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ABSTRACT

Spinal cord astrocytomas (SCAs) have discernibly unique signatures in regards to epidemiology, clinical onco-
logical features, genetic markers, pathophysiology, and research and therapeutic challenges. Overall, there are
presently very limited clinical management options for high grade SCAs despite progresses made in validating
key molecular markers and standardizing tumor classification. The endeavors were aimed to improve diagnosis,
therapy design and prognosis assessment, as well as to define more effective oncolytic targets. Efficacious
treatment for high grade SCAs still remains an unmet medical demand. This review is therefore focused on
research state updates that have been made upon analyzing clinical characteristics, diagnostic classification,
genetic and molecular features, tumor initiation cell biology, and current management options for SCAs.
Particular emphasis was given to basic and translational research endeavors targeting SCAs, including estab-
lishment of experimental models, exploration of unique profiles of SCA stem cell-like tumor survival cells,
characterization of special requirements for effective therapeutic delivery into the spinal cord, and development
of donor stem cell-based gene-directed enzyme prodrug therapy. We concluded that precise understanding of
molecular oncology, tumor survival mechanisms (e.g., drug resistance, metastasis, and cancer stem cells/tumor
survival cells), and principles of Recovery Neurobiology can help to create clinically meaningful experimental
models of SCAs. Establishment of such systems will expedite the discovery of efficacious therapies that not only

kill tumor cells but simultaneously preserve and improve residual neural function.

1. Introduction

Gliomas are tumors that arise from glial cells. They make up about
30% of all brain and spinal cord (i.e., the central nervous system: CNS)
tumors. Intramedullary spinal cord tumors (IMSCTs: tumors within the
parenchyma) are the rarest of primary spinal cord tumors with high
grade ones causing severe neurologic deterioration, functional deficit or
death. IMSCTs comprise 8 to 10% of all primary spinal cord tumors,
which in turn account for 2 to 4% of all CNS tumors (Chamberlain and
Tredway, 2011; Minehan et al., 2009) (Fig. 1). This is in contrast to
intracranial gliomas, which comprise ~80% of all malignant tumors in
the brain. Spinal cord gliomas can be sub-classified based on their
cellular origin, with 60 to 70% classified as ependymomas and 30 to
40% classified as astrocytomas, followed by hemangioblastomas and
other rare lesions (Babu et al., 2014; Milano et al., 2010).
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Astrocytomas are a group of cancers derived from presently defined
tumorigenic astrocytes of the CNS. Based on the most commonly used
grading system established by the World Health Organization (WHO),
astrocytomas are graded from I (least advanced disease with best
prognosis) to IV (most advanced disease with worst prognosis). High
grade SCAs fortunately are rare relative to other types of CNS cancers in
humans. However, to date they remain to be the most difficult entities
for clinical management due to their tenacious growth/metastasis, poor
response to chemoradiotherapy, and difficulties or outcome uncertainty
for surgical interventions (Abd-El-Barr et al., 2016). Although there are
many similarities between astrocytomas of the spinal cord and those of
the brain, there are important differences. These differences account for
both the variations in tumor cell behaviors and importantly, in the
tactics of devising research strategies to develop targeted therapies. For
these reasons the review is mainly focused on high grade SCAs, with
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Fig. 1. The three general pathological types of spinal
tumors.

(A) Extradural neoplasms: The majority of neoplastic
lesions (~ 60%) grow extradurally and originate
from the vertebrae, for which metastasis is the most
frequent cause. (B) Extramedullary neoplasms:
Intradural tumors are relatively rare with the extra-
medullary tumors being the more common type
(~30%). Lastly, (C) intramedullary neoplasms:
Intramedullary tumors are the least common
(~10%) among all spinal tumors. However, they
occur most often in the cervical levels of the spinal
cord and comprise predominantly gliomas (i.e., in-

filtrative astrocytomas and ependymomas), imposing tenacious resistance to conventional treatments.

highlights shed on molecular oncologic genetics, research advances,
and the different therapies that are currently used or under develop-
ment for the management of SCAs.

2. Epidemiology

To judiciously design translational research approaches to treating
high grade SCAs, it is important for laboratory investigators to first
grasp the specific epidemiology feature of this group of tumors. Primary
spinal cord gliomas occur in a very low incidence rate of 0.22 per
100,000 person-years (Milano et al., 2010; Schellinger et al., 2008). In
regards to age preference, ependymomas are more common in adult
spinal cord, while astrocytomas comprise 90% of IMSCTs in pediatric
patients (Karsy et al., 2015; Ostrom et al., 2014b), showing a possible
inclination of astrocytoma cells to grow in the biochemical and sig-
naling regulation environment of the developing spinal cord. For SCAs,
a recent examination of the Surveillance, Epidemiology and End Results
(SEER) database revealed that most patients presented their first clin-
ical signs during the first 3 decades of life and most had low grade
lesions (Grades I or II) at time of diagnosis (Milano et al., 2010).
Ependymomas, by contrast, were more likely to present between the
ages of 40 and 59, with a majority being Grade I. A large retrospective
review of all primary SCAs seen at the Mayo Clinic over 40 years un-
covered an average age of 35 years at disease presentation, with 60% of
patients being male (Minehan et al., 2009). The clinical manifestation
of spinal cord gliomas is determined in large part by the location and
growth profile of the tumor (Fig. 1). However, pain appears to be the
predominant symptom in the majority of cases (~70%), which can be
presented as back pain, radicular pain, or central pain (Raco et al.,
2005). The next most common presentation is sensory deficit (~65%),
followed by motor deficit (~50%). The duration of symptoms before
diagnosis is usually protracted due to the nonspecific nature of the
symptoms, with one large series uncovering an average symptom
duration of 3 years (Raco et al., 2005). The occurring sites of these
tumors are nearly evenly divided amongst cervical, thoracic and lumbar
segments (Abdel-Wahab et al., 2006; Raco et al., 2005).

For WHO’s conventional grading of astrocytomas, Grade I describes
juvenile pilocytic astrocytoma or cystic cerebellar astrocytoma (and its
variant juvenile pilomyxoid astrocytoma) that occurs more often in
children and young adults (i.e., in the first 20 years of life).
Astrocytoma Grade II (also called Low-Grade Astrocytoma) are diffuse
tumor types such as fibrillary, gemistocytic, protoplasmic astrocytoma
that tend to invade surrounding tissue and grow at a relatively slow
pace. Grade III consists of anaplastic astrocytomas that are malignant
and grow more aggressively. They often trigger seizures, neurologic
deficits, headaches, or changes in mental status. Lastly, Grade IV
comprises glioblastoma multiforme (GBM) that is the most malignant
with poorest prognosis (Louis et al., 2007; Parsa et al., 2005; Zadnik
et al., 2013). In its most current iteration, the WHO has incorporated
molecular parameters in addition to histological grading in its classi-
fication schema (Louis et al., 2016). Noticeably, IMSCTs only account
for 2% to 10% of all CNS tumors and for ~15% of primary intradural

136

spinal tumors in adults (Heo et al., 2012; Sturm et al., 2012; Yang et al.,
2012). Among them, about 70% are tumors of low malignant potential,
such as low-grade astrocytomas and ependymomas (Schwartzentruber
et al., 2012). However, a report on primary spinal cord tumors diag-
nosed between 1998 and 2002 showed that about 31% were Grade III
or IV malignant tumors and 69% were Grades I or II non-malignant
tumors (Schellinger et al., 2008).

