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Abstract

Invasion of high-grade glioma (HGQG) cells through the brain and spinal cord is a leading cause of
cancer death in children. Despite advances in treatment, survivors often suffer from life-long
adverse effects of the toxic therapies. This study investigated the influence of nutritional ketosis
on the therapeutic action of mebendazole (MBZ) and devimistat (CPI-613) against the highly
invasive VM-M3 glioblastoma cells in juvenile syngeneic p20-p25 mice; a preclinical model of
pediatric HGG. Cerebral implantation of the VM-M3 glioblastoma cells invaded throughout the
brain and the spinal column similar to that seen commonly in children with malignant glioma. The
maximum therapeutic benefit of MBZ and CPI-613 on tumour invasion and mouse survival
occurred only when the drugs were administered together with a ketogenic diet (KD). MBZ
reduced VM-M3 tumour cell growth and invasion when evaluated under in-vitro and in-vivo
conditions through inhibition of both the glutaminolysis and the glycolysis pathways.

Moreover, administration of the drugs with the KD allowed a low dosing for the juvenile
mice, which minimized toxicity while improving overall survival. This preclinical study in
juvenile mice highlights the potential importance of a diet/drug therapeutic strategy for

managing childhood brain cancer.
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Introduction

The alarming rise in incidence of glioblastoma (GBM) across all age groups over the last 21 years
requires immediate action for management and prevention (1-3). Diffusely infiltrating pediatric
high-grade gliomas (HGGs) are the leading cause of cancer death in children in the US with no
improvement in management in over 10 years (4-7). Most survivors experience multiple adverse
effects that significantly reduce quality of life (8). HGGs have been classified as anaplastic
astrocytoma, diffuse intrinsic pontine glioma (DIPG), and glioblastoma multiforme (GBM) (9).
Interestingly, glioma cell dissemination through cerebrospinal fluid (CSF) is more common in
pediatric HGG patients than in adult glioma patients with similar histopathology. CSF involvement

could explain the poor survival prognosis in pediatric HGG patients (6, 10).

The incidence of metastatic spread has been reported as 2—14 % of adult glioma patients at the
time of tumor recurrence (10, 11). The pattern of recurrence of pediatric malignant gliomas can
be different from that reported for adults, given the significant incidence of distant relapse and
high risk of leptomeningeal dissemination (12). Although the role of macrophage/microglia in
invasion and metastasis is debatable, substantial evidence shows that cells expressing
microglia/macrophage markers comprise 30-50% of the cells in malignant gliomas including the
tissue of DIPG and GBM (13-15). We previously proposed that some of the
microglia/macrophages present in the glioma tissue are part of the neoplastic malignant cells
themselves and, given their mesenchymal amoeboid properties, maybe capable of invading the
surrounding parenchyma giving rise to tumor growth and even tumor metastasis (16). In that
respect, our clonal population of VM-M3 cells, which arose spontaneously in the brains of VM/Dk
mice, are highly aggressive and metastatic regardless of whether the cells are implanted
orthotopically or subcutaneously in the mice (17, 18). The rapid growth and distal brain invasion
of the VM-M3 tumor cells through Scherer’s structures is also remarkably similar to those features
seen in human glioblastoma (18). In this study the spinal invasion of VM-M3 cells from the

cerebral cortex in postnatal mice shows similar etiology to that of pediatric HGG.
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The response to chemotherapy is poor in most pediatric brain cancer patients with survivors
experiencing unacceptable toxicity and reduced quality of life (19, 20). Temozolomide
chemotherapy, which has only modest therapeutic benefit in adult glioma patients, is overly toxic
and without therapeutic benefit for pediatric brain cancer patients (21). This failure is likely due
to the metabolic properties of the neoplastic tumor cells. In contrast to the complex genetic
heterogeneity seen in gliomas, aerobic glucose fermentation (Warburg effect) is the common
metabolic phenotype seen in most high-grade pediatric and adult gliomas (HGG) (22-24). In
addition to aerobic carbohydrate fermentation, brain tumor cells are also dependent on glutamine
fermentation for growth and survival (24-26). The reliance on glucose and glutamine for glioma
malignancy comes from the well-documented defects found in mitochondrial OxPhos (27).
Glucose and glutamine fermentation in the cytoplasm and mitochondria, respectively, can
compensate for OxPhos impairment. We recently showed how the glutamine antagonist, 6-diazo-
5-oxo-L-norleucine (DON), administered together with a calorically restricted ketogenic diet (KD-
R) managed late-stage orthotopic growth in two syngeneic mouse models of GBM (28). DON
targets glutaminolysis, while the KD-R reduces glucose and, simultaneously, elevates ketone
bodies that are neuroprotective and non-fermentable. The diet/drug therapeutic strategy killed
tumour cells while reversing disease symptoms and improving overall survival. Moreover, the
KD-R diet facilitated DON delivery to the brain and allowed a lower dosage to achieve therapeutic
effect. As drug delivery to the pediatric brain is considered a major limitation to effective
management of HGG, mechanisms underlying brain drug delivery will have immediate and

significant impact for children with brain cancer.

