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Abstract

Background: The anti-epileptic NKCC1 inhibitor Bumetanide (BUM) and the microtubule acting anthelminthic agent
Mebendazole (MEB), have anti-cancer properties. Tumor & its environment generate neuronal hyperactivity that aggravates the
clinical outcome suggesting that their combination might block hyperactivity (BUM) and augment cell death (MEB). Methods:
We tested the effects of the combo on i) NKCCL1 activity in human cell lines, ii) electrical activity recorded from mouse
hippocampal neurons & tumors freshly resected from patients, iii) glioblastoma-brain co-cultures, iv) cell death in human
tumoroids. Results: BUM efficiently inhibited NKCC1 & unexpectedly, MEB applications also via a likely indirect action. In
rodent hippocampal neurons, BUM blocked GABAergic Giant Depolarizing Potentials and seizures and co-applications of MEB
produced a fourfold increase of BUM's efficacy. In freshly removed brain tumors, E GABA reversal recorded with single GABA
channels was highly depolarized (close to -25 mV) in keeping with NKCC1 over activity. BUM fully blocked ongoing epileptic
activity. In GBM-Brain cultures, the combo produced stronger effects then independent applications of MEB or BUM. In
tumoroids, the combo also efficiently produced strong cell death & morphological changes in some tumors. Conclusion: The
combination of BUM & MEB acts complementarily on brain tumors, the former blocking seizures, and the latter producing cell
death. Their combination increases their hyperactivity inhibitory actions and cell death. The combo might therefore be used to
treat brain tumors combining 2 different mechanisms and targets.
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1. Introduction

In spite of extensive efforts and investments, Glioblastoma
(GBM), grade 11/111 meningiomas and other aggressive brain
tumors (BT) remains orphan of novel therapies to ameliorate
the life of patients and increase their survival [1-4]. Reference
therapy is the association of Temozolomide (TMZ) and radi-
otherapy, but prognosis remains low with a median survival of
15 months. Combined with Temozolomide, applications of
low intensity alternating electric fields on transducer arrays
placed on the skin above the region containing the BT in-
creased survival by 4 to 6 months [5]. This technique is
however limited by local side effects, short additional survival
and high cost.

Inhibitors of the co-transporter NKCC1 exert anti-cancer
activity. NKCC1 is highly expressed on the leading edge of
cell migration [6]. Blocking NKCC1 with BUM or NKCC1
KO attenuates GBM expansion [7]. Bumetanide slows cancer
cell migration [8] and accelerates temozolomide induced
apoptosis of GBM cancer cells [7]. NKCC1 activity is in-
volved in the epithelial to mesenchymal transition [9] and the
spread of cancer cells is abolished in a nude mouse intracra-
nial modeINKCC1 KO [10] The efficacy of NKCC1 inhibi-
tors to restore GABAergic inhibition in many brain disorders
has extensively been shown including in clinical trials
[11-13].

Other observations suggest that the anthelminthics
Mebendazole (MEB) and Albendazole (ALB) have powerful
antiproliferative, proapoptotic actions with 1c50 below mi-
cromolar range in vitro and in vivo [14] They have relatively
good brain penetration [15], inhibit tubulin polymerization,
pro-survival pathways, matrix -metalloproteinases, angio-
genesis, drug resistant protein transporters and attenuate sev-
eral other types of cancers and tumors [16, 17]. Promising
results have recently been obtained in GBM phase 1-2 clinical
trials using MEB [18].

Recent observations suggest that the environment of the
tumors plays an important role in its aggravation, with func-
tional GABAergic and glutamatergic synapses established
associated with network hyperactivity that aggravate its se-
verity [19, 20]. Indeed, blocking this neuronal activity atten-
uates metastasis [19, 21]. In tumors, GABA exerts depolar-
izing actions due to high (CI); levels [22] Collectively, these
observations stress the importance to target in a therapeutic
perspective the tumor AND its environment.

Here, we tested the hypothesis that Meb and BUM might
have complementary actions; the former leading to apoptosis
and the latter blocking environmental hyperactivity. We re-
port that BUM & MEB have complementary actions on brain
GBM cocultures, Tumoroids of GBM and meningiomas. A
synergistic action is conspicuous in rodent brain slices, where
co-applications of MEB with BUM reduced significantly
BUM dosage needed to restore GABAergic inhibition. Col-
lectively, results suggest that the combo might constitute a
novel approach to treat GBM and aggressive brain tumors.
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2. Material & Methods: Also See
Complementary M&M

1. Determining NKCCL1 inhibition in cell lines

NKCC1 function was assessed in HEK293 cells as previ-
ously described [23]. HEK293 cells were first exposed to an
isosmotic saline, followed by an uptake with an identical
saline containing 200 mM ouabain, 0.25 mCi/mL ®Rb, and
drugs. Mebendazole was tested in concentrations ranging
from 100 pM to 31.6 mM in the presence or absence of 20
mM bumetanide. K* influx was calculated from ®Rb tracer
uptake and expressed in pM K* x mg protein™ x min™.

2. Electrophysiology

1) Rodent Hippocampal Slice preparation

P4-P15 mice hippocampal slices were prepared as previ-
ously described [24] & incubated in artificial cerebrospinal
fluid.

