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ABSTRACT

Glioblastoma stem cells correspond to brain tumor-initiating cells (BTICs) that have been
identified in glioblastoma, the most common and aggressive brain tumor, as responsible for
tumor initiation, progression and recurrence due to their resistance to current treatments.
Targeting these cancer stem cells represents a crucial challenge to develop new therapeutic
strategies. Previous works have shown that the NFL-TBS.40-63 peptide, corresponding to a
tubulin-binding site on neurofilaments, targets and reduces in vitro and in vivo the viability of
glioblastoma cells without affecting healthy cells. The objective of this study is to investigate
the effect of this peptide on BTICs isolated from human glioblastoma.

The uptake of this peptide alone or coupled to nanocapsules was analyzed by flow cytometry
and immunochemistry. Its anti-tumor effect was studied using proliferation, adhesion and
viability assays. Peptide-mediated effects were also evaluated on the BTIC self-renewal
ability and by immunocytochemistry to investigate their cell shape and microtubule network.
Here we show that the peptide enters massively in BTICs and demonstrates an anti-tumor
effect by inhibiting their proliferation and inducing their death through an alteration of their
microtubule network and cell-cell adhesion, and a decrease in the self-renewal ability of these
cancer stem cells.

These results indicate that the NFL-TBS.40-63 peptide represents a promising therapeutic
drug for glioblastoma treatment by targeting and killing both glioblastoma cells and BTICs to

prevent recurrence.
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1. Introduction

Glioblastoma (GBM) are the most frequent brain tumor with an incidence of 3:100,000 per
year in the United States and Europe. They are derived from glial cells, like astrocytes and
oligodendrocytes, and classified as grade IV by the World Health Organization, the most
aggressive form, with a median survival of 12-15 months (Crocetti et al., 2012; Ostrom et al.,
2013). A population of brain tumor-initiating cells (BTICs) with cancer stem cell (CSC)
properties and neural stem cell characteristics (sphere formation, self-renewal, and
differentiation in neural lineages) has also been described. They are involved in tumor
initiation and progression, are resistant to current treatments and are responsible for
recurrence. Thus, BTICs represent an important therapeutic target to treat GBM (Bao et al.,

2006; Chen et al., 2012; Galli et al., 2004; Singh et al., 2004; Stopschinski et al., 2013).

Previous works showed that the NFL-TBS.40-63 peptide, corresponding to the sequence of a
tubulin-binding site (TBS) located on the light subunit of neurofilaments (NFL), targets
glioblastoma differentiated cells (GBM cells) and neural stem cells (Barreau et al., 2018a;
Berges et al., 2012; Bocquet et al., 2009; Lepinoux-Chambaud et al., 2016). The peptide
alone, or nanoparticles functionalized with the peptide, enter massively and preferentially
GBM cells in vitro and in vivo, while the uptake is very low in astrocytes and neurons. This
peptide specifically disrupts the microtubule network of GBM cells and reduces the tumor
volume in animals bearing glioma, but it does not affect healthy cells in vitro and in vivo
(Balzeau et al., 2013; Berges et al., 2012). This specific anti-glioblastoma peptide binds the C-
terminal tail of BIII-tubulin, which is overexpressed in GBM cells (Katsetos et al., 2015;
Laurin et al., 2015, 2017). Recent works also showed that this peptide targets in vitro and in

vivo neural stem cells from both rats and human. No major effects were observed at low
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concentrations, but at high concentrations (over 40 uM) it reduces their self-renewal and
proliferation, and increases their cell-surface adhesion and differentiation (Barreau et al.,
2018a; Lepinoux-Chambaud et al., 2016). Moreover, lipid nanocapsules functionalized with
this peptide are targeted similarly to the peptide (Balzeau et al., 2013; Caradori et al., 2018;
Barreau et al., 2018). Other studies even showed the beneficial effect of this peptide on
oligodendrocytes promoting their differentiation, growth and survival (Fressinaud and Eyer,

2014, 2015).

