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Abstract

Background: Current treatments for glioblastoma (GB), the most common and malignant
primary brain tumor are inadequate and as such, the median survival for most patients with GB is
on the order of months, even after cytoreductive surgery, radiation and chemotherapy.

Case Description: Current study reports two cases of glioblastoma (GB) with subventricular
zone (SVZ) involvement. SVZ biopsies demonstrated the presence of hypercellularity, nestin
immunoreactivity, and a Ki-67 labeling index (LI) of 1-2%. Interestingly, tumor morphology and
proliferative indices are different in the SVZ specimens than the hemispheric recurrences, which
displayed similar nestin immunoreactivity, but a greater LI of 10%. Biopsy specimens
demonstrated both intense nestin immunoreactivity and GFAP immunoreactivity in and around the
GB recurrence. Nestin positive cells were more abundant closer to the SVZ nearest to the
dorsolateral horn of the left lateral ventricle, while GFAP immunoreactivity was more intense
closer to the center of the tumor recurrence. Additionally, co-labeling of cells with Ki67 and
several different progenitor markers (CD133, CD140, TUJ-1, and nestin) demonstrated that these
cells found in and around the GB recurrence were actively dividing. Having failed standard
therapy with evidence of bi-hemispheric spread and progression to GB, we report a novel
approach of using intraventricular liposomal encapsulated cytarabine (DepoCyt) for the treatment
for GB by suppressing glial progenitor cells that surround the ventricular system in patients with
GB.
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Conclusions: MRI and immunohistochemistry demonstrated that the SVZ is the incubator for
future recurrences of GB and propose targeting SVZ progenitor cells with intraventricular
liposomal encapsulated Ara-C. Two patients treated using this novel regimen have demonstrated
partial radiographic responses warranting further studies looking at targeting the subventricular

zone

Keywords

Glioblastoma; Subventricular Zone; Cytarabine; Intraventricular chemotherapy

Introduction

Neuro-oncology is currently in the midst of a paradigm shift in terms of our accepted
understanding of the pathophysiology of gliomagenesis. Classic “dedifferentiation”
hypotheses [1], modeling the cellular origin of gliomas after neoplastic transformation of
differentiated glia, are currently being challenged by “cancer stem cell” hypotheses
suggesting dysregulated glial progenitor cells are responsible for gliomagenesis.

Gliomas include tumors of presumed glial origin including astrocytic, oligodendroglial, and
ependymal lineage. Although dedifferentiation and neoplastic transformation of glia has
been assumed to be the mechanism of gliomagenesis, this hypothesis has never been proven
[2, 3]. Additionally this “classic” view fails to adequately explain the origin of “mixed”
gliomas such as gangliogliomas, which would be better explained by transformation of a
pluripotent precursor cell. Growing evidence exists that glial progenitor cells persisting in
the adult mammalian brain, lining the lateral ventricles in the subventricular zone (SVZ) and
dentate gyrus, play a role in gliomagenesis [4, 5]. Gliomas frequently occur in close
proximity to the ventricular system and SVZ with high-grade lesions like glioblastoma (GB)
“spreading” to midline structures and crossing the corpus callosum to the contralateral
hemisphere.

The lack of significant clinical advances in treating GB may be due to oversight of the
cellular origin of this disease. Our current understanding of gliomagenesis has not yet been
used clinically for the treatment of GB. Intraventricular (ITV) administration of the anti-
mitotic agent cytosine-B-D-arabinofuranoside (Ara-C, cytarabine) has been shown to inhibit
the proliferation and migration of SVZ precursor cells in adult mice [6]. Using this “bench-
top” scientific concept, we hypothesize that the use of ITV Ara-C will slow or eliminate the
migration of SVZ progenitors thought to be the cells of origin and recurrence of GB [2, 4,
7].

To test this hypothesis, we used a sustained release form of Ara-C, DepoCyt (Cytarabine
Liposome Injection), for the ITV administration of this drug in two patients with GB.
DepoCyt maintains cytotoxic concentrations of free Ara-C in the CSF for >14 days
following a single injection [8]. Both patients treated with this agent demonstrated
significant responses in the first patient, and a partial response in the second.
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Case Reports

Casel

History and Initial Examination—A 30-year-old female presented with headaches,
diplopia and a Karnofsky Performance Scale (KPS) of 70. Magnetic resonance images
demonstrated a 2.5 cm left frontal mass enhancing mass with extensive surrounding edema
and 1 cm subfalcine herniation.