The antiparasitic drug, mebendazole (MBZ), showed preclinical efficacy in models of GBM and
medulloblastoma (29, 30). A phase I clinical trial for newly diagnosed HGG pediatric patients has
been initiated for MBZ (ClinicalTrials.gov Identifier: NCT01837862). This trial will evaluate
safety and dosing in treating pediatric patients with recurrent or refractory gliomas. MBZ
treatment in-vivo as a single agent or in combination with chemotherapy led to the reduction or
complete arrest of tumor growth, marked decrease in metastatic spread, and increase in overall
survival (31-33). The mechanism by which MBZ inhibits tumor growth is due in part to the
inhibition of glucose uptake and glycolytic enzymes (34, 35). MBZ has relatively low toxicity in
both adults and in children (36-38). As systemic bioavailability is best when MBZ is administered
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orally with fatty foods (39, 40), we administered MBZ with a ketogenic diet to young mice with
invasive VM-M3 glioma in this study.

The lipoate derivative CPI-613 is a novel anti-cancer agent that targets mitochondrial
dehydrogenase activities (pyruvate dehydrogenase and o-ketoglutarate dehydrogenase) causing
apoptosis, necrosis, and autophagy of tumor cells (41-45). CPI-613 had little toxicity in
therapeutic dose ranges and was well-tolerated at higher doses in preclinical models (the maximum
tolerated dose in mice was 100 mg/kg). CPI-613 (10 mg/kg) significantly inhibited the growth of
the H460 human non-small cell lung carcinoma in xenograft mice. CPI-613 also caused robust
tumor growth inhibition in a mouse model of human pancreatic tumor (BxPC-3)(46). Although
CPI-613 was therapeutic against preclinical cancers, it failed to show non-toxic therapeutic
efficacy against metastatic pancreatic cancer and relapsed or refractory acute myeloid leukemia in
two phase III clinical trials (47-49). There are currently no clinical or preclinical reports on the

use of CPI-613 for managing brain tumors.

Here we show for the first time that devimistat (CPI-613) and MBZ are therapeutically synergistic
when administered together with a ketogenic diet in juvenile mice with invasive VM-M3 brain
tumor. Moreover, we report for first time that MBZ can target the glutaminolysis pathway of VM-
M3 cells both in-vitro and in-vivo. These findings further support the dependency of the invasive
VM-M3 glioma cells on glutamine for growth. Both drugs prevented dissemination of the VM-
M3 tumor cells from the brain to the spinal cord when administered together with the KD in young
mice. Moreover, minimal drug dosages could achieve remarkable non-toxic improvement in
overall survival when administered with the KD. This novel diet/drug cocktail therapy will have

significant translational impact for children with malignant brain cancers.
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Results

The aim of this research was to determine if a ketogenic diet could improve the therapeutic action
of MBZ and CPI-613 against the progression of the VM-M3 preclinical glioblastoma in the
juvenile mouse brain (p20-p25). The mouse brain at these ages is comparable to that of children
between 3-7 years of age (50). None of the mice received radiation or steroids as a part of the
metabolic treatment protocol in order to avoid the provocative effects of elevated blood glucose
and systemic inflammation on tumor growth (51, 52). Survival of the mice was measured as a
secondary end point. DON treatment alone was used as a positive control throughout the study
based on our previous observations (28). The juvenile mice were fed ad libitum to maintain body

weight.

VM-M3 glioblastoma cells invade the spinal cord from the brain implantation site in young

mice.

VM-M3 tumour cells (100,000 cells in 5.0 ul PBS) were implanted into the brains of young
postnatal-day p20-25 mice of the syngeneic VM/Dk inbred strain. The mice were imaged for
bioluminescence on day 6 after tumour implantation to ensure tumor take. It is interesting to note
that the VM-M3 tumour cells invaded the spinal cord from the brain implantation site (Figure 1A
& 1B). We have not previously seen spinal cord invasion of VM-M3 tumour cells when implanted
into the brains of adult VM/Dk mice (28). Furthermore, spinal cord invasion was not seen
following brain implantation of the non-invasive VM-NM glioma stem cell tumour into young
mice (Figure 1C). It is also important to mention that cerebrospinal dissemination of malignant
glioma is more commonly seen in children than in adults and is indicative of very poor survival.
Hence, our pre-clinical model is highly relevant to the situation seen in children with malignant

glioma.

KD enhances the therapeutic effects of MBZ and DON against VM-M3 glioblastoma cell

growth in brain and spread to spinal cord in young mice.
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After bioluminescence imaging, the mice were divided into diet/drug groups. MBZ was
administered to the mice in the KD (100 mg/kg body weight) for 3 consecutive days/wk. The KD,
without MBZ, was administered alone on the off days. The study was terminated when the mice
in the chow-fed control group lost about 20% body weight and developed signs of morbidity. All
mice were imaged to evaluate brain tumour growth in-vivo before removing the brains for ex-vivo
imaging. DON (1.0 mg/kg body weight) was injected intraperitoneal (i.p.) once or twice/wk. Each
experiment was repeated 3-4 times in the same way when mouse litters became available. Male
and female mice from each litter were randomly distributed among the groups, i.e., both males and

females were tested for each drug.