Dosages of BUM and MEB

In our electrophysiological investigations on rodent and
human in vitro material, we relied on the dosages used in the
extensive in vitro studies made with BUM of MEB usually
10uM BUM on slices known to restore GABAergic inhibition
in a wide range of studies [25, 11]. For MEB, as very few
studies have been done on slices, we used 10 or 20uM found
not to have effects on intrinsic currents and as its actions are
meant to be on microtubules, we incubated the slices in its
presence for 30 minutes to 1-2 hours.

2) Human GBM acute slice preparation

After surgical resection, the brain tissue was placed within
30 s in ice-cold oxygenated protecting solution that contained
in (mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose,
11.6 sodium ascorbate, 7 MgCl,, 3.1 sodium pyruvate, 2.5
KCI, 1.25 NaH,PO, and 0.5 CaCl,, 300 mOsm and brought to
the neurophysiology laboratory within <10 min. Brain slices
(300-400 uM) were prepared and transferred to the holding
chamber in which they were stored at room temperature
(20-22 °C) in ACSF containing in mM): 125 NacCl, 3.5 KClI,
0.5 CaCl,, 3 MgCl,, 1.25 NaH,PO,4, 26 NaHCO,, and 10
glucose, 300 mOsm, equilibrated at pH 7.3 with 95% O, and 5%
CO, at room temperature (RT) (22-25 °C) for at least 2 h to
allow recovery. For recordings, we used the same solution but
with 2 mM CaCl, and 1 mM MgCl,.

3) Patch-clamp recordings in rodent and human brain slices

Slices were perfused with oxygenated recording ACSF at
3 ml/min-1 at RT. Neurons were visualized using infrared
differential interference contrast microscopy. Patch pipettes
(7-9 MQ resistance) where filled with intracellular solution
(in mM): 130 K-gluconate, 10 Na-gluconate, 7 NaCl, 4
MgATP, 4 phosphocreatine, 10 HEPES, and 0.3 GTP (pH 7.3
with KOH, 280mOsm). Biocytin (final concentration
0.3-0.5%) was added to the pipette solution to label neurons in
human GBM slices. Cells with leakage current more than
40 pA were discarded.

To determine cell excitability, we recorded voltage re-
sponses (current-clamp mode) to 1s current steps of —ep
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to + 150 pA (10 pA increment, 3 s interval between each step).
Current-voltage (I-V) relationships were established to cal-
culate input resistance of cells. Action potential duration
(half-width) was measured at half of the maximal amplitude.
Spontaneous excitatory postsynaptic currents (EPSCs) were
recorded for 10 min at —t min and spontancous GABAergic
postsynaptic currents (GPSCs) at 0 mV (the reversal potential
for glutamatergic currents). Membrane potentials were cor-
rected for a liquid junction potential of —ft mV (calculated
using the junction potential calculator module of pClamp 10).
Extracellular tetanus stimulation

To induce seizure-like events (SLE), a bipolar Ni-Cr elec-
trode was positioned on the surface of hippocampal slices
close to the recorded cell. Trains (20 stimuli, 100 Hz) of cur-
rent pulses (25-50 pA, 100 ps) were delivered every 120 s
through the constant current bipolar stimulus isolator A365
(World Precision Instruments).

4) Single-channel recordings from GBM cells in human

brain slices

Patch pipette solution for single GABA, channels record-
ings contained (in mM): NaCl 120, KCI 5, TEA-CI 20,
4-aminopyridine 5, CaCl, 0.1, MgCl, 10, glucose 10, Hepes
10 buffered to pH 7.2-7.3 (pipette resistance 7-10 MQ) &
5uM GABA. Cell-attached recordings were made under
visual control. After gigaseal formation (>3 GQ) currents
through GABA channels of 1 pA were immediately visible at
the potential +50 mV. Currents through GABA, channels
were recorded from —om mV to +50 mV with 10 mV in-
crements for 1-2 minutes for each holding potential. We per-
formed analysis of single channel currents and I-V relation-
ships using Clampfit 10.6 (Axon Instruments, Union City,
CA).

3. Glioblastoma-Brain culture and assays

Glioblastoma cells were cultured as previously described
by [26]. GE835 cells were transduced with
UBI-fLUC-PGK-mCherry lentivirus and selected by mcherry
expression. Neural organoids (or neurospheres) were differ-
entiated from human iPSCs (Reprocell). IPSCs were trans-
duced with UBI-GFP lentivirus and selected by GFP expres-
sion. The protocol used for differentiation of iPSCs in neu-
rospheres was slightly modified from [27]. Imaging and
analysis of Neuro®® GBM™"™™/e co_culture, Neuro®® gli-
o™hemyfLue eylture dissociation, Draq7 staining and FACS
analysis, apoptosis, neural differentiation quality control
(RNA extraction and qPCR), and spheroid viability assay with
3D CellTiter-Glo are detailed in the supplementary data.

4. Tumoroid Formation and Culture

Tumoroids were generated from patient-derived tissue
samples obtained through biopsy under ethically approved
protocols with informed patient consent. Tumoroids were
cultivated using a tumoroid-on-chip platform to replicate
tumor microenvironment and maintain the three-dimensional
(3D) architecture necessary for accurate drug screening.

1) Drug Treatments

BUM and MEB were prepared as DMSO stock solutions
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and diluted in culture medium to reach working concentra-
tions. Live/Dead Viability Assay, imaging and quantification,
and Morphological Analysis are explained in supplementary
data.