2.1. Molecular biology and genetics of SCAs

Since standard treatment of SCAs involves maximal safe resection,
followed by chemoradiation and there has been conflicting evidence for
surgery efficacies, the reality has made tissue availability much scarcer
for enabling systematically designed genetic and genomic studies to be
carried out. For what have been published, the role of isocitrate de-
hydrogenase 1 (IDH1) and IDH2 genes has become important in the
understanding of tumorigenesis and prognosis of SCAs, which were
used effectively for generating the 2016 WHO classification of astro-
cytomas (Sturm et al., 2012; Zadnik et al., 2013). The mutations lead to
abnormal DNA methylation as they cause an abnormal production of 2-
hydroxyglutarate that normally inhibits histone demethylases (Yang
et al., 2012). The rate of IDH1 mutations in SCAs is presently not clear
despite frequent detections of IDH1 mutations in autopsy samples of
SCAs (Heo et al., 2012).

An important gene regulating methylation is the histone 3 variant
H3.3 (H3F3A), which has been implicated in the tumorigenesis of both
intracranial and spinal cord astrocytomas (Schwartzentruber et al.,
2012; Wu et al., 2012). Two mutations, Lys27Met and Gly34Arg in
H3F3A have been identified in nearly 80% of glioblastomas (i.e., Grade
IV astrocytoma) in the brainstem, an anatomical structure that connects
the spinal cord with the brain (Schwartzentruber et al., 2012; Wu et al.,
2012). The Lys27 residue was found to be abnormally methylated in
IDH1 mutant glioblastoma - underlying the importance of epigenetic
modification in CNS tumorigenesis (Sturm et al., 2012; Yang et al.,
2012; Zadnik et al., 2013). The mutation of H3F3A K27M is pre-
dominantly detected in malignant astrocytomas arising in structures of
the midline of the body, including the thalamus, brain stem, and spinal
cord and was listed as a separate entity in the 2016 WHO classification
(Louis et al., 2016; Solomon et al., 2016). Worth noting is the sugges-
tion that the K27M mutation may be a marker of primary astrocytoma
in the spinal cord and hence an indicator of the worst prognosis prob-
ability (Nagaishi et al., 2016).

Also on the list of important tumor markers is the BRAF gene
(Schindler et al., 2011; von Deimling et al., 2011). BRAF is a member of
the mitogen-activated protein kinase (MAPK) pathway which is im-
portant for cell survival including cellular division, cell cycle progres-
sion and excessive growth (i.e., malignant transformation; Penman
et al., 2015). It has been shown that in a majority of pilocytic astro-
cytomas, a previously uncharacterized gene, KIAA1549, and the BRAF
gene form a fusion oncogene that causes constitutive BRAF kinase ac-
tivation (Jones et al., 2008). Detailed mutational analysis of the BRAF
gene determined a valine to glutamate substitution at position 600
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(BRAF V600E), resulting in constant activation of the MAPK pathway
(Davies et al., 2002). The combination of the V600OE mutation and a
homozygous deletion of CDKN2A, which encodes P14ARF and
P16INK4A, in human neural progenitor cells have been demonstrated
to induce tumor cell transformation that manifested morphologic and
pathologic features most close to those of malignant astrocytomas
(Huillard et al., 2012). These mutations thus carry important prognostic
and therapeutic impact, with fusion-negative patients showing better
length of survival (LOS) and progression-free survival (PFS) compared
to fusion-positive patients (Horbinski et al., 2012; Penman et al., 2015).
In fact, numerous studies have uncovered that supratentorial pilocytic
astrocytomas are more likely to harbor the BRAF V600E mutation,
while posterior fossa and spinal cord pilocytic astrocytomas are more
likely to harbor fusion oncogenes (Horbinski et al., 2012). A multi-in-
stitutional study of SCAs found that 80% of Grade I astrocytomas har-
bored mutations in the BRAF genes, among which 40% harboring the
BRAF-KIAA1549 translocation and the other 60% having a BRAF copy
number gain (Shankar et al., 2016). Interestingly, none of their speci-
mens harbored the BRAF V600E mutation. The same study also found a
preponderance of the K27M mutation in their series of Grade III and IV
SCAs, suggesting that occurrences of the BRAF and H3F3A may segre-
gate based on the grading of the astrocytoma, which should be ad-
ditionally examined to establish possible prognostic utilities (Shankar
et al., 2016).

Based on the profiles of the clinical manifestations and molecular
causal factors of SCAs we hypothesized that these marker genes are pri-
marily involved in regulating cell survival endeavors; when functioning in
pathological scales they drive intractable growth of high grade SCAs. Our
postulation is supported by outcomes of a systematic analysis of re-
presentative oncogenes of spinal cord astrocytoma (Table 1) that shows
that most of the genes (i.e., in orange and red color zones) that have
been established for clinical diagnosis and progression utility are in-
deed in charge of cell survival, not conventionally defined stemness
biology (Teng et al., 2018). This conclusion suggests that cancer cell
survivology mechanisms, in addition to stemness events that may be
related to cancer occurrence, should be targeted for developing clini-
cally meaningful therapeutics (Teng et al., 2018). As the field moves
forward from histopathological grading of both intracranial and spinal
cord gliomas into molecular grading, the efficacy of accurate experi-
mental tumor modeling, and clinical tumor diagnosis, prognosis as-
sessment and therapeutic plan design for SCAs will continuously be
improved. The advancement has been additionally strengthened by
validation of regulatory roles of microRNA (miR: small non-coding ri-
bonucleic acid molecules that function primarily in RNA silencing and/
or post-transcriptional regulation of gene expression) in cancer diag-
nosis and prognosis. This approach has been widely used in basic sci-
ence settings and especially for evaluating clinical prognosis of SCAs
(Table 2), further enriching the repertoire and sophistication of clinical
diagnosis, prognosis assessment, academic reasoning, and research
tactics to tackle SCAs.

Additionally benefited from this technology advancement is clinical
efficiency since less tissue is needed for performing molecular diagnoses
versus conventional histopathologic assays (Shankar et al., 2016). As a
result, all the previously known problems concerning spinal cord tissue
inadequacy and possibility of worsening neurological function due to
biopsy procedures are and will be further mitigated.