The following experiments were used to evaluate the effect of MBZ and DON on the growth and
invasion of VM-M3. Experiment 1, was a preliminary study on a single litter of 5 young mice
that included a mouse chow diet control, a ketogenic diet (KD) control, a KD + MBZ experimental,
and a KD + DON experimental. This study involved both in-vivo and ex-vivo imaging of brains.
Experiment 2 involved the repeat of Experiment 1 in another set of young mice from the same
litter. This study involved ex-vivo imaging. Experiment 3 included only two groups; a mouse
chow diet control group and a KD + MBZ experimental group. Experiment 4 involved the
combinatorial effects of MBZ and DON on the survival of the young mice. We chose not to
evaluate the efficacy of these drugs administered in the high-carbohydrate chow diet based on
previous studies showing that therapeutic efficacy of MBZ and DON is best when the drugs are
administered in high-fat diets (28, 30),

Experiment 1, the imaging data in Figure 1D-G show that brain bioluminescence, indicated as
number of photons x 10*, was significantly lower, both in-vivo and ex-vivo, in the mice treated
with KD + MBZ or with KD + DON than in either mouse group receiving the KD alone or in the
two mice that received the chow diet alone. The photon measurement is indicative of tumour ATP
synthesis and viability. The greater the bioluminescence (photon counts) the faster the tumour

growth while the lower the bioluminescence the slower the tumour growth (17).

We found that the diet/drug cocktails prevented tumour cell spread through the CSF. (Figure 1F).
Also, bioluminescence was greater on the “right” ipsilateral side (tumour implanted side) than on

the left contralateral side of the brains. Bioluminescence detected on the “left” contralateral side
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is indicative of distal tumour cell hemispheric invasion. No bioluminescent tumour cells were
detected on the “left” contralateral brain side of the mouse treated with KD + DON indicating that
this treatment significantly reduced both growth and distal invasion of the VM-M3 tumour cells.
Figure 1G shows the quantitation of photon values in different groups. Experiment 2, showed
that brain bioluminescence was highest in mice that received the mouse chow diet (Chow Control).
Although brain bioluminescence was lower in the mice that received the KD alone (KD Control)
than in the mice that received Chow alone, the greatest reductions in brain bioluminescence were
seen in the KD + MBZ and KD + DON groups indicating a significant diet/drug therapeutic
synergy Figure 1H. Experiment 3, involved a further evaluation of KD + MBZ compared to
chow control group. Ex-vivo bioluminescent photon values were compared for individual p20 mice
that were either untreated (Chow control) or treated with KD + MBZ (100 mg/kg body). Brain
photons were counted 12 days after brain implantation of VM-M3 tumour cells. It is clear that
VM-M3 tumour cell bioluminescence was significantly lower in the mice receiving KD + MBZ
than in the mice receiving the control chow diet (Figure 1I). The photon values from the pooled
data of all the mice in the in KD + MBZ group were significantly lower than those from the two
controls groups Figure 1J. These findings show that administration of MBZ or DON with KD
caused a significant reduction in tumor growth. The data from Experiment 4 showed that overall
survival was longer in the KD-fed mice than in the chow fed control mice, but that the overall
survival was significantly longer in mice receiving the KD containing either MBZ or DON than in
mice receiving the KD alone (Figure 1K). The mice on diet/drug therapy were ambulatory and
appeared healthy in contrast to the control chow-fed mice that were sedentary and appeared
moribund (Supplementary video). Histopathological analysis revealed massive tumour cell death

without obvious invasion in the brains of a mouse fed the KD + MBZ diet (Figure 1L).
MBZ. targets both the glutaminolysis and the glycolysis pathways in cultured VM-M3 cells

VM-M3 cells were treated in-vitro with different doses of MBZ and DON. DON was used as a
positive control for these experiments as our previous studies showed that DON targets the
glutaminolysis pathway by inhibiting multiple glutaminases (53, 54). Media and cells were
collected at different times for LC-MS analysis of metabolites and bioluminescence for cell
viability. VM-M3 cells (1 x 10°) were seeded in 24-well plates using DMEM and 10% FBS. After

24 hours, the cells were rinsed with PBS and then grown in serum free basal media with 12.0 mM
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glucose and 2.0 mM glutamine. The cells were cultured for another 24 hrs. in MBZ (vehicle

DMSO) or DON using different drug doses.

MBZ treatment reduced the bioluminescence in the VM-M3 cells in a dose dependent manner
(Figures 2A). Brightfield images showed that MBZ killed the VM-M3 cells at the highest dose
Figure 2E). DON reduced the proliferation rate of VM-M3 cells (Figure 2B, F), but did not kill
the cells as we reported previously (54). In contrast to MBZ, which showed a dosage effect for
viability, no dosage effect for proliferation was seen for DON. Based on this information, we used
1.0 uM of MBZ and 50 uM of DON in further experiments. About 50% of the tumour cells were
killed after 24 hours of the treatment (Figure 2C). To study the effect of MBZ on the glycolysis
and the glutaminolysis pathways of VM-M3 cells, we altered the glucose and the glutamine levels
in serum free basal media. VM-M3 cells (1 x 10°) were seeded in 24 wells as before. After 24
hors., the cells were rinsed with PBS and treated with MBZ (1.0 uM) and DON (50.0 uM) in basal
media for another 24 hours. Figure 2G shows that both glutamine and glucose are required for
VM-M3 proliferation. MBZ treatment significantly reduced the proliferation as we noticed in
Figure 2C. Interestingly, the inhibitory effect of MBZ was evident when glutamine was the only
substrate present in the media, but was not seen when glucose was the only substrate. In the
positive control study, DON-treated cells showed a similar result. These findings indicate that
glutamine is more important than glucose for VM-M3 tumour cell viability suggesting that MBZ
might influence viability through an effect on the glutaminolysis pathway. In the next experiment,
VM-M3 cells were seeded in 6 wells plate. After 24 hrs. the cells were treated with MBZ (1.0 uM)
for 2 hr., 6 hr., and 12 hr. in basal media with no FBS. The LC-MS metabolite data showed that
the glutamine level was higher and the glutamate was lower in MBZ-treated cells than in the
control cells after 2.0 hours (Figures 2H-I). These findings suggest that glutamine usage is
important for the growth VM-M3 tumor cells. Restricted glutamine usage could also account in
part for the lower levels seen for succinate, which is the end product of the glutaminolysis pathway
(25, 27). MBZ apparently caused a reduction in glutaminolysis metabolites. This reduction could
reduce ATP synthesis through mitochondrial substrate level phosphorylation at the succinyl CoA
ligase step in the TCA cycle (25, 27, 55). This reduction could then reduce metabolite levels in the
glycolytic pathway, as reflected at 6 hrs. (Figures 2H-J). Glutaminase C expression was
significantly lower in the MBZ treated brain than in the control brain (Figure 2K). DON was used
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as a positive control. These results suggest that MBZ targets both the glutaminolysis and the
glycolysis pathways in the VM-M3 tumor cells.