Treatments and Pathological Analyses—The patient underwent a left frontal
craniotomy and gross total resection of the lesion. Pathology revealed an anaplastic
gemistocytic astrocytoma. Surgery was followed by adjuvant external-beam radiation
therapy (59 Gy) and concurrent temozolomide at a dose of 75 mg/m2for 6 weeks. She
subsequently underwent 12 cycles of adjuvant temozolomide and KPS improved to 100.

Fifty-four weeks later, MRI brain showed local tumor recurrence in the left frontal lobe and
a new area of right-sided periventricular enhancement adjacent to the frontal horn of the
lateral ventricle (Figure 1 and 4a). The patient’s KPS was 90 and underwent biopsy of both
the left sided hemispheric lesion, right sided periventricular lesion, and placement of
Ommaya reservoir. Pathology results revealed left frontal GB with a Ki-67 labeling index of
10%, and hypercellularity of the right frontal periventricular lesion with a Ki-67 labeling
index of 1.5% (Figure 1). Both biopsy specimens demonstrated intense nestin
immunoreactivity (Figures. 1, 2). Both nestin immunoreactivity (green) and GFAP
immunoreactivity (red) were demonstrated in and around the GB recurrence (Figure 2).
Nestin positive cells were more abundant closer to the SVZ nearest to the dorsolateral horn
of the left lateral ventricle, while GFAP immunoreactivity was more intense closer to the
center of the tumor recurrence (Figure 2). Additionally, co-labeling of cells with Ki67 and
several different progenitor markers (CD133, CD140, TUJ-1, and nestin) demonstrated that
these cells found in and around the GB recurrence were actively dividing (Figure 3).

Liposomal Encapsulated Ara-C (DepoCyt) Treatment—Having failed standard
therapy with evidence of bi-hemispheric spread and progression to GB, the use of
intraventricular liposomal encapsulated Ara-C (DepoCyt) was discussed with the patient and
informed consent obtained for its use.

The DepoCyt dosing regimen was derived from a clinical trial treating neoplastic meningitis
from solid tumors [9]. Briefly, patients went through an induction phase of 1TV DepoCyt,
using 50mg every two weeks for one month (Cycles 1, 2). MR, clinical response, and
systemic toxicity utilizing blood chemistry analysis are performed. Patients with stable
disease, not exhibiting systemic toxicity, were then treated with a three month consolidation
phase of ITV DepoCyt, using 50mg every two weeks for one month, followed by 50mg ITV
DepoCyt every four weeks for two months (cycles 3-6). Evaluation of the therapeutic
response is again assessed by MR, clinical examination, and blood chemistry analysis.
Those without progression or toxicity were treated with further maintenance therapy using
50mg ITV DepoCyt every four weeks for three months (cycles 7-9). Patients receive
dexamethasone 4 mg TID on days 1-5 of each cycle.
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Patient 1 completed the induction (cycles 1, 2) and cycles 3-6. She did not have radiographic
or neurological progression and received an additional 2 cycles of maintenance therapy for a
total of 6 months of ITV DepoCyt. The patient tolerated the treatment well, except for
headache during the first three days of treatment. No other treatment-related complications
occurred. MRI demonstrating a partial response as shown in Figure 4a (I1). No other
treatment-related complications occurred.

The patient was restarted on DepoCyt, and tolerated induction, consolidation and
maintenance phases for 10 months duration. During this period a transient 2 week period of
arachnoiditis was treated with dexamethasone, and elevated ICP (highest 30 cm H,0) was
successfully treated with oral acetazolamide (500mg p.o. BID) reducing ICP to below 20 cm
H»0. Two cycles of ITV DepoCyt were withheld during this period while waiting for these
AESs to resolve. The patient’s last MRI is shown in (Figure 4b: I, 11, I1l) demonstrating a
marked decrease in the bihemispheric tumor burden as compared to Figure 4c (1, 11, I11).
Because of increasing ventriculomegally, further ITV DepoCyt was withheld, and a
ventriculo-peritoneal shunt placed. Six weeks later the patient began to experience
headaches and decrease in KPS to 70. Repeat MRI demonstrated bihemispheric tumor
recurrence as seen in Figure 4c (1, 11, I11). The patient passed away 24 months from initial
diagnosis of GB.