The differential uptake and effects of the peptide in normal neural cells was already
demonstrated in several previous studies through different methods. Several cell lines or
primary cells were used including human and rat astrocytes and neurons, human and rat
neural stem cells, and rat oligodendrocytes (Barreau et al., 2018a; Berges et al., 2012;
Bocquet et al., 2009; Fressinaud and Eyer, 2014, 2015; Lepinoux-Chambaud et al., 2016;
Lepinoux-Chambaud and Eyer, 2013). In this study, in order to avoid repeating data already
validated several times, we focused our investigations on human BTICs, responsible for
glioblastoma initiation, progression and recurrence due to their resistance to current
treatments (radiotherapy and chemotherapy). There is a real emergency today to fight this
very aggressive, disabling and fatal tumor. Therefore, we investigated the peptide targeting
capacity and effects on BTICs isolated from GBM patients. In this study, BTICs are mostly
associated with GBM mesenchymal subtype characterized with rapid and aggressive tumor
growth (Cusulin et al., 2015). According to Cusulin et al. (2015), BTICs can be divided into
two distinct precursor states: the progenitor-like and the stem-like BTICs. Progenitor-like
BTICs are related to a low CD133 expression level and a strikingly shorter median survival in
mice xenografted (67.4 + 11.4 days), compared to stem-like BTICs (183.7 + 24.5 days). In

this study, the aim was to show the effect of the NFL-TBS.40-63 anti-glioblastoma peptide on
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BTICs with the most aggressive status. Moreover, BTICs from each precursor state revealed
heterogeneity with differences in stemness features (self-renewal, expression of neural stem
cell markers), mutations/deletions typically found in GBM (EGFR, TP53, PTEN, IDH1) and
tumorigenicity, as detailed in Table 1 (derived from Cusulin et al., 2015), for the three BTICs
used in this study. BTIC12, BTIC25 and BTICS3 are well representative of the heterogeneity

that can be observed in the progenitor-like precursor state.

Here we show that the NFL-TBS.40-63 peptide targets these BTICs, alone or coupled to
nanocapsules. Moreover, it decreases their proliferation and viability, disrupts their
microtubule network, cell shape and cell-cell adhesion and affects their self-renewal ability.
Together, these results indicate that this peptide represents a promising tool to target and
eliminate BTICs by disrupting their tumorigenic properties and thus preventing tumor

development and recurrence.

2. Material and methods

2.1. Cell culture and materials

Human glioblastoma-derived stem cells (GSCs) also known as brain tumor-initiating cells
(BTICs) were obtained from Dr. H. Artee Luchman and Pr. Samuel Weiss (Hotchkiss Brain
Institute, University of Calgary, Canada). These cell lines were derived from human GBM
tissue following patient consent and were established in the BTIC Core Facility. They were
cultured as previously described (Cusulin et al., 2015) and used within 25-30 passages of
establishment from primary cells. They were grown in Neuro-Cult NS-A Basal Medium

(human) supplemented with Neuro-Cult NS-A Supplement (Stem Cell Technologies,
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Vancouver, Canada), and were able to form floating spheres. BTIC lines used in this study
(BTIC12, BTIC25, BTIC53) are defined as progenitor-like and are associated with a high
ability to self-renew (high sphere formation), high proliferation rate, a very striking median

survival, and a rapid and aggressive growth (Cusulin et al., 2015).

The NFL-TBS.40-63 peptide (YSSYSAPVSSSLSVRRSYSSSSGS) is biotinylated or coupled
to S-carboxyfluorescein (5-FAM) at the N-terminal domain in order to follow its distribution
and with an amidation at the C-terminal domain to protect it from proteolysis. It was
synthesized by Eurogentec (Angers, France), Genecust (Ellange, Luxembourg), or
Polypeptide (Strasbourg, France). The same sequence was synthetized by the three companies
at a purity > 95% with a similar HPLC analysis. The peptide was dissolved in sterile water at

1 mmol/I as stock solutions and showed similar results.

2.2.  Flow cytometry

200-300 spheres were seeded in 35-mm dishes and pre-incubated for 30 minutes at 4°C or
with 10 mmol/l sodium azide in the presence of 6 mmol/l 2-deoxy-D-glucose to deplete
cellular ATP. Then increasing concentrations of the 5-FAM labelled peptide were added to

the cells during 30 minutes at 37C°.