2) Statistical Analysis

Statistical analysis was conducted using GraphPad Prism
10 (GraphPad Software, USA). Data from triplicates were
pooled, and statistical significance was assessed using
one-way ANOVA, followed by post-hoc multiple compari-
sons. Comparisons between treatment groups were performed
to evaluate potential synergistic effects.

3) Tumor Sample Collection and Processing

Tumor samples were obtained from patient biopsies of
glioblastomas, meningiomas, and metastases, collected under
ethically approved protocols with informed patient consent.

4) ECM Matrices

4 different ECM platforms were evaluated: Vivolnk (Cel-

IInk), Agarose Low Melting (Sigma-Aldrich), Laminink+

(Cellink) and Telocol-6 (CellInk).

3. Results

1. Effects of MEB and BUM on K+ fluxes

K* influx in HEK293 using ®*Rb as a tracer for K* move-
ment, most of the K* influx is mediated by the Na*/K* pump
(ouabain-sensitive component) and the Na-K-2Cl cotrans-
porter (bumetanide-sensitive component) (Figure 1). We
observed that unlike bumetanide, MEB had no direct effect on
NKCC1 function (Figure 1B). However, when used during
the pre-incubation and flux periods, MEB decreased NKCC1
function (Figure 1C). The MEB 1Cs, was determined to be
157 (not shown) but yielding only 50% inhibition. When
combined with bumetanide, MEB showed effect only at very
low doses of bumetanide (Figure 1D) suggesting different
sites of actions & possible indirect interactions of MEB &
NKCCL.

2. Complementary Effects of the combo on rodent hip-

pocampal neurons

A.MEB and BUM do not alter intrinsic currents

Applications of MEB (10 or 20 M), BUM (10 V), or the
MEB analogue Albendazole (ALB 20 piM) produced no
change in half-width AP duration, AP threshold, input re-
sistance, spike amplitude in current-clamp whole-cell re-
cordings of CAL hippocampal pyramidal neurons after 1 h
incubation (Suppl Figure 1). This was not altered by the ad-
dition of BUM (10 piM). Similar results were observed with
the MEB powerful analogue Albendazole (10 pM) (Suppl
Figure 2).

B. Synergistic actions of benzimidazoles and BUM on in-

hibition of GDP in neonatal hippocampal slices

The immature hippocampus generates spontaneous net-
work-driven synchronous oscillation, Giant Depolarizing
Potentials (GDPs) [28] that are mediated largely by depolar-
izing GABAergic currents that are extremely sensitive to
NKCC1 block by bumetanide (Spoljaric et al, 2017). Incuba-
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tion with Meb (20 M) did not affect significantly GDP cur-
rent density in CA3 pyramidal neurons in hippocampal slices
(0.88 +=0.08 of control, n = 5), while bumetanide (2 M)
blocked GDP current density to 0.06 £0.02 of control in nawe
slices and to 0.03 +0.02 of control (n = 5) in MEB-treated
slices with no statistically significant differences (Figure
2A-C). However, in mebendazole treated slices, 30 nM BUM
that does not alter GDP in control conditions (0.9840.03 of
control, n=8) produced a significant inhibition (0.7120.05 of
control, n=4) (Figure 2E, F) (Figure 3D, F, G). Therefore,
mebendazole treatment enhance bumetanide potency.

Similar results were observed with the MEB analogue Al-
bendazole (10 M) that did not affect significantly GDP ac-
tivity in CA3 pyramidal neurons (1.21 £0.4, n = 4) (Suppl
Figure 2 A, B). BUM (2 M) fully blocks GDP activity (0.02
+0.02 of control (n = 4) in control slices; but BUM (30 nM)
which did not alter GDP activity in control conditions
(0.9840.03 of control, n=8) significantly inhibited them
(0.5440.03 of control, n=9) in albendazole-treated slices
(Suppl Figure 2C-E). Thus, benzimidazoles treatment en-
hance significantly the potency of bumetanide inhibition.

C. Complementary actions of MEB and BUM to suppress

epileptiform activity

Spontaneous epileptiform activity was recorded in pyram-
idal neurons of peritumoral cortex in acute human BT slices
(Figure 3A, B). This activity was fully blocked by bumetanide
(2uM) (Figure 3C).

In p14-p15 mice, seizure-like events (SLE) were triggered
in CA1 pyramidal neurons by tetanic stimulation of stratum
radiatum (Figure 3D). Bumetanide (2 M) significantly de-
creased post-tetanus spike frequency to 0.30240.09 of control
(n=6, two-tailed, paired t-test, p=7*e-4) in naive slices and to
0.2740.06 of control (n=5, two-tailed, paired t-test, p=3*e-4)
in mebendazole -treated slices (Figure 3 D-H). MEB alone (20
M) applied alone for 1 h did not affect SLE (0.8620.09, n=5)
(Figure 3E, G, H). Similarly, Albendazole application for 1 h
did not affect SLE (0.92 +0.09, n = 10). But in albend-
azole-treated slices, Bumetanide (2 pM) significantly de-
crease post-tetanus spike frequency to 0.32 £0.05 of control
(n = 10, two-tailed, paired t-test, p = 7*e-4) (Suppl. Figure
3).