History and Initial Examination—A 47 year old male presented with headaches, and
new onset of seizures with a KPS of 100. MRI of the brain demonstrated diffuse right frontal
edema with a 1.8 cm area of enhancement on the right adjacent to the frontal horn of the
lateral ventricle.

Treatments and Pathological Analyses—The patient underwent a right frontal biopsy
of the lesion. Pathology revealed anaplastic astrocytoma. Surgery was followed by a 6-week
course of external-beam radiation therapy and concurrent temozolomide at 75 mg/m?. He
subsequently underwent 6 cycles of adjuvant temozolomide.

Twenty-four weeks later, MR imaging showed local tumor recurrence in the right frontal
lobe with extension into the corpus callosum to the contralateral side (Figure 5). The
patient’s KPS was 90 and underwent biopsy of the bilateral periventricular lesions, and
placement of Ommaya reservoir. Pathology results demonstrated GB in the left sided
periventricular area, GFAP+ (Figure 6), with a Ki67 labeling index of 10% (Figure 5), and
hypercellularity of the right frontal periventricular area, GFAP+ (Figure 6) with a Ki67
labeling index of approximately 2% (Figure 5). Both biopsy specimens demonstrated intense
nestin immunoreactivity (Figure 5, 6). Both nestin immunoreactivity (green) and GFAP
immunoreactivity (red) are again demonstrated in and around the GB recurrence (Figure 6).
Nestin positive cells are more abundant closer to the SVZ nearest to the dorsolateral horn of
the left lateral ventricle, while GFAP immunoreactivity is more intense closer to the center
of the tumor recurrence (Figure 6).

Liposomal Encapsulated Ara-C (DepoCyt) Treatment—Having failed standard
therapy with evidence of bi-hemispheric spread and progression to GB, use of
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intraventricular liposomal encapsulated Ara-C (DepoCyt) was discussed with the patient and
informed consent obtained for its use. The patient underwent both induction and
consolidation phases of ITV Depocyt (cycles 1-6) and four cycles of maintenance therapy
(cycles 7-11). Treatment related toxicity was limited to headaches beginning 6-7 days after
finishing the 5-day course of dexamethasone during each cycle. This was treated using a
combination of intermittent Naproxen 500mg BID as needed. Further DepoCyt was withheld
due to a generalized seizure several days after the 111 cycle ITV DepoCyt dose was given.
The patient was hospitalized and re-loaded with Dilantin until therapeutic. An MRI was
obtained at this time demonstrating diminished bilateral periventricular and right frontal
tumor enhancement bilaterally (Figure 7). DepoCyt could not be restarted due to the
declining clinical condition of the patient persisting after the generalized seizure. The patient
was readmitted to the hospital for failure to thrive 4 weeks after the MRI shown in Figure
7b. Repeat MRI was performed demonstrating bihemispheric tumor recurrences (Figure 7c).
Patient #2 died shortly thereafter The patient expired 12 months from initial diagnosis of
GB.

Discussion

Despite significant improvements in diagnostic imaging and neurosurgical techniques, the
current treatment modalities for high-grade gliomas are still inadequate [10]. As such, the
median survival for patients with GB is 12-18 months, even after cytoreductive surgery,
radiation and chemotherapy [11]. Furthermore, the outlook for patients with these tumors
has not changed significantly over the last 20 years with a 5-year survival rate of 10%, and a
mortality rate of nearly 100% [12]. Recurrence is nearly inevitable and usually occurs in the
form of local contiguous growth within a 2 cm margin of resection although distant
periventricular failure is frequently seen [13]. The median interval from initial diagnosis to
tumor recurrence, either clinical or radiographic, is 7-9 months [14-16].

The prognosis of patients with recurrent glioblastoma is poor. Either re-resection or systemic
chemotherapy alone yields a median survival of 14 [14], and 24 weeks [15], respectively.
Re-resection followed by systemic chemotherapy increases the median survival to
approximately 36 weeks [16-20]. Results have been modest, driving a continued search for
improved therapies.