2.2. Current therapeutic approaches for SCAs

Surgical treatment: There is currently no consensus on the best
treatment for infiltrating SCAs. Oftentimes, there is a real need of tissue
biopsy for diagnostic purpose as radiology imaging itself cannot dif-
ferentiate between the different types of IMSCTs or other pathologies
such as transverse myelitis, demyelination, infection, or even spinal
cord infarction. For both intracranial and spinal cord astrocytoma cases,
there is evidence that the extent of the surgical resection positively
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influences the patient LOS and PFS (Garces-Ambrossi et al., 2009;
Karikari et al., 2015; McGirt et al., 2008). However, this correlation is
tempered by surgery-triggered onset of neurological worsening that has
been associated with poorer clinical outcomes (McGirt et al., 2009;
Rahman et al., 2017). The latter has been considered as a very serious
challenge regarding treatment plan formation for this category of tu-
mors, which was caused by the conventional goal of cancer treatment
(i.e., to remove tumor mass as much as possible). Unlike intracranial
astrocytomas, the extreme functional eloquence of the spinal cord and
its associated axonal tracts make the surgery utterly difficult, if not
impossible to achieve a gross total resection (GTR) of SCA without
causing additional permanent neurological deficits to the patient. Ac-
cumulated data suggested that histological grading, which affects in-
filtrative nature of the astrocytoma appears to be the most important
factor to predict whether or not a dissection plane between the tumor
and the spinal cord can be found and hence whether or not a GTR can
be achieved (Toktas et al., 2018; Abd-El-Barr et al., 2016; Karikari
et al., 2011). Indeed, for low-grade gliomas, especially grade I pilocytic
astrocytomas, often a dissection plane could be determined for carrying
out a GTR without subjecting the patient to a neurological deficit. In
these cases, aggressive surgical approaches under intraoperative mag-
netic resonance imaging assistance are normally advised in order to
give the patient the best chance of increased survival and lower the risk
of recurrence (Toktas et al., 2018). By contrast, for Grade III or IV SCAs,
such a dissection plane simply does not exist; thus, aggressive surgical
resection is not recommended as this will subject the patient to more
neurological deteriorations with some of them frequently being per-
manent. For those cases, surgical options are truly limited and quali-
tatively improved prognosis relies on targeted cancer therapy that has
been under development (Ropper et al., 2016; Zeng et al., 2016). Ty-
pically, a biopsy with expansile duraplasty is used as the safest option to
establish a definitive diagnosis and the space created may temporally
alleviate clinical signs caused by continued growth of the tumor. Even
for biopsy intraoperative neuromonitoring is strongly advised to assist
the surgeons to mitigate possibilities of causing complications and to
strive to remove as little tissue as is needed to enable a diagnosis (Verla
et al., 2016). Similar to advances being made in intracranial mapping
techniques, newer intraoperative neuromonitoring techniques are de-
signated to helping to identify safer passages to these intramedullary
tumors for surgical approaches without triggering neurological deficits
(Deletis and Sala, 2008; Nair et al., 2014). Although presently surgery
intervention is not recommended for treating patients with high grade
and infiltrating SCAs, rapid intraoperative diagnosis of molecular
markers and histopathologic profiles via glioma biopsy is a promising
direction of development in the immediate future as we are learning
more about the oncological features of these different subtypes of ma-
lignant tumors for designing targeted therapies (see details below;
Shankar et al., 2015).

Radiation therapy and chemotherapy: The role of radiotherapy for
managing SCAs remains debatable and controversial. Although adjuvant or
postsurgical radiotherapy has been adopted worldwide, the exact effects on
SCAs have not been systematically examined and validated. Conceivably,
for low grade SCAs, only limited benefits can be speculated for post-
operative radiotherapy due to the spontaneous low recurrent rates of the
tumors that argue against any real necessity for the patients to have ra-
diation exposure for its known side effects (Epstein et al., 1992; Rodrigues
et al., 2000). Rather, radiotherapy is indicated postoperatively for cases of
partial resection and high grade SCAs (Jyothirmayi et al., 1997). Never-
theless, some research data suggested that a slight advantage of overall
survival may be attainable for radiotherapy of low grade astrocytomas via
enhanced control of tumor growth (Jyothirmayi et al., 1997; Santi et al.,
2003). This effect may be true particularly for patients under 25 years old
(Guss et al., 2013). Conversely, the risk of secondary malignancy and
growth retardation that have been indicated in pediatric patients radio-
therapy should be factored in except, perhaps in very special circumstances
such as cancer recurrence (Kutluk et al., 2015).
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Table 1
Common molecular markers used to diagnose spinal cord astrocytomas (SCAs)
Gene Full Name Wide Type Function Mutation Protein Oncological Features
Protein
IDH Isocitrate IDH1 NADPH production; IDH1 R132H (R132S, | D-2-hydroxyglutarate (D-2HG)
Dehydrogenase (Cytoplasm) Defense against oxidative stress (Jo | R132C, R132G, and accumulation in tumor cells, which
et al., 2001) R132L) contributes to tumorigenesis, cell
IDH2 IDH2 R172K growth and survival (Zhao et al.,
(Mitochondria) 2009); Remodeling the methylome of

DNA and establishing glioma-specific
G-CIMP (Turcan et al., 2012).

H3F34 H3 histone H33 Nucleosome structure of the Lys27Met Cancer cell migration (Park et al.,
family member (Nucleus) chromatin. It supports chromosomal | Gly34Arg 2016) and DNA hypomethylation
3A heterochromatic structures, which K27M (Bender et al., 2013);
maintains genome integrity during G34R/G34V Alternatively lengthening of telomeres;
mammalian development (Jang et Affecting specific gene expressions
al., 2015). (Schwartzentruber et al., 2012) and
tumorigenesis (Bjerke et al., 2013).
TP53 Tumor  protein | p53 Initiating apoptosis, activating DNA | Deletion Tumor development and
pS3 (Nucleus and/or | repair, arresting growth by cell cycle radioresistance (Squatrito et al., 2010).
cytoplasm) regulation, and inhibiting

angiogenesis, cellular renew and
differentiation (Ryan et al., 2001).