The lipid nanocapsules (LNCs) were prepared and characterized as previously described in
Heurtault et al., 2002, Balzeau et al., 2013 and Carradori et al., 2016-2018 to obtain white
LNCs (LNC), LNCs coupled to the biotinylated peptide (LNC-NFL), LNCs containing the
lipophilic tracer DiD (1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate, dissolved at 1 mg/mL in absolute ethanol, Life Technologies, Saint-
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Aubin, France) (LNC-DiD), and LNC-NFL-DiD, as illustrated in Fig. 1D. The size of LNCs
was between 56 and 60 nm, their polydispersity (PDI) between 0.01 and 0.05, and their zeta
potential between -8.5 and -8.7 mV. To produce LNC-NFL, 369 puL of 1 mmol/L. NFL-
TBS.40-63 stock solution was incubated overnight with 1 mL stock LNC under gentle
stirring. The size of LNC-NFL was between 58 and 66 nm, their polydispersity (PDI) between
0.09 and 0.2, and their zeta potential between -6.0 and -7.4 mV. Routinely, the LNC
characterization, filtration-centrifugation and/or drop tensiometry measurements show that
more than 45 % (459 to 48.3%) of the peptide interact with LNC, corresponding to
approximately 43 to 58 molecules of peptide on nanoparticles (Balzeau et al., 2013; Carradori
et al., 2016). To evaluate the uptake of LNCs in BTICs, spheres were cultured during 1 hour
at 37°C with the different LNC formulations (LNC, LNC-NFL, LNC-DiD, LNC-NFL-DiD) at

1:100.

Subsequently, after centrifugation (5 minutes at 42 g) cells were dissociated mechanically,
centrifuged (5 minutes at 344 g), washed with phosphate-buffered saline (PBS), and finally
re-suspended in 50 pg/ml propidium iodide (Sigma-Aldrich, Saint Quentin Fallavier, France).
The fluorescent positive viable cells that incorporated the 5-FAM labelled peptide or LNCs

were analyzed by flow cytometry (FACSCalibur, Becton Dickinson).

2.3.  Immunocytochemistry

Spheres were seeded in 24-well plates on 10 pg/ml of poly-L-lysine (Sigma-Aldrich, Saint
Quentin Fallavier, France) coated coverslips, during 24 hours at 37°C. Then they were treated
with the NFL-TBS.40-63 peptide (5-FAM labelled or biotinylated), or with 1 pg/ml

colchicine (Sigma-Aldrich, Saint Quentin Fallavier, France) during 30 minutes or 5-7 days at
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37°C. Several washes with PBS were performed between each step of the protocol. Cells were
fixed with 4 % paraformaldehyde (PFA, Euromedex, Souffelweyersheim, France) during 15
minutes. They were then incubated with 0.5 % triton X-100 for 30 minutes before incubation
in 1 % bovine serum albumin for 1 hour. BTICs were then incubated overnight at 4°C with
mouse anti-o-tubulin, rabbit anti-nestin, or mouse anti-BIlI-tubulin antibodies (Sigma-Aldrich,
Saint Quentin Fallavier, France) respectively at 1:1000, 1:100 and 1:200. Primary antibodies
were revealed using Alexa Fluor 568 nm labelled anti-mouse or Alexa Fluor 488 nm labelled
anti-rabbit antibodies at 1:200 (Life Technologies, Saint-Aubin, France) for 2 hours. Finally 3
umol/l of 4’6-diaminido-2-phenylindole (DAPI, Sigma-Aldrich, Saint Quentin Fallavier,
France) were added for 5 minutes before mounting coverslips with a ProLong Gold antifade
solution (Thermo Fisher Scientific, Villebon-sur-Yvette, France). BTICs were observed with

a confocal microscope (Leica TCS SP8; Leica Biosystems, Nanterre, France).