CPI-613 reduces the growth of VM-M3 cells in-vitro and in-vivo

VM-M3 cells were treated with different doses of CPI-613 as described above in Figure 2 for the
MBZ experiment. CPI-613 reduced the bioluminescence of the VM-M3 tumour cells in a dose
dependent manner (Figure 3A). Moreover, CPI-613 (100 uM) killed approximately 50% of the
VM-M3 tumour cells after 24 hours of the treatment. VM-M3 tumour cells (100,000 cells in 5 ul)
were implanted into the brains of young postnatal-day 20-25 mice of the inbred VM/DK strain as
described above. The mice were imaged on day 6 after tumour implantation. After
bioluminescence imaging, the mice were divided into four diet/drug groups that included: A chow
diet control; a Chow diet + CPI 613; a Ketogenic diet (KD) control, and a KD + CPI 613 (0.5-1.0
mg/kg body weight in DMSO) injected intraperitoneal (i.p.) once/wk.

Both the chow control diet and the control KD mice received only the DMSO vehicle. The mice
were imaged in-vivo on day 13 after tumour implantation. Bioluminescence was high in mice fed
the chow and in mice fed the chow + CPI-613 indicating that CPI-613 was largely ineffective by
itself in lowering VM-M3 cell growth. On termination, ex-vivo bioluminescence measurements
were lower in the mice fed KD + CPI than in the other groups suggesting a synergistic therapeutic
effect of CPI-613 with the KD (Figure 3B). These findings are important, as no prior studies have

evaluated the therapeutic action of CPI-613 against brain cancer when administered with the KD.

CPI-613 enhances the survival of young mice with orthotopic CT-2A tumor.

In addition to evaluating the therapeutic effects of CPI-613 on the orthotopic growth of the VM-
M3 glioblastoma cells in their syngeneic VM/Dk host strain at postnatal-day 20-25, we also
evaluated the therapeutic effects of CPI-613 on the orthotopic growth of the CT-2A stem cell
glioma in the syngeneic C57BL/6J host strain at postnatal-day 20-25. Overall mouse survival was
significantly longer when CPI-613 was used together with the KD than when used with chow diet.
DON was used as a glutamine-targeting positive control for these experiments (Figure 3C). These
results indicate that the therapeutic action of CPI-613 is significantly improved when administered

together with a KD.
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The KD elevates blood B-hydroxbutyrate levels while reducing blood glucose and the glucose/

ketone index (GKI) in young postnatal mice

Young mice (p25) were tested for the influence of KD on body weight, blood glucose and ketone
levels, and the calculated GKI. Mice were fed the KD for 2 weeks when blood glucose and ketone
were measured using the KetoMojo glucose/ketone meter. Following these measurements, the
mice were implanted with VM-M3/luc (bioluminescent) cells as mentioned above. The diet was

continued for another 2 weeks. The brains were removed and fixed in formalin for histology.

Blood glucose was 8-11 mM and 5-7 mM in the chow fed mice and the KD mice, respectively.
This significant reduction of blood glucose in the KD-fed mice was associated with a significant
elevation of blood ketone levels in KD fed mice i.e., 0.7 mM- 2.0 mM in chow group compared to
3.3 -3.9 mM in KD group mice. Accordingly, the GKI was significantly reduced in KD fed mice
compared to that of chow fed mice. (Figure 4A).

These findings further suggest that KD therapy can reduce GKI values and tumor invasion
compared to chow feeding alone. Histological analysis revealed that VM-M3 tumour cell invasion
was markedly less in the brains of the mice fed the KD than in the mice fed the chow diet. Three
independent mice brains were evaluated from each group (Figure 4B). These findings support the
view that ketogenic metabolic therapy can be a potentially powerful therapy for children with

malignant brain cancer.

Discussion

Our study is the first to report a robust therapeutic benefit of MBZ and CPI-613 for managing
invasive glioma in a preclinical pediatric model of HGG. The data show a significant role of
diet/drug therapy that targets glucose and glutamine simultaneously for managing the growth
experimental pediatric glioma. We recently showed that the ketogenic diet, used together with the
glutamine targeting drug DON, significantly increased the survival of adult VM/Dk mice when
the VM-M3 tumor cells were implanted orthotopically into the brain (28). However, invasion of
the VM-M3 cells from the cerebral cortex into the spinal cord was not observed in our previous

studies using adult mice. In contrast to these findings, massive invasion into the spinal cord and

10
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spinal meninges was seen when the VM-M3 cells were grown in the brain of p21 VM/Dk mice
consistent with evidence that the most invasive cells in HGG are of mesenchymal origin like the
VM-M3 cells (17, 18). Spinal cord invasion was not seen, however, in p21 mice that received
cerebral implants of either the VM-NM or the CT-2A tumor cells that are of neural stem cell origin
(17, 56). These findings support evidence that the microenvironment of the central nervous system
in young mice is more conducive for spinal cord invasion of HGG cells of mesenchymal origin
than is that of adult mice (10, 12). Hence, VM-M3 cells grown in the p21 mouse brain represents
a good model for pediatric HGG.