CDKN24 | Cyclin pl6INK4a and | Cell cycle regulation (Ichimura et Point Mutation Cell proliferation (Mistry et al., 2015)
Dependent pl4ARF al., 2000), inhibition of cell Deletion Resistance of antimetabolite agents
Kinase Inhibitor | (Nucleus) proliferation and telomerase activity (Iwadate et al., 2000)
2A (Fuxe et al., 2000).
CDKN2B | Cyclin p15INK4b Regulating cell growth and the cell | Point mutation Tumorigenesis and cell proliferation
Dependent (Nucleus) cycle G1-S progression (Wrensch et | Deletion (Simon et al., 1999). Its variants are
Kinase Inhibitor al., 2009b). It has been recognized associated with high-grade glioma
2B as an effective “backup” for loss of susceptibility (Wrensch et al., 2009a).
CDKN2A (Krimpenfort et al.,
2007).
PTEN Phosphatase and | PTEN Inhibitor of PI3K/AKT signaling Point Mutation Activation of PI3K/AKT pathway,
tensin homolog | (Cytoplasm) pathway: maintaining genomic Deletion angiogenesis, tumorigenesis (Cheney et
stability, and suppressing cell al., 1998; Smith et al., 2001).
survival and cell proliferation (Yin
and Shen, 2008).
NF1 Neurofibromin 1 | Neurofibromin | GTPase-activating protein and Mutation (R13918, Inactivation of neurofibromin,
(Cytoplasm) negative regulation of RAS/MAPK | R1513%*, €25-1, €29 activation of RAS/MAPK pathway, and
pathway activity (Johannessen et al., | +1, etc.) suppression of apoptosis (Johannessen
2005) Heterozygous et al., 2005; Tanic et al., 2012).
deletions
BRAF B-Raf BRAF Regulation of the MAP kinase/ERK | BRAF V600E Activate MAPK/ERK signaling
Proto-Oncogene, | (Cytoplasm) signaling pathway, which controls (R4611, 1462S, G463E, | pathway;
Serine/Threonine cell cycle entry, proliferation, and G463V, G465A, Promote cell proliferation and
Kinase integration of mitogen and stress G465E, etc.) transformation, or formation of
signals for proliferation (Yang et al., | KIAA1549-BRAF anchorage independent colonies (Liu et
2017). al., 2007).
EGFR Epidermal EGFR Cellular proliferation, growth, vIII mutants Constitutive activation of EGFR and its
growth factor (Cell differentiation, and survival (Oda et downstream proproliferative and
receptor membrane) al., 2005; Reddy et al., 2016). antiapoptotic pathway.

Cell proliferation and invasion
(Micallef et al., 2009).
Radioresistance and DNA repair

(Lammering et al., 2003).

(continued on next page)
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Table 1 (continued)
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Note: Color coding: Green zone genes and molecules mainly regulate cell metabolism and proliferation, or repair DNA damages (i.e., tumor suppressors); their
mutations can trigger SCA occurrence. Orange zone genes and molecules largely promote cell proliferation and cell survival under physiological condition. Red zone
genes are those with mutations such as genetic deletion, which turns on their ability to promote cell survival by augmenting cell proliferation, migration and drug-
tolerance, as well as by suppressing apoptosis (Bender et al., 2013; Bjerke et al., 2013; Cheney et al., 1998; Fuxe et al., 2000; Ichimura et al., 2000; Iwadate et al.,
2000; Jang et al., 2015; Jo et al., 2001; Johannessen et al., 2005; Krimpenfort et al., 2007; Lammering et al., 2003; Liu et al., 2007; Micallef et al., 2009; Mistry et al.,
2015; Oda et al., 2005; Park et al., 2016; Reddy et al., 2016; Ryan et al., 2001; Simon et al., 1999; Smith et al., 2001; Squatrito et al., 2010; Tanic et al., 2012; Turcan
et al., 2012; Wrensch et al., 2009a; Wrensch et al., 2009b; Yang et al., 2017; Yin and Shen, 2008; Zhao et al., 2009).

For high grade SCAs that generally have low sensitivity to radiation
treatment, a recent systematic review of overall survival in a pediatric
series showed that adjuvant radiotherapy improved general outcome of
primary spinal glioblastoma multiforme (Konar et al., 2017), which is
different from results from previous studies (Fakhreddine et al., 2013;
Santi et al., 2003). Given the lack of large multicenter studies, it

Table 2

appears that prospective clinical trials are needed to further clarify the
role of radiotherapy, with a focus on differing results in different pa-
thological types, molecular grade of SCAs, and patient profiles (e.g.,
age, gender, clinical history, etc.).

Currently, established chemotherapy regimens are also considered
to have limited value in the treatment of SCAs. It is commonly reserved

micro RNAs (miRs) currently used as prognostic indicators for spinal cord astrocytomas (SCAs)

MicroRNAs Full Name Function Clinical Value

miR-126 MicroRNA-126 Likely having effect on suppressing Potential marker for postsurgical prognosis evaluation
angiogenesis (Han et al., 2016) for patients with brain glioblastoma (Han et al., 2016)

miR-106a MicroRNA-106a Suppress cell proliferation and induce Independent and significant predictor of prognosis in
apoptosis (Zhang et al., 2012) glioblastoma patients (Zhao et al., 2013)

miR-130a MicroRNA-130a Suppress angiogenesis (Chen et al., Marker of favorable prognosis (Qiu et al., 2013)

2008), and promote cancer migration,
invasion and proliferation (Jiang et al.,

chemosensitivity (Liu et al., 2015)

2015)

miR-181d MicroRNA-181d MiR-181d directly regulates MGMT Biomarker to predict temozolomide response (Zhang et
post-transcriptionally (Zhang et al., al., 2012)
2012)

miR-326 MicroRNA-326 Regulate cell survival (Kefas et al., Marker of favorable prognosis; An important candidate
2010) as a tumor suppressor (Wang et al., 2013)

hTERT mRNA Telomerase messenger Maintenance of telomeric DNA at the A potential prognostic factor and diagnosis marker

ribonucleic acid ends of chromosomes (Kang et al., (Shervington et al., 2007; Lotsch et al., 2013)

2016)

MiR-21 MicroRNA-21 Suppress cell apoptosis (Chan et al., Poor prognostic marker (Hemansen et al., 2013)
2005)

miR-155 MicroRNA-155 Regulate cell invasion and Poor prognostic marker (Qiu et al., 2013)

miR-182 MicroRNA-182 Facilitate cell migration and promote
cell survival (Segura et al., 2009)

Prognostic marker for glioma progression and patient
survival (Jiang et al., 2010)

miR-210 MicroRNA-210 Promote a hypoxic phenotype and
radioresistance (Grosso et al., 2013)

Poor prognostic marker (Qiu et al., 2013)

miR-215 MicroRNA-215 Promote tumor growth by activating the
CTNNBIP1/B-catenin pathway (Tong et
al., 2015)

Poor prognostic marker (Tong et al., 2015)

miR-637 MicroRNA-637 Promote cell growth, migration and
invasion via direct targeting Aktl (Que
et al., 2015)

Poor prognostic marker (Que et al., 2015)

Note: Green color-coded miRs are associated with more favorable prognosis; red color-coded miRs and mRNA are associated with poor outcomes of SCAs (Chan et al.,
2005; Chen and Gorski, 2008; Grosso et al., 2013; Han et al., 2016; Hermansen et al., 2013; Jiang et al., 2010; Jiang et al., 2015; Kang et al., 2016; Kefas et al., 2010;
Liu et al., 2015; Lotsch et al., 2013; Qiu et al., 2013; Que et al., 2015; Segura et al., 2009; Shervington et al., 2007; Tong et al., 2015; Wang et al., 2013; Zhang et al.,

2012; Zhao et al., 2013).
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for patients with tumor recurrences after surgery and radiotherapy.
Temozolomide, an oral methylating agent, has become standard
therapy in newly diagnosed adult intracranial GBM (Hegi et al., 2005;
Stupp et al., 2005). There are, however, small study series that have
shown encouraging results for low-grade SCAs, with 18% of patients
having a partial response and no major adverse reactions (Chamberlain,
2008). For high-grade astrocytomas, small retrospective series have
shown some benefits, with ~40% of patients showing a partial re-
sponse, albeit more hematological side effects were noted (Kaley et al.,
2012; Kim et al., 2011). In addition, antiangiogenic treatments have
also shown certain effects. Bevacizumab is such an antiangiogenic agent
that targets vascular endothelial growth factor (VEGF). Small size ret-
rospective studies have suggested a palliative impact for the use of
bevacizumab in spinal cord gliomas that manifested persistent pro-
gression despite surgical resection, radiation therapy and temozolomide
therapy (Chamberlain and Johnston, 2011).