2.4.  Proliferation and adhesion investigations

Spheres were dissociated and plated (1 or 5x10*cells per well for DNA concentration and
Crystal Violet staining, or bromodeoxyuridine (BrdU) analysis respectively) on 10 pg/ml of
poly-L-lysine (Sigma-Aldrich, Saint Quentin Fallavier, France) on a 96-well microplate
(black/clear bottom for DNA concentration or standard for Crystal Violet staining and BrdU
analysis). Cells were treated with increasing concentrations of biotinylated peptide or 1 pg/ml

colchicine during 72 hours at 37°C.

To analyze proliferation, DNA concentration was quantified after PBS washing, freezing cells
at -80°C, and using the CyQUANT cell proliferation assay kit (Molecular Probes-Thermo

Fisher Scientific, Villebon-sur-Yvette, France). Proliferation was also evaluated using the
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BrdU cell proliferation ELISA kit (Abcam, Cambridge, Royaume-Uni). Briefly, BrdU was
added to the cells during the last 4 hours of the treatment, and stained after fixation with an
anti-BrdU primary detector antibody. BrdU was revealed using a horseradish peroxidase
conjugate antibody and addition of the tetramethylbenzidine substrate. BrdU positive BTICs

were analyzed by colorimetry.

To analyze cell-surface adhesion, cells were washed with PBS, fixed 10 minutes with 1%
glutaraldehyde, and finally stained 10 minutes at room temperature with 1% Crystal Violet
solution in 20 % methanol (Sigma-Aldrich, Saint Quentin Fallavier, France). Following
abundant washing with water, the relative adhesion of BTICs on the surface was quantified by

measuring the absorbance at ODs60nm.

2.5.  Sphere formation and viability of BTICs

Sphere forming properties and BTIC morphology were analyzed by incubating dissociated
BTICs with increasing concentrations of biotinylated peptide or 1 pg/ml colchicine. After 6-7
days, BTICs were observed using an inverted microscope (Leica DMI6000) equipped with a
CoolSNAP-HQ2 camera and images were taken with the Metamorph 7.1.7.0 software. These
BTICs were then collected and dissociated to count viable cell number by trypan blue

exclusion.

BTIC viability was also evaluated using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cytotoxicity assay after seeding
dissociated BTICs in a 96-well plate (1x10? cells per well) and treating them 72 hours at 37°C

with increasing concentrations of biotinylated peptide or 1 pg/ml colchicine.
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2.6. Statistical analysis

Statistical analysis were performed using GraphPad Prism 4 software (GraphPad, San Diego,
CA, http://www.graphpad.com). All experiments are repeated at least three times. For flow
cytometry analysis 20,000 events per sample were analyzed. All data are presented as bar
graphs (mean + s.e.m). Significant differences were evaluated by the Student t test to compare

the various parameters with control condition.

3. Results

3.1. The NFL-TBS.40-63 peptide targets BTICs

BTIC lines (BTIC12, BTIC25, BTIC53) are defined as progenitor-like and are associated with
a high sphere formation, high proliferation rate, a very striking median survival, and a rapid
and aggressive growth (Cusulin et al., 2015). The previously described anti-GBM properties

of the peptide (Berges et al., 2012) prompted us to investigate its effects on these cells.

To investigate the peptide targeting capacity, the cells were incubated 30 minutes with
increasing concentrations of the 5-FAM labelled peptide, as previously described with other
cells (Berges et al., 2012; Lépinoux-Chambaud et al., 2016; Lépinoux-Chambaud and Eyer,
2013). Flow cytometry analysis showed a dose-dependent, massive and rapid uptake of the
peptide in all three BTICs (Fig. 1A-B). With increasing concentrations of peptide (5 to 60

umol/l), the percentage of labelled (fluorescent) cells increased respectively from 48.28% +

10
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13.25% t0 96.55% + 1.14% for BTIC12, from 31.89% + 4.84% to0 96.51% + 0.37% for
BTIC25, and from 42.24% + 4.77% to 95.30% + 0.73% for BTIC53. As the peptide uptake on
these three cell lines was similar, and to avoid repetitions, all experiments were not performed
on each of these three cell lines or were described in supplementary data. To discriminate cell
binding from uptake, 0.4% trypan blue was used before FACS reading with BTIC53 as a
control to quench the surface-bound fluorescence of the FAM-peptide. Quantification of cell
uptake was similar with or without trypan blue, thus confirming the peptide uptake in BTICs
(Fig.S1.A). The peptide uptake was also confirmed by immunocytochemistry in BTIC12 (Fig.