We also showed for the first time that the antiparasitic drug, MBZ, could target the glutaminolysis
pathway in VM-M3 glioma cells, which is linked to improving survival of the mice. Moreover,
our findings showed that the PDH/a-KGDH inhibitor, CPI-613, was therapeutic against VM-M3
cell growth and invasion only when used together with the ketogenic diet. Ketogenic metabolic
therapy, if administered appropriately in mice or humans, can be a powerful press therapy for
reducing inflammation, proliferation, and angiogenesis while at the same time enhancing the death
of malignant glioma cells (24, 57). Consequently, we administered MBZ and CPI-613 to the

juvenile mice with the KD to improve bioavailability and reduce toxicity,

The p21 mice used in our study were administered the KD in daily amounts needed to maintain
body weight, which can be challenging in young mice (58). All of the juvenile mice on KD
achieved therapeutic ketosis within 3-4 days of diet treatment. The brain histology data showed
that tumour growth was significantly less in the KD-fed mice than in the chow-fed mice. From
our experience, the anti-cancer therapeutic effect of the KD is best when used against naturally
arising tumors grown in their syngeneic host using fat:protein + carbohydrate ratios of 3:1 or 4:1.
These ratios can also reduce the glucose ketone index (GKI) to 2.0 or below with modest to
minimal body weight loss. Studies not adhering to these criteria often do not show anti-cancer
effects of KD therapy (59-62). The therapeutic success of ketogenic metabolic therapy comes
largely from optimizing the macronutrient and micronutrient composition of the KD in order to
achieve the therapeutic GKI values (57, 63). As the basal metabolic rate is slower in humans than
in mice, the therapeutic effects of the KD will be potentially more powerful in children with HGG

than in mice with HGG. Glutamine-driven mesenchymal cells are the most invasive malignant

11
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cells in HGG (23, 28). The KD will be less able to restrict growth of these neoplastic cells than
those cells more dependent glucose. In this situation, the pulsing of glutamine targeting drugs can

be used safely with ketogenic diet (the press) to maximize the therapeutic effect of drugs (57).

Previous studies showed that the bioavailability of MBZ was improved when administered with
high fat meals (37, 39). Additional strategies used to increase drug bioavailability in tumors
include alternative formulations of MBZ with vegetable oils, altering the crystalline structure, and
PEGylation (64-67). Oral administration of MBZ (50 mg/kg mixed with sesame oil) in syngeneic
and orthotopic glioma models in adult mice significantly extended mean survival up to 63% (30).
We showed that the KD alone improved the survival of the tumor-bearing juvenile mice up to 100%
over the chow-fed mice. Further improvement in survival was seen when we mixed the MBZ (100
mg/kg) in the KD. The cocktail of MBZ and DON with ketogenic diet extend the survival over
300%. We previously showed that DON is a powerful glutamine targeting drug that significantly
inhibits VM-M3 tumor progression (28). Consequently, we included a DON-treated group as a

positive control in our current study.

We previously showed that the KD could facilitate delivery of structurally different small
molecules through the blood brain barrier (28, 68). DON delivery to the orthotopic VM-M3 tumor
was three-fold greater when administered with a calorie restricted KD mice than when
administered with standard high-carbohydrate mouse chow(28). Consequently, we did not include
a chow MBZ mouse group in this study. Administration of MBZ and DON with the KD allowed
for lower dosing thus eliminating issues of drug toxicity. Better overall mouse survival without
observable toxicity was achieved when both MBZ and DON were administered with the KD. This
information would be especially important when translating this therapeutic strategy to the clinic,

as avoidance of any type of toxicity would be of upmost importance to children with HGG.

The therapeutic action of MBZ is due in part to inhibition of tubulin polymerization (30, 69).
Tubulin polymerization is an ATP driven process in parasites (70). Previous reports have
suggested that inhibition of carbohydrate metabolism might also account in part for the anti
parasitic action of MBZ (71, 72). We now show that MBZ could block the glutamine utilization

in VM-M3 cells in-vitro and could inhibit the expression of Glutaminase C in in-vivo tumor tissue.
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Glutaminase C expression is directly related to the malignancy of different tumor cells and thus
glutamine metabolism is elevated in many cancers (73-75). Metabolic cooperation of both glucose
and glutamine is essential for the life cycle of both parasites and tumor cells (76). We described
how glucose and glutamine are two major fuels that drive the cytoplasmic and mitochondrial
substrate level phosphorylations necessary for tumor cell survival and growth (27). Further
studies are needed to determine if MBZ could have therapeutic effects on other glutamine-

dependent tumor cells.