Ignorance of the cellular origin of gliomas is one reason for lack of clinical advances
resulting in ineffective tumor targeting and poor prediction of tumor behavior. Growing
evidence exists that glial progenitor cells persisting in the adult mammalian brain, play a
role in gliomagenesis [4]. As is often the case, “new concepts” are frequently well rooted in
history. In fact the earliest references to the stem cell origins of gliomas date back to the
1930’s and shortly thereafter [21]. Further supporting this hypothesis are numerous
laboratory investigations establishing that experimental rodent gliomas arise from the SVZ
[22-24]. However, it was not until recently that these findings have been put into perspective
by the demonstration of persistent proliferative glial progenitor cells in the subependymal
(SEZ)/subventricular zone (SVZ), the hippocampal dentate gyrus, and subcortical white
matter in the adult human [25]. Subsequently, stem-like cells were isolated from human
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gliomas [26], and shown to be tumorigenic after transplantation into immunodeficient mice
[27].

Gliomas have been demonstrated to express the class VI intermediate filament nestin, a glial
progenitor marker, as well as others also found in the SVZ of adult mammals [28]. Rat
glioma models induced by /n utero exposure to ethylnitrosourea, demonstrate hypertrophy
and micro-tumor formation within the SVZ. Subsequent migration of these cellular clusters
results in deep white matter tumor formation, further implicating glial progenitor cells
within the SVZ in gliomagenesis [23]. We have previously shown that the ipsilateral SVZ in
a syngeneic C6 intracranial rat glioma model is hypertrophic, and hypercellular. This region
contains actively dividing nestin positive immunoreactive cells, which stream from the
dorsal tip of the SVZ, and track along the ventral margin of the corpus callosum, to
encompass and infiltrate deep hemispheric C6-GFP gliomas [29]. In fact roughly half of the
tumor mass at the time of animal sacrifice was unrelated to the initially implanted C6-GFP
tumor cells, but could be traced back to cells migrating from the hypertrophied ipsilateral
SVZ. This phenomenon is highly suggestive of a role of SVZ precursor cells in
gliomagenesis [29]. This work has been subsequently confirmed and furthered by Assanah
et al. and Jackson et al. demonstrating glioma formation in response to PDGF signaling by
glial progenitors present in the adult rodent white matter [30], and SVZ [7], respectively.
Further supporting this hypothesis is a recently proposed model of SVZ organization
suggesting that a population of nestin positive dividing SVZ astrocytes (“B” cells) function
as glial progenitor cells, and give rise to other glia as well as to neurons via intermediate “C”
and “A” cell-types [24,31].

Intraventricular administration of the chemotherapeutic anti-mitotic agent cytarabine (Ara-
C), eliminates the presence of intermediate C and A cell-types and prevents division of B
cells in the SVZ of adult mice [6]. Since we hypothesize that these glial precursor cells are
responsible for the development, progression, and recurrence of glial tumors in humans, we
have proposed the use of ITV cytarabine to suppress such activity by inhibiting the glial
progenitor cells in the subependymal zone lining the ventricles. Intraventricular
administration of cytarabine is not practical therapeutically due to its short half-life, but
pharmacokinetic studies of DepoCyt, have demonstrated that once every 2 weeks dosing can
maintain therapeutic cytarabine concentrations in the CSF with minimal side effects [8]. In
one study twelve patients with neoplastic meningitis were treated with escalating doses of
intrathecal liposomal cytarabine. Therapeutic intra-lumbar concentrations of free cytarabine
were maintained for up to 14 days, following an intrathecal dose of 75mg [32]. Side effects
such as grade Il headache, fever, and nausea were reported, as well as one transient grade |
cauda equina syndrome. This dosing schedule was confirmed by Chamberlain et a/. [33].

Here, we report two patients with progression to GB from an anaplastic astrocytoma, SVZ
gadolinium enhancement on MRI, and the presence of hypercellularity, nestin
immunoreactivity, and a Ki-67 labeling index (LI) of 1-2% in the SVZ biopsy specimens
(Figure 1, 5). This LI is elevated as compared to non-neoplastic brain parenchyma [34]. In
comparison the primary tumor focus in these patients demonstrates similar nestin
immunoreactivity, but a greater LI of >10%. This suggests that the S\VZ may be playing a
role in gliomagenesis in humans as well. Interestingly, tumor morphology and proliferative
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indices are different in the SVZ specimens than the hemispheric recurrences.
Microscopically the SVZ component is reminiscent of a “low-grade glioma” with
proliferating immature nestin and GFAP positive cells. It is possible that this “low-grade”
SVZ component is the incubator for future recurrences of hemispheric GB. Using this
hypothesis, we have proposed targeting SVZ progenitor cells with intraventricular liposomal
encapsulated Ara-C. Both patients treated using this regimen demonstrated some response to
treatment (Figure 4, and 7) potentially warranting further studies targeting the SVZ