1C).

The peptide displays typical characteristics of cell-penetrating peptides, especially
internalization in different cell types through passive or active transports, respectively
translocation or endocytosis (Alves et al., 2010; Lépinoux-Chambaud and Eyer, 2013; Madani
et al., 2011). Here, the uptake mechanism of the peptide in BTIC53 was neither altered after
ATP depletion nor at 4°C, indicating an energy and temperature-independent uptake,

characteristic of a translocation mechanism (Fig. 1D).

As described in previous works, the peptide can serve as a nanovector to target different cell
types, like GBM cells and neural stem cells (Balzeau et al., 2013; Carradori et al., 2016).
When the peptide is adsorbed at the surface of LNCs containing a lipophilic tracer (LNC-
NFL-DiD), their uptake was significantly increased in BTIC53, with 88.09% +2.91%
positive cells, compared to 17.43% + 1.95% positive cells with LNC-DiD (without peptide)

(Fig. 1E).

11
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3.2.  The cancer stem cell properties of BTICs and their cytoskeleton are affected by the

NFL-TBS.40-63 peptide

In this study, BTICs were cultured as floating spheres or “tumorspheres”, based on culture
methods developed for neural stem cells (Reynolds and Weiss, 1992) and developed for brain
tumors (Singh et al., 2004). Floating spheres represent a 3D in vitro model often used in
cancer research as one of the best intermediate model between the in vitro cancer cell line
cultures and in vivo tumor. This model is relevant to investigate the specific properties of
stem cells to form spheres, to self-renew and to differentiate and better reflects the in vivo
situation, in physiological conditions, mimicking the center and the periphery of a tumor

mass.

The peptide effect was analyzed on the three BTIC lines on their ability to form spheres after
6-7 days (one of the main characteristics of stem cells). In control condition, BTICs formed
floating spheres in culture. But this property was dramatically affected with low peptide
concentrations, and totally inhibited with high concentrations, similar to colchicine (Fig. 2A).
As the peptide effect on these three cell lines is similar, and to avoid repetitions, the following

studies mainly focused on BTIC12, in which the peptide uptake was slightly higher.

The alteration to form spheres with the peptide was associated with a dose-dependent
decrease of BTIC12 viability evaluated by MTS assay and trypan blue exclusion when cells
were treated with the peptide (Fig. 2B-C). BTIC12 proliferation was also analyzed after 72
hours treatment with increasing concentrations of the peptide, using DNA concentration

measurement and quantification of BrdU positive cells. The peptide decreased significantly

12
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BTICI12 proliferation, as observed also after treatment with colchicine, a cytoskeleton drug
displaying similar mechanism of action as the peptide (Fig. 2D-E).

Moreover, we observed that these effects were also associated with an increase of adherent
BTIC12 when cells were incubated with the peptide but, this was not observed with

colchicine (Fig. 3A-B).

These peptide effects were also associated with an alteration of the BTIC12 cytoskeleton as
already observed for GBM cell lines (Berges et al., 2012). When BITC12 were incubated
during 6-7 days in control condition or with 10 pmol/l of the peptide, their shape, microtubule
network (revealed with anti-a tubulin and anti-BIII tubulin antibodies) and nestin expression
were similar. Following colchicine treatment cells became round and a-tubulin and nestin
expression was unchanged, but BIII tubulin expression was altered. With 40 umol/l of peptide,
or higher, the cytoskeleton of some BTIC12 was profoundly disorganized with an abnormal

cell shape and the disappearance of nestin and tubulin (Fig. 4A-B).

