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Glioblastoma (GBM) is a highly lethal disease with limited treatment options due to its infiltrative nature and the lack of efficient
therapy able to cross the protective blood-brain barrier (BBB). GBMs are metabolically characterized by increased glycolysis and
glutamine dependence. This study explores a novel metabolism-based therapeutic approach using a polyurea generation 4
dendrimer (PUREg,) surface functionalized with lactate (LA) (PUREg,-LA,,), to take advantage of glucose-dependent
monocarboxylate transporters (MCTs) overexpression, loaded with selenium-chrysin (SeChry) and temozolomide (TMZ) or
complexed with anti-glutaminase (GLS7) siRNAs to abrogate glutamine dependence. The nanoparticles (PUREg,4-LA,4) were efficient
vehicles for cytotoxic compounds delivery, since SeChry@PUREg,4-LA,4 and TMZ@PUREg,-LA,, induced significant cell death in GBM
cell lines, particularly in U251, which exhibits higher MCT1 expression. The anti-GLST siRNA-dendriplex with PUREg,-LA;, (PUREG,-
LA,-anti-GLS7-siRNA) knocked down GLST7 in the GBM cell lines. In two in vitro BBB models, these dendriplexes successfully crossed
the BBB, decreased GLS1 expression and altered the exometabolome of GBM cell lines, concomitantly with autophagy activation.
Our findings highlight the potential of targeting glucose and glutamine pathways in GBM using dendrimer-based nanocarriers,
overcoming the BBB and disrupting key metabolic processes in GBM cells.
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Graphical Abstract

PUREG,4-LA;5-anti-GLS7-siRNA dendriplexes cross the blood-brain barrier (BBB) and impair glioblastoma (GBM) metabolism. The
BBB is formed by a thin monolayer of specialized brain microvascular endothelial cells joined together by tight junctions that selectively
control the passage of substances from the blood to the brain. It is a major obstacle in the treatment of GBM, since many
chemotherapeutic drugs are unable to penetrate the brain. Therefore, we developed a strategy to overcome this obstacle: a lactate-
coated polyurea dendrimer generation 4 (PUREg,) able to cross the BBB in vitro, that act as a nanocarrier of drugs and siRNA to the GBM
cells. PUREg4-LA, are nanoparticles functionalized with lactate (LA) to target MCT1, a lactate transporter highly expressed by GBM cells.
Moreover, a complex of this nanoparticle with anti-GLS7 (glutaminase) siRNA (PUREg4-LA;,-anti-GLS7-siRNA) was made, to target
glutamine metabolism. It efficiently knocked down GLS7. Moreover, PUREg4-LA,, loaded with SeChry led to BBB disruption.
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INTRODUCTION

Glioblastomas (GBM) are grade 4 gliomas, that account for 14.2% of
all central nervous system (CNS) tumors and 50.9% of all malignant
CNS neoplasms [1]. These tumors are extremely aggressive,
characterized by high infiltrative capacity of the surrounding brain
tissue, making complete surgical removal very difficult [2]. The
median overall survival (OS) is only 8 months after diagnosis [1, 3],
mainly due to the difficulty to find new effective therapeutic
strategies. The standard treatment remains the same since 2005, the
Stupp protocol, which consists in maximal surgical resection,
followed by radiotherapy with concomitant and adjuvant che-
motherapy (Temozolomide — TMZ) [4]. Therefore, there is urgency in
finding new targets and new drug formulations to tackle GBM.

One of the main obstacles of GBM treatment is the blood-brain
barrier (BBB). This physiological barrier is composed of specialized
endothelial cells that line the blood vessels in the brain, tightly
regulating the passage of substances between the bloodstream and
the brain tissue [5]. Pericytes, endfeet astrocytes and neurons are
also involved in the BBB structure [6]. While the BBB protects the
brain from harmful substances and pathogens, it also presents a
challenge for delivering therapeutic agents to brain tumors [5, 6].
Therefore, many chemotherapeutic drugs and targeted therapies
are unable to effectively penetrate the BBB, limiting their efficacy in
treating GBM. Strategies to bypass or disrupt the BBB are being
explored, such as nanotechnology [7, 8], to improve drug delivery to
the brain tumor. Dendrimers are a class of nanocarriers able to cross
the BBB and enhance the drugs internalization in the targeted brain
tissues [9]. In particular, poly-amidoamine (PAMAM) dendrimers
were found to cross the BBB in animal models [10] and very recently
it was demonstrated their ability to cross the BBB when complexed
with long non-coding RNAs [11].

