.B.S.; Hankins, G.R.; Helm, G.A. Expression of survivin, an inhibitor of apoptosis protein, in tumors of the
nervous system. Acta Neuropathol. 2002, 104, 105–109. [CrossRef] [PubMed]

49. Jung, J.-E.; Kim, T.-K.; Lee, J.-S.; Oh, S.-Y.; Kwak, S.; Jin, X.; Sohn, J.-Y.; Song, M.-K.; Sohn, Y.-W.; Lee, S.-Y.; et al. Survivin inhibits
anti-growth effect of p53 activated by aurora B. Biochem. Biophys. Res. Commun. 2005, 336, 1164–1171. [CrossRef] [PubMed]

50. Amini, J.; Zafarjafarzadeh, N.; Ghahramanlu, S.; Mohammadalizadeh, O.; Mozaffari, E.; Bibak, B.; Sanadgol, N. Role of Circular
RNA MMP9 in Glioblastoma Progression: From Interaction With hnRNPC and hnRNPA1 to Affecting the Expression of BIRC5
by Sequestering miR-149. J. Mol. Recognit. JMR 2025, 38, e3109. [CrossRef]
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