4. Discussion

The medical need for effective and specific therapeutic tools for GBM treatment represents an
important challenge in cancer research. Current treatments only increase median survival by a
few months, and they cannot eradicate this aggressive and invasive brain tumor. Recently, it
has been established the existence of BTICs with cancer stem cell properties and neural stem
cell characteristics that are involved in tumor initiation and progression, that are resistant to
current anti-cancer treatments, and thus are responsible for recurrence. Consequently, it is

critical to develop new therapeutic drugs able to target and kill both GBM cells and BTICs. In

13
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particular, targeting microtubules in cancers represent one of the core strategies used in cancer
therapy to block their cell division and invasion, and induce their death (Katsetos et al., 2015).
Such a strategy requires the development of specific tubulin-binder agents with no
cytotoxicity against healthy cells to prevent side effects, and with a preferential GBM

targeting capacity.

Here, we describe the NFL-TBS.40-63 peptide, which corresponds to the sequence of a
tubulin-binding site located on the low subunit of neurofilaments, as a potential effective anti-
GBM agent. As previously shown, this peptide is selectively and massively internalized in
GBM cells derived from rat, mouse and human through temperature and energy-dependent
mechanism (Berges et al., 2012; Lépinoux-Chambaud and Eyer, 2013). On the opposite, its
uptake by BTICs derived from GBM patients occurs through temperature and energy-
independent mechanism like for normal neural stem cells (Lépinoux-Chambaud et al. 2016;
Carradori et al. 2016; Barreau et al. 2018; this study). Previous works showed a much lower
uptake of the peptide in other neural cells, including astrocytes and neurons (Berges et al.,
2012), with no major toxicity against healthy cells. Further investigations could consist in
evaluating the NFL-TBS.40-63 peptide uptake in BTICs at increasing concentrations,
compared to other well-known CPP, by using different endocytic inhibitors and/or markers
and giant plasma membrane vesicles which are deprived of energy. To further elucidate the
molecular mechanisms involved in the uptake of the peptide, we could also investigate the
cellular signals required for activating different endocytic pathways, as already performed for

GBM cells (Lepinoux-Chambaud and Eyer, 2013).

Different pathways are involved for this peptide uptake depending on the cell type. The use of

active or passive transports was described for other cell-penetrating peptides depending on

14
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several parameters, including the nature and structure of the peptide, the carried molecule, the
cell type, or the membrane lipid composition (Falanga et al., 2015; Carradori et al. 2018). The
membrane interaction of the RW16 cell-penetrating peptide was enhanced in cancer cells
whose membranes are composed with more anionic lipids than those of healthy cells (Jobin et
al., 2013). Recently, it has been established that the amount of lipid droplets containing
excessive lipids and cholesterol is higher in colon cancer stem cells than in cancer cells
(Beloribi-Djefaflia et al., 2016). Lipidomic analyzes also showed that shingomyeline and
ceramide concentrations in cell membranes play a crucial role in the uptake mechanism of the
nona-arginine peptide (Wallbrecher et al., 2017). Similarly, the difference of lipid
composition between neural stem cells from the brain and the spinal cord profoundly affects
the uptake of the NFL peptide (Carradori et al. 2018). Further investigations are necessary to
compare the lipid membrane composition of GBM cells versus BTICs and other cells in order
to better understand the molecular mechanism of the peptide uptake (active in differentiated
cells or passive in stem cells), and why its uptake is more important in cancer cells. For
example, it would be interesting to study in GBM cells and BTICs the differences in plasma
membrane lipid composition, in fluidity and in permeability by using respectively LC-MS
analysis, generalized polarization of Laurdan and fluorescent dextran penetration, as already
performed between neural stem cells isolated from sub-ventricular zone and from central

canal (Carradori et al., 2018).

Interestingly, the peptide disrupts selectively the microtubule networks from both GBM cells
and BTICs, but has no major effect on microtubules from healthy cells, such as neurons,
astrocytes or neural stem cells (Barreau et al., 2018; Berges et al., 2012; Lépinoux-Chambaud
et al., 2016; Lépinoux-Chambaud and Eyer, 2013). Indeed, this peptide-specific effect can be

linked to the specific binding of the peptide to the C-terminal domain of the BIII-tubulin

15
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isotype (Laurin et al., 2015, 2017), which is over-expressed in GBM cells. While the BIII-
tubulin isotype is also expressed in neurons where the peptide has no detectable effect on
microtubules, its expression is significantly upregulated in tumorigenesis, particularly in
GBM, and is associated with an aberrant or a “dedifferentiation” phenomenon correlated with
the acquisition of stem cell-like phenotypes (Katsetos et al., 2015). One possibility to explain
the differential effect of the peptide on microtubules could be that the C-terminal domain of

BIII-tubulin is differently modified in these different cells.