Cancer metabolism is a rediscovered research field that
generated a huge amount of knowledge in the last decade.
However, very few have been applied for the improvement of
cancer therapy. As described by our team, GBM cells suffer a
metabolic remodeling, being dependent on glucose and gluta-
mine [12]. Regarding glucose metabolism, it is observed an
increased expression of glucose transporters (GLUT1 and GLUT3)
[13] and an increased expression of monocarboxylate transporters
(MCT1 and MCT4), responsible for lactate transport a main
consequence of increased glycolysis [14, 15]. In the context of
glutamine metabolism, the downregulation of glutamine synthe-
tase (GS) in GBM cells, prompts their dependence on glutamine
uptake [16-18] with the increased expression of glutamine
transporters (ASCT2 and SNAT3) [19, 20]. Moreover, these tumors
express significant amounts of glutaminase (GLS) [21], being able
to fully metabolize glutamine that will serve as a substrate to
supply bioenergetic and biosynthetic circuitries crucial for GBM
cell survival [22-25].

Therefore, we hypothesized that a BBB-crossing dendrimer
nanoformulation double-targeting glucose and glutamine metabo-
lism would be able to impair GBM metabolism and survival. The
polyurea generation 4 (PUREg,) dendrimer was already explored as
nanocarrier of several drugs by our group in the context of ovarian
[26, 27], lung [28], and breast cancer [29] and even in the context of
endothelial cells activation and cancer angiogenesis [29]. These
cationic dendrimers (displaying primary amines in the surface) are
biocompatible and biodegradable nanocarriers that can encapsulate
drugs or allow conjugation at the surface [30-32]. Here, we used
PUREg, partially functionalized with lactate molecules (LA) at the
surface, a conjugation strategy to direct these nanoparticles to MCT1
expression related to increased glycolysis and complexed with anti-
GLST small interference RNAs (anti-GLS7-siRNAs) to target glutamine
metabolism in GBM cells. The complexation of siRNAs with polyurea
dendrimers and efficient cytosolic delivery was already reported by
us [33]. Therefore, we initially evaluated the efficacy of these
dendrimers as drug nanocarriers for GBM in vitro. We encapsulated
selenium-chrysin (SeChry) in PUREg4-LAy4 (SeChry@PUREg,-LA,), a
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nanoformulation which inhibits cysteine metabolism and induces
oxidative stress [26, 28, 34]. We also tested encapsulated TMZ
(TMZ@PUREg,4-LA,,), the most used drug in the treatment of GBM
[4]. Then we evaluated the dendriplex PURE4-LA;,-anti-GLS7-siRNA
effect directly on GBM cells and after crossing two in vitro models of
the BBB.

MATERIALS AND METHODS

Cell culture

Two commercial GBM cell lines, U-87MG (HTB-14, American Type Culture
Collection — ATCC, Manassas, Virginia, USA) and U251 (09063001, European
Collection of Authenticated Cell Cultures — ECACC, Salisbury, United
Kingdom) were used. The cell lines were cultured in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 Ham (DMEM/F-12; 11330-032, Gibco,
Life Technologies, Grand Island, New York, USA), supplemented with 10%
fetal bovine serum (FBS; P40-37500, PAN Biotech, Aidenbach, Germany),
1% Antibiotic-Antimycotic (AA; P06-07300, PAN Biotech) and 50 pg/mL
gentamicin (15750-060, Gibco, Life Technologies).

For the BBB in vitro model, mouse BALB/c brain endothelioma cell line
b.End3 was used (CRL.2299, ATCC). This cell line was cultured in Dulbecco’s
Modified Eagle’'s Medium (DMEM) high glucose (11965092, Gibco)
supplemented with 10% FBS, 1% AA and 50 pg/mL Gentamicin. A normal
human astrocyte cell line was also used, iNHA (NHA variant immortalized
with SV40) (CC-2565, ATCC). This cell line was cultured in DMEM/F-
12 supplemented with 10% FBS, 1% AA and 50 pg/mL Gentamicin.

Cells were maintained in a humidified environment of 5% CO, at 37 °C,
cultured until an optical confluence of 75-100%, detached with 0.05%
trypsin-EDTA 1x (25300-054, Invitrogen, Thermo Fisher Scientific, Waltham,
Massachusetts, USA), at 37 °C for approximately 5min, and split to new
plates according to the experimental procedures. During exposure to
experimental conditions, cells were maintained in DMEM/F-12 with 1% FBS
(GBM and iNHA cells) or DMEM 1%FBS (b.End3).

Synthesis of lactate-coated PUREg, dendrimers

PUREg, was synthesized following the reported supercritical-assisted
polymerization methodology [35]. To prepare PUREg, surface-
functionalized with lactate (LA), PUREg, was reacted with the activated
lactic acid succinic ester, synthesized according to our protocol [36].