D. Mebendazole and bumetanide combination restored in-
hibitory driving force of GABA (DeGABA) in GBM
cell in peritumoral cortex.

To determine (CI'); levels and its modulation by combo
treatment, we performed non-invasive cell-attached sin-
gle-channel GABAAR current recordings in glioma cell of
BT infiltrated cortex (Suppl Figure 4A, B). Pyramidal neuron
located close to glioma cell displayed spontaneous glutama-
tergic hyperactivity (Suppl Figure 4C). Glioma cells were
identified by 5-ALA staining and electrophysiological prop-
erties (Suppl Figure 4D). 1I/V plot of single-channels
GABAR currents shows reversal potential close to -25 mV,
assuming resting potential of about -40 mV (-38.7 #2.0, n=7),
implying that within the tumors malignant glioma cells have
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high [CI]; levels indicative of NKCC1 overactivity (Suppl
Figure 4G, H). 1 hour incubation with mebendazole (10 M)
did not change DFGABA, but BUM (2 M) decreased
DFGABA with a ~20 mV shift of I/V curve to more hy-
perpolarized potentials (Suppl Figure 4 H). In addition, gli-
oma cells that generate small action potentials, displayed
BUM (2 M) sensitive ongoing oscillations (Suppl Figure 5).
Collectively, these observations validate the enhanced activ-
ity of NKCC1 and the efficacy of BUM to block oscillations,
synapse driven hyperactivity including when combined with
MEB.

3. Effects of MEB & BUM on Neuro®® GBM™hem/hue

cultures

Co-cultures are made up of patient-derived glioblastomas
that grow and invade engineered iPSC-derived neural tissue in
a 3D culture. Glioblastoma and neural tissue can be distin-
guished by the expression of mcherry/fluc (red) reporter and
GFP (green), respectively. After five days of co-culture, GBM
cells spread from the spheroid invading the neural compart-
ment as well as infiltrating neural cells into the tumor part
(Supplementary Figure 6 A, B).

Before starting the co-culture and treatment, we performed
an analysis of neural differentiation markers in neural tissue
derived from iPSCs (neuro®®), which indicated that neural
markers were expressed after 44 days of differentiation,
whereas stemness markers (OCT-4) disappeared, indicating
that neurons and glial cells are present (Suppl Figure 6 C).
GBM spheroids and neuro ®™ were co-cultured for three days,
and tumors and neurospheres were measured before treatment,
with no differences at time zero (Area TO) (Suppl Figure 6A,
B).

BUM (0.5 uM) and MEB (0.3 uM) were tested inde-
pendently or combined. As compared with DMSO, the com-
bination of these drugs significantly reduced tumor area
(*p-value=0.05), calculated 72 hours after treatment. Inde-
pendent applications did not significantly impact tumor area
(Figure 4A) (Supplemental Figure 7A, B) and neural tissue
size was not affected by any condition (supplemental Figure
7C, D), indicating no neurotoxicity (p-value=not significant)
(Suppl Figure 7C).

Draq7 staining to evaluate cell death, showed that com-
bined treatment significantly increased the percentage of cell
death 48 hours after treatment which was significantly higher
than DMSO or MEB and BUM alone (Figure 4B). Draq7
positive cells were also found in neural tissue, in a range of
0.05 to 1.5% that does not significantly differ from DMSO
(Suppl Figure 7D). This may result from the turnover of cells
or from dissociation processes during which each culture must
pass prior to being subjected to flow cytometry analysis.

Next, the treatment's ability to induce apoptosis was de-
termined using caspase-3 activity normalized to tumor cell
number. Co-cultures treated with DMSO, and bumetanide
showed low caspase-3 activity. MEB alone increased caspa-
se-3 activity, although not significantly compared to DMSO.
Combinations of drugs caused a significant increase in tumor
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apoptosis compared to DMSO and to independent
MEB/BUM applications (Figure 4 C). Thus, the combo has a
synergistic effect on cell death, apoptosis, & tumor growth,
without significant neurotoxicity.

4. Effects of MEB & BUM on Tumoroids

The effects of BUM and /or MEB were tested on a total of
16 tumoroids freshly extracted from patients. In some, both
drugs were tested, in other either BUM or MEB were tested
because of limited biological material. In Figure 5, the cyto-
toxic effects of BUM30 and MEBO0.5 and MEB1 were evalu-
ated across tumoroids derived from four meningiomas pa-
tients.

Patient1-Determined 24 and 48 hours after surgery (Patient
1- (figure 5)), the cytotoxic impact of BUM and MEB, indi-
vidually and in combination showed a progressive increase of
cell death. Indeed, the combination treatment BUM30 MEB1
significantly increased cell death compared to control at 24
hours (****p < 0.0001), with a cell death ratio of 0.96 (96%),
and this effect was further pronounced at 48 hours, reaching a
ratio of 0.99 (99%; ****p < 0.0001).

Patient 2- after 48 hours, the control condition exhibited a
significantly lower cell death ratio compared to all treatment
conditions (****p < 0.0001) excepted the condition BUM30.
MEBO.5 alone produced a cell death ratio of approximately
0.68, while MEBL1 increased it to 0.74. However, the combi-
nation BUM30 MEBO.5 did not substantially elevate the
effect, maintaining a ratio of 0.70. Notably, the
BUM30MEB1 combination did not outperform MEB1 alone,
showing a slightly lower ratio of 0.73 (****p < 0.0001).