Kaley et al. reported that administration of temozolomide and
bevacizumab may be beneficial in the recurrence of spinal cord high-
grade gliomas after radiotherapy (Kaley et al., 2012). A pilot study
assessing the long term outcome of combinatorial chemoradiation
treatments suggested that the approach was feasible and could serve as
a therapeutic option (Corradini et al., 2016). But due to the small size of
the patient population, different origins of tumors and limitations of
retrospective investigations, convincing evidence remains lacking to
standardize chemoradiation for SCAs (Corradini et al., 2016).

2.3. Experimental investigation and therapy development

Based on the afore-described data, it is clear that SCAs are extremely
difficult oncologic entities to treat. This is partly attributable to the
inherently aggressive biology of these tumors, but also due to the elo-
quent structures of the spinal cord, making aggressive surgical treat-
ment — an important intervention, not applicable in SCAs, especially for
infiltrating neoplastic lesions. Thereby, basic science investigations and
experimental therapies should become the focal point in order to
eventually overcome SCAs. However, most experimental endeavors
have to date been carried out for the research and treatment develop-
ment of intracranial gliomas, leaving IMSCTs as an understudied topic.
Consequently, there are very few experimental models being estab-
lished for investigating SCAs in vivo. In the next section, we reviewed
some of the promising investigations, comprising establishing clinically
relevant models, stem-cell therapies, gene therapies and im-
munotherapies, all aiming to devising targeted treatments, with em-
phasis on how to effectively eliminate the diffusely infiltrating astro-
cytoma cells and preserve the residual neural network in the spinal
cord, particularly for the segments that sustain vital functions (e.g.,
cervical spinal cord for respiratory and circulation functions).

2.4. Experimental models of IMSCTs

The migratory and diffuse growth feature of high grade astrocytoma
cells in the spinal cord and brain often renders surgical treatment per se
insufficient and not feasible. A powerful approach to changing this si-
tuation is to first set up experimental models of IMSCTs with high
clinical face value. Prior to our work that was published in 2016, there
had been only 3 articles describing how to design rat models of in-
tramedullary spinal cord gliomas. All three protocols reported re-
producible intramedullary growth of glioma by directly injecting 9L
gliosarcoma, 98L glioma, or glioblastoma multiforme neurosphere cells
into the middle or lower thoracic spinal cord level (Caplan et al., 2006;
Hsu et al., 2012; Ren et al., 2010). The lower thoracic spinal cord tu-
mors produced hindlimb locomotion deficits, which were used for
testing standard behavioral batteries to define the survival duration of
the affected rats.

However, in humans the cervical and cervicothoracic junction re-
gions of the spinal cord with enriched autonomic neural components
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are more common sites for the multitude of growth of intramedullary
astrocytomas. Thus, autonomic disorders are often presented by the
patients, which, sometimes, have life-threatening consequences (Furlan
et al., 2003; Krassioukov et al., 2009; Osborn et al., 1990; Teasell et al.,
2000). More research effort is therefore needed to establish cervical
spinal cord models of high grade SCAs. We recently designed a rat C6
model of SCAs by implanting G55 or U87 human astrocytoma cells, and
characterized the pathophysiological profile by assessing positive cor-
relations between the scale of C6 tumor growth with degrees of ab-
normality in the somatomotor and sensory systems, respiratory func-
tion, blood pressure, heart rate, body temperature, and body weight
(Ropper et al., 2016). Furthermore, we investigated whether human
NSCs (hNSCs; see below for details) could be genetically engineered
into effector cells to carry out gene-directed enzyme prodrug therapy
(GDEPT) for controlling midcervical SCAs, tapping into hNSC’s che-
motactic capability to track cancer cells following the chemical con-
centration gradients of the ligands (e.g., VEGF, CXCL-12, etc.) produced
by the tumor and/or inflammatory cells (Ropper et al., 2016; Teng
etal., 2011; Schmidt et al., 2005). In our model, the non-treated control
C6 SCA rats showed significantly decreased respiratory rate and cor-
respondingly increased inspiration time phase during the late stage of
tumor growth. The data of respiratory change was consistent with
clinical observation in patients with cervical SCAs-related bilateral
diaphragm weakness who often show the so-called “poor inspiratory
effort” because about 70% of tidal volume in humans is normally at-
tributable to the inspiratory work of the diaphragm, in contrast to ro-
dent’s breathing activity that is driven more by the force derived from
the intercostal and abdominal muscles (McCool, 2012; Teng et al.,
1999). C6 SCA model also exhibited progressive disturbance of blood
pressure and body temperature. For example, beginning at the third
week after G55 astrocytoma cell transplantation, rats without receiving
effective treatment showed significantly decreased group average sys-
tolic arterial blood pressure (SP). Their group mean arterial blood
pressure (MAP = DP + 1/3 x [SP — DP]; DP: diastolic blood pressure)
reduced significantly at the terminal stage when they could not con-
sistently perform body weight-bearing locomotion (Ropper et al.,
2016). The MAP data suggested that the cervical tumor growth might
have compromised systemic tissue blood perfusion in the C6 SCA rats
(Teng and Wrathall, 1996). This notion was corroborated by changes of
body temperature in the same set of rats; we observed more severe
hypothermia in the C6 SCA rats starting in the third week after tumor
cell injection (Ropper et al., 2016). Academically, the C6 SCA model
was also investigated in an innovative way to understand adult mam-
malian spinal cord neurobiology through characterizing its functional
adaptation in response to the gradually escalated assaults and damages
of infiltrating tumor cell growth to the axonal tracts and neurons. We
hope that the approaches will ignite more research investment to re-
search and therapeutic development for SCAs and other currently in-
tractable metastatic diseases (Ropper et al., 2016).