Moreover, we showed that the microtubule disruption of human BITCs by the NFL-TBS.40-
63 peptide is associated with an alteration of their cell integrity and properties. As already
described for GBM cells (Berges et al., 2012), this peptide decreased the growth of human
BTICs and induced their death in a dose-dependent manner, even if these cells are defined by
a rapid and aggressive growth mostly characteristic of GBM mesenchymal subtype (Cusulin
et al., 2015). Another tubulin binder, the BAL101553 that is the prodrug of BAL27862, was
described as the first tubulin-binder with activity against cancer stem cells isolated from GBM
patients and characterized by a high tumorigenicity (Berges et al., 2016). This compound
binds tubulin on the colchicine site (Prota et al., 2014), whereas the NFL-TBS.40-63 peptide
binds selectively BIII-tubulin on its C-terminal domain. To the best of our knowledge, the
binding site of the peptide is different from all other known tubulin-binders (Laurin et al.,

2017; Liu et al., 2014).

On human GBM cell lines the anti-tumor activity of the peptide showed a half maximal
inhibitory concentration (IC50) close to 100-200 umol/L. These previous works also showed
a significant decrease of the tumor volume in rats with GBM after a unique local treatment

with 5.10° umol/L of the peptide. Moreover, no particular toxicity was observed in healthy

16
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rats that received the same administration of the peptide (Berges et al., 2012). According to
our data, the IC50 of the peptide on BTICs (40-60 umol/L) is three times lower than that on
human GBM cell lines. To complete these results, it would be interesting to study the peptide
effect in a co-culture model mixing GBM cells with BTICs to confirm the anti-tumor activity
of the peptide on both cancer cells. Finally, further investigations could consist in studying the
peptide efficiency in patient-derived xenograft models to determine the in vivo effective dose

of the peptide in animals for clinical use in human.

The peptide also induced a loss of stem cell property by preventing the gliomasphere
formation from human BTICs and by disrupting their cell-cell adhesion in favor of an
increase in their cell-surface adhesion that could be related to their increased differentiation.
The treatment response and adaptation of cancer cells (and cancer stem cells) are important
topics in the development of anti-cancer therapies to avoid any resistance and recurrence.
Previous studies showed that the peptide can target human neural stem cells and increase their
adhesion and their differentiation in the neuronal and astrocytic pathways at low
concentrations (Barreau et al., 2018). In this study, we showed that the peptide also increased
the adhesion of BTICs at low concentrations and kill them at higher. This result suggest that
the peptide could also induce differentiation of BTICs in GBM cells for BTICs that would be
exposed to low concentrations of peptide, thus making these cells always sensitive to the
peptide with no possibility to escape the treatment, and making them sensitive to current
treatment (radiotherapy and chemotherapy with temozolomide). Further investigations could
explore the effect of the peptide on BTIC differentiation at increasing concentrations and their