The limitations of this study is the limited number of patients, the lack of molecular markers
due to the small size of tissue obtained from the SVZ, the fact that this data was generated
from a single institution making it unclear whether these findings would be confirmed in a
larger number of patients across several institutions

Conclusions

Our improved understanding of SVZ progenitor cells in relation to gliomagenesis is
important in defining novel therapeutic targets. Using intraventricular liposomal
encapsulated Ara-C, we have shown temporary stabilization of disease in two patients with
secondary GB. This potentially warrants further studies looking at targeting the SVZ as a
niche allowing recurrence of gliomas..
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Ki-67

Nestin

Figurel.
(a) Gadolinium enhanced MR image (Case 1) demonstrating recurrent left frontal GB and

right periventricular enhancement. Ki-67 immunohistochemistry stains are shown from
biopsies of both regions (upper insets), and nestin immunocytochemistry staining (lower
insets).
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Figure2.
Confocal photomicrographs of left frontal GB recurrence (Case #1). Nestin

immunoreactivity (green) and GFAP immunoreactivity (red) are demonstrated in and around
the GB recurrence. Nestin positive cells are more abundant closer to the SVZ nearest to the
dorsolateral horn of the left lateral ventricle, while GFAP immunoreactivity is more intense
closer to the center of the tumor recurrence (left picture). The border between the GB
recurrence and SVZ is demarcated by a red line (left picture) and magnified on the right
hand images. Co-labeling GFAP+/Nestin+ cells (yellow) are seen in this region.
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Figure 3.
Confocal photomicrographs of left frontal GB recurrence (Case #1) showing the co-labeling

of cells (yellow) with Ki-67 and CD133 (top left), CD140 (bottom left), TUJ-1 (top right)
and nestin (bottom right). This demonstrates that cells labeled with several different types of
progenitor markers found in and around the GB recurrence are actively dividing.
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Figure4.
(a) Gadolinium enhanced MR images (Case 1) comparing pre- (1) and post-DepoCyt

treatment (1) after completion of the consolidation phase (cycle 6). After four months of
treatment, the original left frontal lesion, and periventricular enhancement has disappeared.
(b) MRI 40 weeks after restarting ITV DepoCyt in patient (Case #1). Images (I, II, 111)
demonstrate a marked decrease in the bihemispheric tumor burden as compared to Figure 4c.
(c) MRI 6 weeks after discontinuing ITV DepoCyt in patient (Case#1). Bihemispheric
recurrent GB is demonstrated (1, I1, 111).
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Figure5.
Preoperative MRIs demonstrating recurrent bihemispheric GB (Case# 2). Biopsy results

show recurrent GB in right frontal lobe (top left) and bilateral periventricular areas (top
right, and bottom left). Periventricular biopsies demonstrate a Ki-67 labeling index of 10%
(top right MRI) in the left periventricular biopsy (inset), and hypercellularity of the right
frontal periventricular enhancing region (top right MRI) with a Ki-67 labeling index of 2.0%
(inset). Bilateral periventricular regions are nestin positive (bottom left MRI insets).

SN Compr Clin Med. Author manuscript; available in PMC 2021 June 01.

Ki-67

Nestin



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Frankel et al.

Page 15

Figure 6.
Confocal photomicrographs of right frontal periventricular GB recurrence in patient #2.

Nestin immunoreactivity (green) and GFAP immunoreactivity (red) are demonstrated in and
around the GB recurrence. Nestin positive cells are more abundant closer to the SVZ nearest
to the dorsolateral horn of the right lateral ventricle (V). Nestin+ cells are seen streaming
from the ventricular surface towards the GB recurrence (left picture). Co-labeling of GFAP
+/Nestin+ (yellow) cells appear in these regions.
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Figure7.

(a?GadoIinium enhanced MR images (Case 2) comparing pre- (1) and post-DepoCyt
treatment (1) after completion of the induction phase (cycle 2). After one month of
treatment, periventricular enhancement has significantly diminished. (b) MRI 36 weeks after
starting ITV DepoCyt in patient (Case# 2). Images (I, I1, I11) demonstrate a marked decrease
in the bihemispheric tumor burden. (c) MRI 4 weeks following termination of ITV DepoCyt
in patient (Case# 2).
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