2.5. Stem Cell-based gene directed enzyme prodrug therapy (GDEPT)

Neural stem cells (NSCs) are multipotent cells that are capable of
generating gliogenic or neurogenic progeny (Teng et al., 2017; Llorens-
Bobadilla and Martin-Villalba, 2017). There are generally four main
sources for mammalian (including primate) NSCs to be isolated or de-
rived for basic research and translational study applications: the neu-
rogenesis niches of the subgranular zone (SGZ) of the young or adult
hippocampal dentate gyrus, the subventricular zone (SVZ) of the lateral
ventricles or the hypothalamus in developmental and adult brains, the
embryonic stem cells (ESCs), and the inducible pluripotent stem cells
(iPSCs) (Aboody et al., 2011). One of the functional multipotency fea-
tures of NSCs is that these cells possess an exquisite tumor-tropism
property that is enabled by their developmental capability of chemo-
tactic migration (Aboody et al., 2000; Kim et al., 2005; Teng et al.,
2011, 2012, 2017). Thereby, NSCs are able not only to track down and
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move close to clusters or individual astrocytoma cells in vitro they can
also track and infiltrate tumor masses in vivo (Aboody et al., 2000;
Schmidt et al., 2005; Kim et al., 2005; Ropper et al., 2016). These
properties of NSCs make them powerful vehicles to locally deliver anti-
cancer genes and drugs with minimized systemic side effects. Buoyed
by this innate biology of stem cells, many genetic engineering strategies
have been formulated to equip NSCs with molecular mechanisms such
as synthesis of a particular enzyme (i.e., GDEPT) that can convert a
specific non-toxic prodrug into an oncolytic compound (Aboody et al.,
2000; Ropper et al., 2016; Zeng et al., 2016). Hence, after the NSCs
have migrated into the cancer cell’s vicinity, a benign prodrug can be
systemically administered for killing cancer cells via the afore-de-
scribed “bystander effect” (Aboody et al., 2000; Ropper et al., 2016;
Zeng et al., 2016).

Following completion of many well-designed animal studies, there
was a recently published report on a phase-I clinical study that eval-
uated safety of applying an immortalized human NSC system in brain
glioma cases (Portnow et al., 2017). Briefly, 15 patients with recurrent
brain glioblastomas were treated with a one-time intracranial admin-
istration of the genetically engineered NSCs that expressed cytosine
deaminase (HB1.F3.CD.C21) that converts the prodrug 5-fluorocytosine
(5-FC) to the cytotoxic 5-fluororacil (5-FU). Investigators found no
evidence of dose limiting toxicity (DLT) due to the injected CD-NSCs.
However, there was one case of DLT (i.e., transaminitis) occurrence,
which was considered to be likely caused by 5-FC (Portnow et al.,
2017). Microdialysis evaluation revealed that the cytotoxic drug 5-FU
was produced in the brain in a 5-FC dose-dependent manner and au-
topsy results from 2 patients deceased from disease progression re-
vealed that the donor NSCs migrated to infiltrate distant tumor sites
without donor-related tumorigenic signs. Although the primary end
point in this study was safety and the sample size was very small, ef-
ficacy could be loosely inferred by the fact that those patients receiving
higher doses of the NSCs were found to have a longer median overall
survival compared to those patients that received lower doses. How-
ever, based on our observation of the significantly diminished func-
tional deficits in C6 SCA rats that received hNSC-based GDEPT and the
functional multipotency of NSCs (e.g., production of trophic factors,
etc.), it is important to examine whether the administered hNSCs also
enhanced residual brain tissue preservation and function by activating
alternative neural circuits (Ropper et al., 2016, 2017; Teng et al., 2011,
2017) or even through the potential of forming new neurons to in-
tegrate into the neurocircuit (Teng et al., 2017). Encouragingly, the
same technology has been successfully used to engineer human me-
senchymal stromal stem cells (hMSCs) to investigate and treat brain
glioblastoma (Chung et al., 2016). However, more work is needed to
reveal molecular specifics for the widely recognized pro- and anti-on-
cogenic properties of hMSCs in order to judiciously apply them for
tumor control purposes (Chulpanova et al., 2018). We reiterate that
integration of such Recovery Neurobiology principle (i.e., augmenting
residual neural tissue sparing and function, or activating alternative
neural pathways; Ropper et al., 2017) into the conventional oncolytic
approach that solely focuses on killing tumor cells may synergistically
increase the overall efficacy of cancer therapy.

In our premiere study, a clonal hNSC line (i.e., F3.hNSC) was en-
gineered to express either cytosine deaminase gene only (i.e., F3.CD) or
dual genes of CD and thymidine kinase (i.e., F3.CD-TK) to carry out
GDEPT in a rat model of midcervical SCA (Ropper et al., 2016). F3.CD
or F3.CD-TK cells were injected into the tumor epicenter 7 days after C6
tumor seeding. The C6 SCA rats that received the treatment of the
F3.CD-TK NSCs plus systemic administration of 5-FC and Ganciclovir
(GCV), prodrug of 5-FU and GCV triphosphate that are converted by CD
and TK, respectively, lived significantly longer than those received
F3.CD only or F3.hNSC debris followed with the same formula of 5-FC
and GCV treatment (Ropper et al., 2016). Since the U.S. Food and Drug
Administration lately approved the first clinical study evaluating a CD-
engineered hNSC therapy for recurrent high-grade glioblastomas in the
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brain (Portnow et al., 2017), we are currently investigating more on-
colytic strategies in newly established experimental models following
the Recovery Neurobiology principles, aiming to ultimately translate
our findings for treating patients suffering from high grade astrocytoma
(Karikari et al., 2011; Snyder and Teng, 2012; Ropper et al., 2016,
2017).

2.6. Direct gene therapy and gene editing

Traditionally, gene therapy has been defined by the addition of new
genes to human cells. Nevertheless, a new paradigm has emerged with
the advent of genome-editing techniques, where the human genome can
be retailored to achieve a therapeutic effect (Friedmann and Roblin,
1972; Maeder and Gersbach, 2016; Maguire et al., 2014). The major
catalyst behind the genome-editing techniques was the discovery that
targeted DNA double stranded breaks (DSBs) could be used to “hijack”
the cell’s endogenous cellular repair mechanisms to delete deleterious
genes or re-express lost genes that are therapeutically needed (Takata
et al., 1998). Maeder and Gersbach reviewed the four primary methods
of causing targeted DSBs — Zinc finger nucleases, transcription acti-
vator-like effector (TALE)-nucleases (TALENs), meganucleases, and the
most recent CRISPR/Cas system (Maeder and Gersbach, 2016). De-
scription of the specifics of these different methods is beyond the scope
of this paper. It is worth noting that the CRISPR/Cas mechanism is
derived from a system that was evolved in bacteria; it is a prokaryotic
immune system that provides defense to foreign genetic molecules such
as those present within plasmids and phages. The fact clearly indicates
that even in the 21* century the knowledge and capability of humans to
biotechnologically simulate nature’s basic ways of maintaining genetic
homeostasis still remain in a very early stage of development
(Barrangou et al., 2007; Horvath and Barrangou, 2010; Wiedenheft
et al., 2012).