response to treatment during several successive passages in vitro.
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In addition, the peptide behaves like a cell-penetrating peptide with a GBM targeting
selectivity. Indeed, this peptide exhibits two important different characteristics with its
targeting selectivity to GBM cells, BTICs and neural stem cells, and with its specific anti-
tumor activity on GBM cells and BTICs disrupting their microtubule networks, but not on
healthy cells. In vivo previous studies already demonstrated that after a single intra-tumoral
injection, this peptide (used at 5 mmol/L) induces an improvement of the general state of the
animals and significantly reduces the tumor volume, without lesion in healthy tissue. The
animals were treated with 5 mmol/L of peptide (Berges et al., 2012), corresponding
approximately to 5.25 mg/kg in an adult rat. The Human Equivalent Dose (HED) of the
peptide would be 0.85 mg/kg (considering a typical adult with body weight of 60 kg and Km
37 and the following formula: HED (mg/kg) = Animal Dose (mg/kg) x Animal Km / Human
Km (Nair and Jacob, 2016)). For the standard local treatment, the Gliadel Wafers
(carmustine) used by neurosurgeons contain 7.7 mg of carmustine per wafer, and a total dose
of 61.6 mg can be used when 8 wafers are implanted in the brain resection. In a typical adult,
this dose of carmustine corresponds to 0.13 mg/kg for one wafer and 1.03 mg/kg for 8 wafers
(Panigrahi et al., 2011). Thus, the amount of peptide (0.85 mg/kg) should be relevant for
clinical translation in the case of its single local administration. If it is necessary to
administrate the peptide several times, or on a long period of time, this dose and/or the
delivery system of the peptide should be investigated to evaluate the best therapeutic efficacy
and the most appropriate dosage. In particular, in vivo models should be used to characterize
the possible toxicological effect of this peptide on healthy animals following increased and/or
repetitive intravenous administration of the peptide, and its efficacy on animals bearing intra-
cranial glioblastoma. Alternatively, another solution to explore could be the long-term
infusion of peptide using an Alzet pump for in vivo experiments on animals bearing BTICs

induced tumor.
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Therapeutic peptides represent a promising avenue to treat several diseases including cancer.
As mentioned by Marqus et al., 2017, peptides offer many important advantages, including
their small size, rapid synthesis, ability to penetrate cell membranes, high activity, and
especially their limited toxic side effects. These peptides can be used alone or coupled to
different cargos to serve as drug-delivery system (Marqus et al., 2017). When LNCs are
functionalized with the NFL-TBS.40-63 peptide their penetration in BTICs is significantly
increased, as already described for GBM cells or in neural stem cells (Balzeau et al., 2013;
Carradori et al., 2016). Such nanocapsules coupled to the peptide represent therefore a

powerful drug-delivery system.

All together our data indicate that the NFL-TBS.40-63, represents a promising and innovative
therapeutic tool to treat GBM and prevent recurrence by destroying both GBM cancer cells
and BTICs (Fig. 5). Glioblastoma represent a rare disease with different malignant cell
populations. There are many studied therapeutic drugs with chemoresistance or with
specificity for a signaling pathway (Auffinger et al., 2015; Phuphanich et al., 2013; Schuster
et al., 2015), that failed because they are confronted with the heterogeneity of the different
malignant cell populations within GBM which represents an obstacle to their therapeutic
success. GBM behavior not only depends on genetic identity but also and mostly on
differentiation status. Glioblastoma belong to tumors whose differentiated cells are able to
dedifferentiate, which is a major mechanism of therapeutic resistance (Schneider et al., 2016).
A therapeutic drug, like the NFL-TBS.40-63 peptide, that can target and kill all GBM cell
populations represents an innovative and efficient anti-tumor treatment in this severe

indication.
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5. Conclusion

In summary, this study reports the capacity of the NFL-TBS.40-63 peptide, a tubulin-binder
agent derived from neurofilaments, to target selectively both glioblastoma cancer and
glioblastoma stem cells (BTICs) in which it destroys their microtubule network. By inhibiting
the proliferation and viability of these cancer stem cells and preventing their ability to self-
renew, this peptide reduces their tumorigenicity. Moreover, according to previous studies, the
anti-tumor effect of this peptide was already demonstrated in vitro on GBM cell lines and in
vivo in bearing a GBM tumor, without cytotoxic effect on healthy tissue (Berges et al., 2012).
All these key features of the NFL-TBS.40-63 peptide make it a promising therapeutic
candidate against GBM by targeting and killing both cancer cells and BTICs that are resistant

to current treatments (Fig. 5).
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Table:

Table 1: Heterogeneity between the three BTICs lines according to Cusulin et al. (2015).

Stemness characteristics

Mutational status

Tumorigenicity

BTIC (approximate %)

T R
BTIC12 11% <10% > 30% wt mut mut wt 96 days (N = 6)
BTIC25 17% <10% <2% wt mut mut wt 48.5 days (N = 6)
BTICS53 15% > 50% > 50% mut mut wt wt 60 days (N =5)

" mut: mutated; wt: wildtype.
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