Patient 3- at 48 hours, MEBO.5 achieved a cell death ratio
of approximately 0.72 (****p < 0.0001), and MEB1 increased
it to 0.80. The combination BUM30 MEBO0.5 showed a sim-
ilar effect with a ratio of 0.81, while BUM30 MEB1 further
elevated the response to 0.88 (****p < 0.0001).

Patient 4- the control condition showed significantly lower
cell death ratios across all treatment conditions (****p <
0.0001) excepted for the condition BUM30. MEBOQ.5 pro-
duced a ratio of approximately 0.65, MEB1 0.71, BUM30
MEBO0.5 0.74, and with BUM30 MEB1 0.84 a consistently
increased cytotoxicity producing the highest effect (****p <
0.0001). These findings underscore the variability in tumoroid
responses, with Mebendazole as the primary driver of cell
death, and Bumetanide displaying a more pronounced effect
in combination at higher doses. Taken together, the BUM30 +
MEB1 combination emerged as the most consistently effec-
tive condition across all four patient-derived meningioma
tumoroid models, achieving near-total cell death in each case.

In Figure 6, the assessment of treatment efficacy is struc-
tured across four sections: A1 A2 (quantitative assessment),
B1 B2 (heatmap visualization), C1 C2 (box plot distribution),
and D1 D2 (bar plot of median final scores). The analysis
includes a total of 16 tumoroids, with 10 tumoroids tested
under control and BUM30 + MEB1 combination only due to
limited tissue availability, and 6 tumoroids assessed under all
conditions (control, BUM30, MEB1, BUM30 + MEBL1). The
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final score, representing the combined assessment of viability
(cytotoxicity) and morphological changes (cellular integrity),
was calculated for each tumoroid. In Al A2, quantitative
assessment reveals that BUM30 + MEB1 consistently
achieved the highest final scores across the majority of tu-
moroids, indicating a pronounced and sustained therapeutic
effect. The synergy between BUM30 and MEB1 is particu-
larly evident where the median final score is 6.5, suggesting
near-complete cell loss and severe morphological disruption.

The heatmap in B1 B2 visually underscores the superior
efficacy of BUM30 + MEBL, with a clear gradient shift to-
wards the darker spectrum, indicative of higher cytotoxicity
and morphological alterations. In contrast, BUM30 alone
exhibited only moderate effects, aligning with its primary
mechanism targeting hyperexcitability rather than direct cy-
totoxicity.

The box plot in C1 C2 consolidates the distribution of final
scores, quantitatively reinforcing the pronounced efficacy of
the combination treatment across all tumoroids (****p <
0.0001). The highest median final scores were consistently
observed in the BUM30 + MEBL1 condition emphasizing the
enhanced cytotoxicity achieved through combination therapy.

Finally, the bar plots in D1 D2 illustrate the median final
scores. BUM30 + MEBL1 consistently outperformed all other
conditions, reaching near-maximal scores indicative of com-
plete cell disruption and apoptosis.

Overall, these findings highlight the robust synergistic ef-
fect of BUM30 + MEBL1 in inducing both cytotoxicity and
pronounced morphological damage. The integration of both
viability and morphological assessments into a single final
score provides a comprehensive framework for evaluating
therapeutic efficacy under variable tumor conditions.

4. Discussion

Results validate the advantages of combining MEB and
BUM to treat BTs. BUM and MEB act on different mecha-
nisms - ionic distribution and cell volume on one hand and
cytoskeletal proteins on the other. Yet, un-expectedly, they
share some common actions on NKCC1 notably indirect
complex actions of MEB on NKCC1 of human cell lines. In
rodent neurons, the combo augments BUM's efficacy by sig-
nificantly reducing the dosage of BUM needed to block hy-
perexcitability. In human BTs, the reversal potential of
GABA is depolarizing attesting to high (CI'); levels and
NKCC1 hyperactivity. BUM blocks ongoing epileptiform
activity in humans BTs, in keeping with extensive literature
showing that BUM restores GABAergic inhibition in brain
development & in many pathological conditions where it is
depolarizing/excitatory [11, 12]. MEB produces massive
apoptosis with up to almost complete cell loss in freshly re-
moved tumors from patients. This effect is time dependent,
being more conspicuous 48 hrs. than after 24hrs and even
more so after 5 days (Figures 5, 6). In Neuro®™® GBM™erm/fLue
cultures, the combo is more efficient in producing cell death
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than independent applications further attesting their com-
plementary actions. Both drugs are generic being used for
decades, thereby facilitating their use in clinical trials. In
addition, the duality of their actions reduces side effects that
are in literally absent at the sub micromolar dosages used. In
sum, this preclinical study justifies the use of the combo in
clinical trials and its ads versus MEB or BUM alone.