Logically, as these technologies begin to capture attention in the
science and clinical communities, their safety-related questions and
potential ethic issues are also arising. Among them, how to control and
reach the designed specificity of the genome-editing or gene delivery in
using these genome-editing tools is one of the top concerns (Maeder and
Gersbach, 2016). For now data obtained from intracranial glioblastoma
studies suggested that a convergence of methods, rather than exclusive
methods may be a better approach to overcoming the adaptive me-
chanisms used by glioblastomas to evade a conventionally standardized
treatment (O'Duibhir et al., 2017).

2.7. Targeted immunotherapy

The role of the immune system in cancer tumorigenesis has long
been recognized, from the empirical observation that
munosuppressive regimens or immunosuppressive states are accom-
panied with an increase in the incidence of malignancy (Calinescu
et al., 2015; Doll and Kinlen, 1970). Conversely, both solid and he-
matologic cancers have been shown to progress more slowly or even
gradually disappear when a targeted immune response is elicited
(Burnet, 1967; Calinescu et al., 2015; Ostrom et al., 2014a). From these
observations, the concept of immune surveillance was born, where it
was hypothesized that the immune system is responsible for the con-
tinuous monitoring and elimination of cells harboring neoplastic mu-
tations. Reciprocally, it has been observed that cancer cells are capable
of producing immunosuppressive cytokines, which could lead to their
escape from immune surveillance. With its regards to the CNS, there has
long been a dogma that the CNS is immunoprivileged (Fecci et al.,
2014). This was first suggested based on experiments in the 1940s in
which skin grafts transplanted into the brain of experimental animals
avoided rejection (Medawar, 1948). However, subsequent studies have
modified this dogma: instead of absolute immunologic privilege, a
concept that CNS has its distinct immunological processes was formed
(Dunn et al., 2012).

im-
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Due to the demand in medical practice, most of the preclinical and
clinical efforts on developing immunotherapy for CNS gliomas have so
far targeted Grade-IV astrocytomas. In general, the major categories of
these therapies comprised surface-directed passive immunotherapies,
adoptive lymphocytic transfer, cancer vaccines, and immune check-
point blockade (Calinescu et al., 2015; Fecci et al., 2014). For surface-
directed passive immunotherapies, the goal is to bind a therapeutic
reagent to a specific molecule on the tumor surface in order to block
important tumor growth/survival pathways (e.g., EGFR-mediated sig-
naling) or to activate tumoricidal toxins. Effective surface molecules
that have shown overexpression in glioblastomas include EGFR, te-
nascin, transferri, IL13 and 14 receptors (Calinescu et al., 2015; Fecci
et al.,, 2014). The two major limitations to this methodology are the
relative impermeability of the blood brain barrier (BBB) to these large
protein constructs, which often require direct injection into the resec-
tion cavity and the fact that the response is limited by the half-life of the
agent delivered (Fecci et al., 2014; Platten et al., 2016; Sampson et al.,
2010). Two other mechanisms likely have also mitigated the efficacy of
this methodology, which are the heterogeneity of the surface target
expression and the ability of these tumors to adapt to this mode of at-
tack (Furnari et al., 2015; Platten et al., 2016).

Adoptive lymphocyte transfer uses T-cells that are harvested and
expanded and sensitized ex vivo against glioblastoma for autologous cell
transfer back to patients, often with other immune cells, such as den-
dritic cells (Fecci et al.,, 2014; Han et al., 2015; Prins et al., 2008;
Samaha et al., 2015). To ensure generation of large amounts of func-
tional T-cells, a recent technology development that has shown promise
is to genetically modify T-cells to enable expression of a chimeric an-
tigen receptor (CAR), which can bind to tumor antigens in an MHC-
unrestricted manner to activate T-cells (Gross et al., 1989; Han et al.,
2015).

Also surging is the interest in developing vaccines that are made
from antigens (e.g., proteins) expressed almost exclusively by a parti-
cular type of cancer cells to activate immune system recognition for
selective elimination. Presently, there are five categories of tumor an-
tigen vaccines: (1) antigen vaccines that are made from special protein
antigens in cancer cells. Since the genetic codes of different cancer cell
specific proteins have been uncovered, these vaccines can be made in
large quantities; (2) whole cell vaccines that are made from the whole
cancer cell from the patient, another person, or cancer cells that cul-
tured in the laboratory; (3) dendritic cell (DC) vaccines that help the
immune system to recognize and attack cancer cells. Often autologous
DCs maintained ex vivo are pulsed with tumor antigens before injecting
back into patients. After stimulation, DCs mature and migrate to
draining lymph nodes where they induce immune responses to assault
cancer cells; (4) DNA vaccines that are made with bits of DNA from
cancer cells. Following administration of the vaccines the immune
system can be stimulated to destroy the cancer cells; and (5) anti-idio-
type vaccines are made of antibodies that detect other antibodies as the
antigen and bind to it. The vaccines can stimulate the body to produce
antibodies against tumor cells. These strategies have been used in-
dividually or in combination with additional molecular manipulations
to enhance efficacy, as per the following studies discussed. Similar to
human papillomavirus (HPV) and hepatitis B that were found to be
causative of cervical and hepatocellular carcinoma, respectively
(Benvegnu et al., 1994; Walboomers et al., 1999), potential roles of
cytomegalovirus (CMV) in triggering glioblastoma and pediatric glioma
were also investigated. In spite of some controversial findings, certain
evidence suggested that the viruses may be etiological in the onco-
genicity of those tumors (Cobbs, 2013; Mitchell et al., 2008; Wakefield
et al., 2015). These possible tumorigenic connections can provide spe-
cific antigenic epitopes for developing targeted immune therapies. For
example, it was reported that pre-conditioning the vaccine site with a
potent recall antigen (i.e., tetanus/diphtheria toxoid: Td) could sig-
nificantly improve the lymph node homing and potency of tumor-an-
tigen-specific DCs. In randomized patients with glioblastoma who
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received pre-conditioning with either mature DCs or Td unilaterally
before bilateral vaccination with DCs pulsed with Cytomegalovirus
phosphoprotein 65 (pp65: expressing in > 90% of glioblastoma speci-
mens but not in normal brain), those given Td had enhanced DC mi-
gration bilaterally and significantly improved survival (Mitchell et al.,
2015).

Immune checkpoints are important signaling mechanisms that
prevent autoimmune reactions and allow for self-tolerance by de-
creasing normal T-cell-mediated immune responses (Calinescu et al.,
2015). It has become increasingly recognized that tumors, including
glioblastoma can damp immune checkpoints to limit host T-cell medi-
ated attack (Fecci et al., 2007; Pardoll, 2012; Platten et al., 2016).
Major advances in understanding immune checkpoint inhibition have
been made in the treatment of melanoma, where antibodies against
CTLA-4 and PD-1 have shown promising results clinically (Hamid et al.,
2013; Hodi et al., 2010). Encouraging outcomes have also been re-
ported for preclinical test of immune checkpoint inhibitors in murine
models of glioblastoma, and there are several phase I-III trials to de-
termine whether the efficacy may be translated to the clinical realm
(Agarwalla et al., 2012; Kim et al., 2017; Wainwright et al., 2014).