A significant part of our study was the evaluation of CPI-613, commonly known as devimistat.
CPI-613 targets the pyruvate dehydrogenase (PDH) and alpha-ketoglutarate dehydrogenase
enzymes necessary for tumor growth and is in clinical trial for pancreatic cancer in combination
with other drugs (44, 49). No prior studies, however, have evaluated the therapeutic action of CPI-
613 against brain cancer. We found a significant dose-dependent effect of CPI-613 on VM-M3
cells in-vitro. These findings justified an evaluation of CPI-613 on the growth of VM-M3 in p21
mice. Remarkably, we showed that CPI-613 was effective in reducing VM-M3 tumor only when
administered with the ketogenic diet. CPI-613 had no significant effect on VM-M3 tumor growth
when administered a regular chow diet. In addition to improving survival of p21 VM/Dk mice
bearing the VM-M3 tumor, the combination of ketogenic diet and CPI-613 also significantly
improved overall survival in p21 C57BL/6 mice bearing the CT-2A neural stem cell tumor. Future
experiments will investigate the level of CPI-613 in the tumor in the KD and chow fed brain as we
did previously for DON (28). We hypothesize that the KD will also act as a vehicle for facilitating
the delivery of CPI-613 through the blood brain barrier for HGG management.

The ketogenic diet, MBZ, and CPI-613 are presently in clinical trials for different types of cancers
in adults and children. The ketogenic diet is already recognized as in the epilepsy clinic for
children. MBZ is in clinical trial for pediatric recurrent/non-responsive brain tumors to check the
safety and tolerability of doses. Our preclinical results in the juvenile in p21 will have a direct
translational benefit to childhood brain cancer, if administered appropriately with KD. We also
expect that this therapy could be effective for managing childhood HGG when used either alone
or in combination with non-toxic aspects of standard of care. Additional preclinical studies are

needed for CPI-613 in relevant brain tumor models before use in clinical trials for pediatric glioma.
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Also, further investigations are underway in our laboratory using cocktails of MBZ, CPI-613, and
DON and other anti-glutamine drugs with ketogenic diet for management of HGG. Our study will
have a potential bench to bedside translation, especially for children with HGG.

Materials and Methods

Mice

Young mice (p21-p25) of the VM/Dk (VM) and C57BL/6J (B6) strain were used for this study.
Studies were initiated one day after weaning. Males and females within and between litters were
matched for age, sex and body weight. All mice used in this study were housed and bred in the
Boston College Animal Care Facility using husbandry conditions as previously described (77).
All animal procedures and protocols were in strict accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care Committee

at Boston College under assurance number A3905-01.

Pediatric syngeneic glioma model

The (p21-p25) mice were anaesthetized with isoflurane (5% in oxygen). The tops of the heads
were shaved and disinfected with ethanol and a small incision was made in the scalp over the
midline. A small indentation was made in the skull over the right parietal region behind the coronal
suture and lateral to the sagittal suture using an 18G needle. VM-M3 tumour cells (approx.
100,000 in 5 ul PBS) were implanted in the right cerebral cortex approximately 1.5-2.0 mm deep
using a Hamilton syringe. Betadine, a topical antiseptic, was applied before the skin flaps were
closed with 7 mm reflex clips. The mice were placed in a warm room (24° C) until they were fully
recovered. The procedure confirms 100% recovery within a few hours of implantation. CT-2A
tumour cells (approx. 100,000 in 5ul PBS) were implanted in C57/BL6 young mice (p21-p25)

using the same procedure described above for VM-M3 cells.

Tumour cell lines
The VM-M3 tumour used in this study arose spontaneously in the cerebrum of an adult male mouse
of the VM/Dk inbred strain. A cell line was prepared from the tumour as described previously.

The VM-M3 tumour manifests all of the invasive characteristics seen in human GBM. The CT-

14


https://doi.org/10.1101/2023.06.09.544252

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.09.544252; this version posted June 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

2A tumour was originally produced from implantation of 20-methylcholanthrene into the cerebral
cortex of a C57BL/6J mouse and was broadly classified as a poorly differentiated highly malignant
anaplastic astrocytoma and a cell line was produced from this tumour as described. More recent
studies have classified the CT-2A tumour as a neural stem cell tumour. The VM-M3 and the CT-
2A cell lines were transduced with a lentivirus vector containing the firefly luciferase gene under
control of the cytomegalovirus promoter (VM-M3/Fluc, gift from Miguel Sena-Esteves, UMass
Medical School). This transduction allows the cells to be tracked in the brain using bioluminescent

imaging.

Dietary/Drug Regimens and Body Weight
All young mice received the standard chow diet for a day or two prior to initiation of the study.
Tumour cells were implanted on day zero. Upon implantation of the tumour, mice remained on
chow diet for 6 days until an in-vivo image was performed to confirm the tumor take for all mice.
Mice were assigned to diet and drug groups on day 6. Male and female young mice were
considered for each group. Mice receiving the standard chow diet (Lab Diet) ad /libitum for the
duration of the study. Ketogenic diet (KetoGEN, Medica Nutrition, Canada) were given ad-
libitum so that the young mice can maintain the body weight for this short-term study.
Mebendazole (Sigma) was administered to the mice mix thoroughly in the KD (100 mg/kg body
weight) for 3 days consecutively/wk. Mice food was monitored daily to approximate the equal
amount of drug for each mouse. The KD, without MBZ, was administered alone on the off days.
For those mice that received DON injections, a fresh stock (Sigma) was prepared and diluted to an
appropriate concentration in PBS and was administered intraperitoneally (i.p.). The DON stock
solution in PBS was stored at -20°C for the duration of the study and mice received 100-150 ul
injections of 1.0 mg/kg. DON was injected once or twice a week depending on the overall health
and tumor progression of the mice. Some doses were skipped if the mice appeared lethargic or if
body weight loss exceeded 1.5 g from the previous day. Studies were terminated at the time of
morbidity for the control groups.