The following points deserve emphasis concerning GABA,
NKCC1 and BUM. GABA, receptors are present in astro-
cytoma, oligo-dendroglial tumor [29] and GBM [22]. GABA
receptors participate in the proliferation and migration of
these cancer cells. H3K27M+ DMG cells broadly expressed
GABA, receptor (GABAAR) subunit genes, including
a-subunits, B-subunits and y-subunits, as well as GPHN (en-
coding gephyrin), ARHGEF9 and NLGN2, which are asso-
ciated with GABAergic postsynaptic compartments. These
genes were expressed to a much greater extent in H3K27M+
DMG and IDH-mutant high-grade gliomas than in IDH WT
high-grade gliomas [30, 53]. Also, tumors are invaded by
axons and a complex network is formed * that generate det-
rimental hyperactivity including excitatory GABA actions
due to high (CI"); levels [22] Here, we used single GABA
channel recordings - the most reliable technique to determine
endogenous (CI); levels and GABA receptor actions. Inter-
estingly, neurons endowed with immature properties -like
high (CI'); levels and depolarizing actions of GABA - play an
important role in many other disorders [11, 12, 53] and there
are many similarities between immature neurons & cancer
cells [21].

NKCC1 antagonists and notably BUM might be useful to
treat a wide range of cancers. The underlying concept is that
reduction of cell volume is a hallmark of apoptosis and this is
largely dependent on NKCCL1 activity [7] Loss of cell volume
and lowering of ionic strength of intracellular K* and CL
occur before detectable signs of apoptosis. Cancer cells like
GBM maintain basal [CI]; levels well above the electro-
chemical equilibrium of the ion (~ 68 mM) and NKCC1 acts
to replenish [CI']; levels. Temozolomide -like Bum - triggered
cell volume loss and accelerated early apoptosis and activa-
tion of caspase3 and 4 [7, 34, 35] Interestingly, NKCC1 is
enriched in the leading edge of the migrating cellular element
[6]. It is also phosphorylated with augmented activity in tu-
mors including GBM and this correlates with the histological
grade and severity of GBM [36] Linking cell volume changes,
and mTOR signaling has also been suggested to mediate the
effects of bumetanide [37]. Bum attenuates a wide range of
cancers including hepatic [38] lung [39], pancreatic [40], and
colon cancers [41]. Patients with high NKCC1 expression had
significantly shorter disease-free survival (DFS; P<0.001) and
shorter overall survival (OS; P<0.001) [42]. [CIT; levels are
elevated in prostate cancer that modulate cell proliferation [43]
NKCC1 activity is also correlated in tumor related epilepsies
with significant actions of Bumetanide [44]. NKCC1 activity
is involved in the epithelial to mesenchymal transition and as
such a prognostic biomarker of GBM severity [9]. In sum, the
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strong interactions between the tumors and their environment
leads to a high NKCC1 activity, high (CI'); levels and seizures.
The reinforcement of the anti-epileptic actions of Bumetanide
by incubation with anti-helminthic agents deserves emphasis,
as patients with brain tumors have recurrent seizures neces-
sitating anti-epileptic treatment.

The anthelmintic antiparasitic agent Mebendazole acts by
depolymerizing cytoskeletal proteins [15] MEB meets several
requirements desirable for a repurposed drug to treat cancers
notably GBM [45]. Experimental observations suggest an
increase of apoptosis [46, 47]. Various clinical trials have met
some success with a combination of MEB and Temozolomide.
Thus, Kaplan -Meier analysis showing a 21 months median
overall survival with 41% of patients alive at 2 years [18, 15]
Median progression-free survival from date of diagnosis was
of 13, 1 months (also see [48] and 2 trials with MEB are on-
going (trial.gouv.com). MEB plus radiation provides a better
survival benefit beyond either alone in triple negative breast
cancer and malignant meningioma [49]. In rodent model,
malignant of malignant meningioma; MEB enhanced efficacy
of radiation [50]. In a pilot trial, MEB monotherapy achieved
long term disease control of metastatic adrenocortical carci-
noma [51]. MEB also disrupt tumorigenesis in pancreatic
cancer’” and MEB or an analogue Flubendazole induces mi-
totic catastrophe cell in melanoma [52]. The synergistic ac-
tions of both agents on hippocampal neurons suggest that
alterations of cytoskeletal proteins alter intrinsic properties
AND reinforcing GABAergic effects with concentrations as
low as 30nM of bumetanide that have no effects on nawe
neurons attenuates seizures and blocks NKCC1 and depolar-
izing /excitatory actions of GABA. Blocking evoked seizures
with such low concentrations of Bumetanide is to the best of
our knowledge unprecedented. It is likely that in clinical trials,
this will reduce the side effects of both 2 agents, notably the
diuretic actions of Bumetanide observed in clinical trials on
autism [13].

Collectively, these observations suggest that the combo
BUM and MEB might be useful to treat meningioma, GBM
and brain metastasis. Although acting on different sites and
mechanisms, they have a complementary action. In keeping
with this, we have performed a pilot compassionate trial on a
patient with a large un-operable large brain stem metastatic
tumor inducing a radiological response, major clinical re-
sponse, cortico-steroids reduction and significant increased
life survival [53]. Clearly, more trials are warranted.