2.8. Special considerations for therapeutic delivery to the Spinal cord

Many of the more recent experimental therapies for intracranial
gliomas require direct application of these therapies close to the af-
fected area during resection of primary or recurrent gliomas. This is due
to the impermeability of the blood-brain barrier (BBB) and blood-spinal
cord barrier (BSCB) to large and/or charged (i.e., hydrophilic) mole-
cules such as proteins and the increased effectiveness of the required
immune responses following direct injection (Dunn et al., 2012; Hulou
et al., 2016; Mitchell et al., 2015). Thus, for therapeutic delivery to
SCAs, there have been numerous challenges. First, due to the anato-
mical fragileness of the spinal cord, gross total resection of high grade
spinal cord gliomas is often not possible without subjecting patients to
neurological deficits. Overall, data to date remains insufficient re-
garding detailed permeability and metabolic differences between the
BSCB and BBB, particularly in terms of unique changes under different
diseases and trauma conditions (Bartanusz et al., 2011). Such specific
information, if available, would be highly valuable in designing tailored
therapies to treat spinal cord tumors and other pathological conditions.
Mannitol and other substances have been used to disrupt BSCB in an-
imal models (Prockop et al., 1995). These methods however failed to
gain traction in clinical trials, as it was reported that the methods in-
creased the permeability of tumor vasculature by 25%, but increased
normal vascular permeability by 10-fold higher, leading to the leakage
of proteins, etc. to trigger unwanted systemic effects (Garg et al., 2015;
Kroll and Neuwelt, 1998). To overcome uncertainties imposed by the
BSCB and BBB, local delivery strategies for conventional therapeutics or
stem cells have been extensively investigated. Among the innovative
approaches, biodegradable polymers have shown impactful promise in
treating both spinal cord and intracranial diseases. Brem et al. first
proposed using a biodegradable polymer (poly [bis(p-carbox-
yphenoxy)]propane-sebacic acid) as a method to administer interstitial
chemotherapy in the treatment of primary and recurrent intracranial
gliomas (Brem et al., 1995). For therapeutic NSC delivery into the
spinal cord, in a joint pioneer study with MIT’s Langer Lab we tested a
biodegradable polymer construct that was seeded with either murine or
human NSCs in the injured rat and non-human primate (i.e., African
green monkey) spinal cord, respectively (Teng et al., 2002; Pritchard
et al., 2010). The results of these preclinical studies have led to FDA’s
approval of applying a scaffold alone design as the first implantable
therapeutic device for an early phase clinical trial for patients with ASI-
A acute thoracic spinal cord injury (see details in: https://clinicaltrials.
gov/ct2/show/NCT02138110). In addition, a report has shown some
intriguing results of releasing paclitaxel, a chemotherapeutic agent
from ReGel, a thermal gel depot-based delivery system in a rat model of
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gliosarcoma (Tyler et al., 2012). We anticipate that future endeavors
will concern how to use polymer for controlled release of genetically
engineered stem cells or drugs to maximize the initial success we ob-
tained in GDEPT treatment for experimental SCAs (Ropper et al., 2016).

To improve intraparenchymal drug distribution, convection-en-
hanced delivery (CED) was first presented in 1994 (Bobo et al., 1994) as
a method to overcome the diffusion-limited application of chemother-
apeutics in the brain. It involves the use of pump connected to an in-
fusion catheter and maintains a pressure gradient, aiming to sustain
more diffuse and homogeneous drug concentrations, with results
showing improved drug administration in the spinal cord (Endo et al.,
2015; Lonser et al., 1998). Interestingly, due to the different anistropic
properties, the gray matter and white matter of the spinal cord exhibit
distinct characteristics of drug distribution by CED. Whereas the ratio of
the volume of distribution to the volume of infusion in the gray matter
was comparable to that of the white matter, drugs remained in the
white matter tract and rarely infused into the adjacent gray matter.
Conversely, when drugs were injected into the gray matter, they in-
filtrated laterally into the white matter tract and traveled longitudinally
and preferably along the white matter funiculi. At the infusion center,
the areas of drug presence were generally larger in the gray matter CED
than in the white matter (Endo et al., 2015). The findings have ther-
apeutic implications in the drug delivery to treat spinal cord gliomas,
which grow in both the white matter and the gray mater (Ropper et al.,
2016).

Lastly, the use of intrathecal delivery has been adopted for the
treatment of both brain and spinal cord disorders (Garg et al., 2015;
Nance et al., 1995; Sampson et al., 2002; Yu et al., 2013). For long-term
release of therapeutic substances, electrical or osmotic pumps con-
nected to an intrathecal catheter have become widespread, especially in
the treatment of spasticity or neuropathic pain after spinal cord trauma
(Garg et al., 2015; Yu et al., 2013). It should be noted that such systems
when used clinically may be susceptible to complications, mostly re-
lated to the catheter’s physicochemical impact and possible infection
(Draulans et al., 2013).

2.9. Summary notes

Although being relatively rare, SCAs are exceedingly difficult clin-
ical entities to treat. This challenge is borne by the fact that many pa-
tients present with infiltrative tumors that are not amenable to sa-
tisfactory resection or even applying surgical intervention due to the
functional eloquence of the axonal tracts and neuronal circuits that
carry crucial vital functions of the spinal cord. In our assessment, newly
emerged therapies such as genetically engineered stem cell-based
GDEPT, direct gene therapy, and targeted immunotherapy are pro-
mising domains of therapeutic development that have provided and
will continuously offer medical caregivers with more efficacious treat-
ments for patients suffering from high grade SCAs. Importantly, to
eventually conquer spinal cord malignant tumors, future interventions
must be able to selectively track and ablate the so-called cancer stem
cells (CSCs)/tumor survival cells (TSCs). We have shown that CSCs/
TSCs of SCAs are more resilient to oncolytic assault than those in brain
glioblastoma, as F3.CD NSC implantation plus 5-FC injection was ef-
fective in a murine intracranial glioblastoma model but not impactful
on C6 SCA in rats (Aboody et al., 2000; Ropper et al., 2016). In addi-
tion, hyperthermia preconditioning increased numbers of human glio-
blastoma cells that expressed CSC/TSC markers and facilitated their
engrafting in the adult rat spinal cord (Zeng et al., 2016). Therefore,
future therapeutic designs for SCAs should factor in mechanisms that
can specifically target the most critical features of the disease in regards
of tumorigenesis, malignant grade, lethality, functional anatomy of the
spinal cord, pharmacokinetics, and synergistic combination of treat-
ment modalities.
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