CPI-613 (AdooQ Biosciences), was injected i.p. 0.5-1.0 mg/kg body weight once or twice in a
week. CPI-613 stock is made in DMSO solution and fresh 100 times diluted solution was made

in PBS before injection in mice. Similar dilution of DMSO was injected in the control group.
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Bioluminescence Imaging

The Xenogen IVIS system is used to record the bioluminescent signal from the labeled tumours as
we previously described. Briefly, for in-vivo imaging, mice received an i.p. injection of d-lucifierin
(50 mg/kg) in PBS and Isoflurane (5% in oxygen). Imaging times ranged from 1 to 5 min,
depending on the time point. For ex-vivo imaging, brains were removed and imaged in 0.3 mg d-
luciferin in PBS. The IVIS Lumina cooled CCD camera system was used for light acquisition.

Data acquisition and analysis was performed with Living Image software (Caliper LS).

Histology of brain and spinal cord

Brain tumour and spinal cord samples were fixed in 10% neutral buffered formalin (Sigma) and
embedded in paraffin. Tissues were sectioned at 5 um, were stained with haematoxylin and eosin
(H&E) at the Harvard University Rodent Histopathology Core Facility (Boston, MA), and were
examined by light microscopy using either a Zeiss Axioplan 2 or Nikon SMZ1500 light
microscope. Images were acquired using SPOT Imaging Solutions (Diagnostic Instruments, Inc.)
cameras and software. All histological sections were evaluated at the Harvard University Rodent

Histopathology Core Facility.

Liquid Chromatography Mass Spectrometry Analysis of Metabolomics

VM-M3/luc cells were seeded (1x10°) in 6 wells plate. After 24 hours the cells were treated with
MBZ (1.0 uM) for 2, 6, and 12 hours in basal media with no FBS (25 mM glucose and 4.0 mM
glutamine). After removing the media, 1.0 ml of ice cold methanol:water (80:1) mixture was
added to each well and immediately transferred to -80°C for 15 minutes. Plates were taken out at
different time points and placed on ice, scraped, and the extract transferred to Eppendorf tubes.
The tubes were vortexed and centrifuged at 10,000 x g for 10 minutes. The supernatant was
transferred to a new tube and centrifuged at 30°C. Cell extract was reconstituted in 100ul of
methanol and then filtered through nylon before injecting into the LC/MS instrument (Agilent
6220 TOF, BPGbio global metabolomics platform).

Blood glucose and ketone measurements
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All mice were fasted for 2 hours before blood collection to stabilize blood glucose levels. Blood
glucose and ketone levels were measured using the Keto-Mojo monitoring system (keto-mojo,
Napa, California). Whole blood from the tail was placed onto the glucose or ketone strip. The keto-
mojo meter was used to determine the mmol levels of glucose and B-hydroxybutyrate in the blood.

The Glucose Ketone Index (GKI) was determined as we previously described.

Western blot analysis of glutaminase protein expression.

Frozen tumour and normal brain tissues were homogenized in ice-cold lysis buffer

containing 20 mmol/L Tris-HCI1 (pH 7.5), 150 mmol/L NaCl,1 mmol/L Na;EDTA, 1 mmol/L
EGTA, 1% Triton, 2.5 mmol/L NaPPi,1 mmol/L a-glycerophosphate, 1 mmol/L Na3PO4, 1
Ag/mL leupeptin, and 1 mmol/L phenylmethylsufonyl fluoride. Lysates were transferred to 1.7
mL Eppendorf tubes, mixed on a rocker for 1 h at 4°C, and then centrifuged at 8,100 x g for 20
min. Supernatants were collected and protein concentrations were estimated using the Bio-Rad
detergent-compatible protein assay. Approximately 100 ug of total protein from each tissue sample
was denatured with SDS-PAGE sample buffer [63 mmol/L Tris-HCI (pH 6.8), 10% glycerol, 2%
SDS, 0.0025% bromphenol blue, and 5% 2-mercaptoethanol] and was resolved by SDS-PAGE on
4% to 12% Bis-Tris gels (Invitrogen). Proteins were transferred to a polyvinylidene difluoride
immobilon TM-P membrane (Millipore) overnight at 4°C and blocked in either 5% nonfat
powdered milk or 5% bovine serum albumin in TBS with Tween 20 (pH 7.6) for 1 to 3 h at room
temperature. Membranes were probed with primary antibodies (glutaminase C, abcam, UK)
overnight at 4°C with gentle shaking. The blots were then incubated with the appropriate secondary
antibody (anti-rabbit) for 1 h at room temperature and bands were visualized with enhanced
chemiluminescence. Each membrane was stripped and re-probed for 3-actin as an internal loading

control.