This study has several limitations. Firstly, the small number
of tumors accessible to investigations strongly limits the
conclusions that can be derived from the study. Although due
to obvious issues, this problem must be considered. Future
studies will have to rely on larger samples to validate our
conclusions. Considering the difficulty of obtaining cortical
tumors in conditions that are appropriate with electrophysio-
logical and tumoroid preparations, the study is limited in the
type & numbers of brain samples. We clearly need more
diversified material to ensure representativity and relevance to
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some or all types of BTs. In addition, conclusions derived
from this very heterogenous collection of tumoroids must be
validated by further experiments and possibly circumscribed
to some types of tumors when sufficient collections of data
will be available. The use of different preparations, although
important to avoid their intrinsic limitations, pose the problem
of comparing their effects. Another limitation stems from the
relatively short life span of in vitro tumoroids, reflected by the
bigger efficacy of the combo after 48 hours than 24hrs. This
limitation however will be alleviated in clinical trials. Nev-
ertheless, the material accumulated in various human and
rodent preparations speak in favor of a complementary action
of 2 widely different /complementary agents. Considering the
heterogeneity of BTs and the important dynamic plasticity of
synaptic interactions with the environment and the resulting
hyperactivity, the combination of drugs might in the future be
unavoidable to deal with these very different targets and aims.
It is for instance likely that patient immunotherapy might have
to include other agents to act on the environment. In that
respect, present paper paves the way to possible interventions
aiming the tumor AND its environment.

Our results add new data connected to the new identified
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the first time, we demonstrate the involvement of NKCC1 in
this major glioma driver and the connected impact of the
Bum/MEB combo. Moreover, dual neuron-glioblastoma ex-
periments, suggest that the neuronal driver also inhibits tumor
cell death and that its inhibition using bum restores response
to cytotoxic therapy. If we add the already demonstrated
anti-invasive impact of Bum, this provides a new mul-
ti-targets therapy targeting both neuronal micro-environment
and the tumor itself.

To date no anti-invasive therapy is available, and individ-
ualization of the protumor neuronal activity was not translated
at the bedside in a specific drug therapy. The referent Te-
mozolomide therapy for glioblastoma induces neurotoxicity
probably increasing the neuronal protumor activity and en-
hancing tumor invasion/migration. Bum/Mem combo would
inhibit both, providing for the first time a drug combination
targeting two major drivers of brain tumor aggressiveness.
Finally, the concept that emerges from the present and many
recent studies is that BT cells and their immediate environ-
ment have immature features that must be considered in a
cognitive and therapeutic perspective.

isosmotic saline + ouabain

bum
10 30 uM

MEB
03 1 3

cntr

0.1

D. s+

isosmotic saline + ocuabain

0
bum: 0
MEB: -

0 60

+ -

60 200 200nM

+ - +

Figure 1. BUM and MEB fully and partly block NKCC1 respectively.

Figure 1. Effect of MBD on NKCC1 function. A. Effect of ouabain (200 M), bumetanide (20 M), and both on K* influx in HEK293 cells.
B. Effect of MEB (0.1 - 30 M) on ouabain-resistant K* influx. C. Effect of MEB (0.1 - 31.6 M) applied during pre-incubation (15 min)
and flux (15 min) on ouabain-resistant K* flux. D. Effect of MEB (10 M during pre-incubation and flux) at different low bumetanide con-

centrations (0, 60 and 200 nM). Bars represent means =SEM (n = 3).
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Figure 2. Synergistic actions of benzimidazoles and BUM on inhibition of GABAergic Giant Depolarizing Potentials (GDP) in neonatal
hippocampal slices.

A, B GDP recorded in Voltage- Clamp (Vc¢) from CA3 hippocampal neurons. Note that MEB (20 M) did not alter their frequency. However,
both in nawe slices (A) and after incubation with MEB (20uM) for 1 hour (B), bumetanide fully blocked the GDP (A-C). C, Quantitative
measures. D-F, Mebendazole enhances potency of bumetanide inhibition. Representative V¢ recordings of GDPs in control and in the presence
of 30 nM of bumetanide in a control slice (D) and in a mebendazole treated slice (E). Low concentration of bumetanide (30 nM) inhibits GDPs
activity in hippocampal slices treated with mebendazole (E, F) but not in control (D, F). F, Quantitative measures. The error bars represent
SEM.

105


http://www.sciencepg.com/journal/crj

Cancer Research Journal http://www.sciencepg.com/journal/crj

Human GBM peritumoral cortex

A interictal activity
ictal activity
VoY W, /w\
Mouse brain slices P15
D F
Tetanus (20 stimulus, 100Hz) 8-
Control 7]
£ 64 3 Control
3 A Bl BUM (2 uM)
S 4]
£
& 21
BUM (2 uM) 0 7] :
G 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
6- ]
_I 5 pA E 3 [ Control
1s 'S' [ MEB (20 uM, 1h)
3 4 ‘ . [ MEB + BUM (2 M)
Control ‘a
E »n

20 pA 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (ms)
1s H ns
>
MEB (20 uM, 1h) :c: 1.2 [ Control
z 10 Bl 8UM (2 uM)
@
=35 08 I MEB (20 uM, 1h)
28 B VEB + BUM (2 uM)
33 06
2% 04
MEB + BUM (2 uM) é é “
s 02
3 00
o

Figure 3. Bumetanide in combination with mebendazole produces anti-epileptic activity.

A, B,- In peritumoral human GBM cortex, pyramidal neurons (A) exhibit ongoing epileptiform activity. Action potential firing pattern of
neuron is shown in insert. B, Representative traces of current-clamp patch-clamp recordings of epileptiform activity from pyramidal neuron. C,
Bumetanide (2 M) blocks the paroxysmal activity.