Statistics

Tumor bioluminescence in-vitro, in-vivo, and ex-vivo data were analyzed using the one-way
analysis of variance (ANOVA) followed by Mann Whitney test or by a student’s t test. In each
figure, error bars are mean + SEM and 7 is the number of individual mice analyzed. The Survival
studies were plotted on a Kaplan-Meier curves were determined using Graph Pad Prizm software

and significance was analyzed using the log-rank test.
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Figure 1. Effects of MBZ used with KD on orthotopically implanted VM-M3 glioblastoma
cells in the brain of p20-25 VM/Dk mice. A. VM-M3 tumour cells invasion from the brain
implantation site to the spinal column. This finding is indicative of tumour cell spread through
CSF (in vivo analysis). B. Histological analysis of tumor cell invasion in the spinal cord. Dense
infiltrates of tumor cells all around the spinal cord includes meninges. C. VM-NM glioma non-
invasive stem cell tumour into young mice brain. Spinal cord invasion was not seen following
brain implantation. D. ex-vivo and in-vivo bioluminescence image and photon counts of the brains
of mice receiving the control standard mouse chow diet. The “right” ipsilateral side of the brain
(tumour implanted side) showed significant bioluminescence. Bioluminescence detected on the
“left” contralateral side is indicative of significant distal hemispheric invasion of the tumour cells
(ex-vivo analysis). E. ex-vivo and in-vivo bioluminescence image and photon counts of the brains
of mice receiving the Ketogenic diet (KD). No apparent spread of VM-M3 to the spinal column
was detected on in-vivo analysis. Bioluminescence in the ipsilateral and contralateral brain was
noticeably lower in the KD-fed mice than in the Chow-fed control mice. F. ex-vivo and in-vivo
bioluminescence image and photon counts of the brains of mice receiving either KD + MBZ or
KD + DON. Brain bioluminescence was noticeably lower in these two groups than in either the
Chow control or the KD alone groups. Remarkably, no bioluminescent tumour cells were detected
on the “left” contralateral brain side of the mouse treated in the KD + DON mice indicating that
this treatment significantly reduced growth and distal invasion of the VM-M3 tumour cells. G.
ex-vivo bioluminescence values from the five mice mentioned above. H-I-J. Experiment 2 and 3,
further evaluation of the influence of diet and drugs on ex-vivo bioluminescence. Values are
expressed as the mean = SEM and Mann-Whitney test to determine the significance between the
groups. K. The data from Experiment 4 showed that overall survival was longer in the KD-fed
mice than in the chow-fed control mice, but that the overall survival was significantly
longer in mice receiving the KD containing either MBZ or DON than in mice receiving the KD
alone.  Log-rank (Mantel-Cox test) analysis was performed to determine the significance
between groups. L. The juvenile (p20) mice were implanted with VM-M3 tumour cells
into the cerebral cortex and brain tissue histology (H&E) evaluated 12 days later. The low
power (10x) and higher power (20x) images on the left show many VM-M3 cells invading into
normal appearing brain tissue in a mouse fed the chow control diet. Massive tumour cell death
without obvious invasion is shown in the low power (10x) and higher power (20x) images
on the right in a mouse fed the KD + MBZ diet. These findings further suggest that
administration of MBZ with a KD could offer a powerful non-toxic therapy for children with

malignant brain cancer.
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Figure 2. Evidence showing that MBZ targets both glutaminolysis and the glycolysis pathways
in cultured VM-M3 cells. VM-M3 cells were treated with different doses of MBZ and DON
while grown in-vitro. DON was used as a positive control. MBZ reduced the bioluminescence
in the VM-M3 cells in a dose dependent manner (A, C). Brightfield images showed that MBZ
killed the VM-M3 cells at the highest dose (E). DON reduced the proliferation rate of VM-M3
cells but did not kill the cells (B, F). Experiments were repeated three times and values are
expressed as the mean + SEM and Mann-Whitney test to determine the significance between
the groups. VM-M3 cells are more glutamine dependent than glucose for proliferation and
MBZ kill the cells when glutamine is the only substrate in the media. (G). The LCMS
metabolite data showed that MBZ reduced the glutaminolysis and glycolysis pathway (H-J).
Mice brains were analyzed for glutaminase C expression. A significant reduction in
glutaminase C expression in MBZ treated brain than in control groups. DON was used as a

positive control (K).
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Figure 3. Effects of CPI-613 (devimistat) in the progression of VM-M3 cells grown in-vitro

and in -vivo and survival of young mice with orthotopic CT-2A tumour.

VM-M3 cells were treated with different doses of CPI-613 while grown in-vitro. CPI-613
reduced the bioluminescence in the VM-M3 cells in a dose dependent manner (A).
brain bioluminescence was least in KD + CPI group (B). Values are expressed as the mean +
SEM and Mann-Whitney test to determine the significance between the groups. Overall survival
was significantly longer in CPI-613 treated young mice with CT-2A tumor in the brains
compared to control groups (C). DON was used as a positive control. Log-rank (Mantel-Cox

test) analysis was performed to determine the significance between groups.

Figure 4. Influence of the KD on blood glucose, B-hydroxybutarate, and the glucose ketone
index (GKI) values in p20-25mice on ketogenic diet and histology of the brains with VM-M3

cells.

Young mice (p25) were tested for the ketogenic diet tolerability and blood glucose and ketone
level in their blood. VM-M3 cells were implanted in the brains as described in Figure 1. A
significant reduction of blood glucose is associated with a significant elevation of blood ketone
levels in KD fed mice and accordingly GKI (A). Values are expressed as the mean + SEM and
unpaired t test determines the significance between the groups. Brain tissue histology was
evaluated 14 days after tumor implantation. The low power (10x) images on the top show many
VM-M3 cells invading into normal appearing brain tissue in a chow-fed control mice. Images on
the bottom show a reduction of tumor cells with less invasion in KD-fed mice. 3 independent mice

brains were fixed, processed and imaged (B).
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