D: In rodent hippocampal slices, high frequency tetanus (20 stimuli, 100 Hz) produces long lasting episodes of Interictal activity. This epilep-
tiform was fully blocked by bumetanide (D, G, H) or co-application of MEB (20 piM) and BUM (2 M) (E, G, H) but it was not altered by MEB
(20 M) alone (E, G, H). Representative superimposed traces of tetanus-induced seizures in control condition, bumetanide (D), in mebendazole
and combination of mebendazole and bumetanide (E) and corresponding averaged frequency histograms (F, G). H: Quantified data on 5 cells.
Note that applications of mebendazole (20 M) had little effects on spikes counts, whereas Bum or co-applications of MEB and BUM fully
blocked seizure-like activity. The error bars represent SEM.
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Figure 4. Cell death produced by the combo in Neuro®PGBM™ "L co_cyltures.

(A) Left: Brightfield and fluorescent representative images of Neuro®PGBM™™/™u co_cyltures 72 h after treatment. 10X magnification
with Z-stack. Scale bar 100 um. Right: Tumor area calculated from red fluorescent area of Neuro®PGBMM™ ™/ co_cultures. (B) Percent-
age of tumor dead cells was determined by DRAQ?7 staining on mCherry positive cells (glioblastoma) after NeuroSPGBM™e™/Lue cyjlture
dissociation. (C) Caspase-3 activity in Neuro®PGBM™ ™™/ cyltures. Caspase-3 activity was normalized on fLuciferase (which is ex-
pressed only in glioblastoma cells) after 72 hours of treatment.
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Figure 5. Viability Assay Using Live/Dead Kit on Meningioma Tumoroids.

Effect of bumetanide (B 30 uM), mebendazole (M; 0.5 uM, 1 uM), and their combinations on meningioma cell viability in tumor-
oids-on-chip derived from five patients. The ratio of dead cells to total cells was quantified using a Live/Dead fluorescence assay at 24 h
and/or 48 h. Data represent mean + SD from triplicate chips per condition. Statistical significance was assessed using one-way ANOVA with
Tukey’s multiple comparisons test. see text.
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Figure 6. Integrated evaluation of Bumetanide and Mebendazole effects on brain tumoroids: A 5-Days treatment assessment.

Al A2 Quantitative assessment of 16 brain tumoroid mod-
els treated with Bumetanide (B, 30 uM), Mebendazole (M,
1 uM), and their combination (B 30 uM + M 1 uM) for 5
days. Viability was evaluated using a dye exclusion assay
with propidium iodide and calcein, scoring from 0 to 4: 0 =
no cell death (0%), 1 = low cell death (<25%), 2 = moderate
(25-50%), 3 = high (50-75%), 4 = near-complete cell death
(>75%). Morphological alterations were quantified by
phase-contrast microscopy and ImageJ analysis, based on
nuclear condensation, cytoskeletal disorganization, and cell
shrinkage, scored from 0 to 3: 0 = no change, 1 = mild alter-
ations, 2 = moderate changes (e.g., rounded cells, partial
cytoskeletal collapse), 3 = severe morphological damage
(condensed, fragmented, apoptotic cells). The Final Score
represents the sum of viability and morphological scores.

B1 B2 Heatmap representation of final scores across all
tumoroids and treatments. Conditions are plotted on the
x-axis, with individual tumoroids on the y-axis. A grayscale
color scale was applied (white = low final score, black =
high final score). This visualization reveals the superior effi-
cacy of the B + M combination.

Brief Key Points

1) Combined actions of Meb and BUM block brain tumors

hyperactivity, while enhancing apoptosis.

2) Large clinical trials are warranted to evaluate the po-

tential benefit of this combined treatment.

Brief Points

1) Co-administration of a NKCCL1 inhibitor and a micro-

tubule destructor enhances their anticancer activities.

2) Use of this combo of 2 repositioned generic drugs is

recommended to treat brain tumors.
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Importance of the Study

Recent studies indicate that brain tumors establish connec-
tions with its environment generating hyperactivity that en-
hance metastasis & aggravate the prognosis suggesting that
treatments must exert a dual action on the tumor and its en-
vironment. We report that 2 generic repositioned anticancer
drugs (Bumetanide & Mebendazole) have complementary
and synergistic actions on brain tumors. In freshly recorded
tumors, single GABA channel patch recordings suggest high
(CI); levels attesting to an overactivity of the co-transporter
NKCC1. The NKCC1 inhibitor Bumetanide reduces (CI);
levels, restores GABAergic inhibition & blocks ongoing
interictal activity. In rodent hippocampal slices, Mebendazole
augments four folds the efficacy of co-applied Bumetanide. In
brain tumoroids extracted from patients & in mixed
brain/GBM cultures, micromolar concentrations of Meben-
dazole coupled with Bumetanide produced significant apop-
tosis and fully blocked neuronal hyperactivity. These obser-
vations call for large clinical tests using the combo that aug-
ment anti-cancer actions while reducing side effects.

Abbreviations

GDP Giant Depolarizing Potentials

MEB Mebnedazole

ALB Albendazole

BUM Bumetanide

NKCC1 Sodium, Potassium, Chloride Co-transporter
(CI); Intracellular Chloride Levels

GBM Glioblastoma

T™Z Temozolomide
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GPSCs GABA Post Synaptic Currents

DF GABA  Driving Force of GABAergic Currents
GABAaR GABA Receptors

GPHN Gephyrin

GFP Green Fluorescent Protein
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