Two lactate-coated PUREg, dendrimers were synthetized, one with 50%
of LA in the surface (PUREg4-LA,4, Fig. STA) and another with 25% LA in the
surface (PUREg4-LA;;, Figure S1B and C). PUREg4-LA,4 was used for the
delivery of selenium-chrysin (SeChry) and TMZ (Temodal, temozolomide,
Accord, Barcelona, Spain) (Fig. S2), and PUREg4-LA;, was used for the
complex (dendriplex) formation with anti-GLST siRNA. Briefly, for the
synthesis of PUREg,4-LA,,, in a round-bottom flask, 41 mg (0.456 mmol) of
sodium lactate (LA; Sigma-Aldrich, Burlington, Massachusetts, USA) was
dissolved in anhydrous N,N-dimethylformamide (DMF; Sigma-Aldrich,
Burlington, Massachusetts, USA) (5mL). After the addition of 105mg
(0.908 mmol) of N-hydroxysuccinimide (Sigma-Aldrich, Burlington, Massa-
chusetts, USA), 103.6 mg (0.502 mmol) of N,N*-dicyclocarbodiimide (Sigma-
Aldrich, Burlington, Massachusetts, USA), and 0.140 mL (1.04 mmol) of
triethylamine (TEA; Sigma-Aldrich, Burlington, Massachusetts, USA), the
reaction was stirred at room temperature overnight in the dark. After this
period, TEA was evaporated and 150 mg of PUREg,4 (0.019 mmol) in DMF
anhydrous (0.75 mL) and 0.070 mL of TEA (0.502 mmol) were added and
allowed to react overnight. The mixture was then filtered to remove
precipitated solids and TEA was evaporated. The solution was then
dialyzed (MWCO 100-500 Da), and the recovered solution was washed
several times with diethyl ether (Sigma-Aldrich, Burlington, Massachusetts,
USA) to remove residual DMF. After water evaporation, 194 mg (quanti-
tative yield) of the product was obtained as a light-yellow sticky oil. By
'H-NMR analysis, a total of 24 lactate molecules incorporated in the
dendrimer surface was confirmed. The PUREgs;-LA;> dendrimer was
synthesized following the same protocol using the same amount of
PUREg,4 and half of the lactic acid succinic ester reagent.

Preparation of SeChry@PUREg,-LA,, and TMZ@PUREg,4-LA,,
nanoformulations

SeChry was encapsulated in PUREg4-LA,4 (Fig. S2A) nanoparticles following
a modified protocol [31]. Briefly, a CHCl; solution (0.5mL) of SeChry
(6.5mg) was added to an aqueous solution (2mL) of PUREgs-LA,4
(125 mg). Next, CHCl; was removed in a rotary evaporator and the mixture
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was allowed to stir at room temperature overnight. Then, the aqueous
solution was extracted with CHCl; to remove non-encapsulated SeChry. No
SeChry was found in the CHCl; extracts (control by thin-layer chromato-
graphy), thus confirming a full encapsulation. The release profile followed
the usual pattern reported for this nanodelivery system.

Using a similar protocol [31], TMZ (Temozolomide Accord, 250 mg
capsules containing 250 mg of TMZ and 154,3 mg of lactose as excipient)
was encapsulated in PUREg4-LA,4 (Fig. S2B). To an aqueous solution (5 mL)
of PUREg4-LA,4 (50 mg), were added 50 mg of the capsule content (25 mg
of TMZ) and the mixture was allowed to stir at room temperature
overnight. Next, the solution was dialyzed, and the nanoformulation
obtained after water evaporation and drying under a vacuum.

Cells were exposed to different concentrations of SeChry@PUREg,-LA,4
(25-400 uM of SeChry) and TMZ@PUREg4-LA,4 (50-1000 uM of TMZ). The
empty nanoparticle, PUREg,-LA,4 was used as control in equimolar
concentrations to SeChry@ PUREg4-LA,4 and TMZ@ PUREg4-LA,4.

Transfection with anti-GLS1 siRNA

Cells were seeded in 6-well plates (2 x 10° cells/well). Two anti-GLST siRNAs
were mixed in the proportion 1:1 (AM16708, Assay ID 145342 and 145343,
ThermoFisher Scientific): AM16708 siRNA anti-GLST (Assay ID: 145342):
Sense strand: 5" - GCACUCAAAUCUAC AGGAULtt - 3’; Antisense strand: 5" -
AUCCUGUAGAUUUGAGUGCtg - 3'. AM16708 siRNA anti-GLST (Assay ID:
145343): Sense strand: 5 — GGCACAGACAUGGUUGGUALtt - 3'; Antisense
strand: 5' - UACCAACCAUGUCUGUGCCtt - 3'.

Cells were transfected with siRNA in lipofectamine 2000 (11668019,
Invitrogen). Lipofectamine 2000 and siRNA were incubated separately with
DMEM/F-12 without FBS for 5min, 37 °C and then the two suspensions
were mixed and incubated for 20 min, 37 °C. After incubation, cells were
exposed to the mix, in a final concentration of 30 nM siRNA, according to
the manufacturer’s protocol. GLST mRNA expression was then evaluated by
RT-gPCR.

Preparation of the PUREg,-LA;,-anti-GLS7-siRNA dendriplex
In order to improve the efficacy of the dendriplex PUREg4-LA¢,-anti-GLS1-
siRNA formation, since 24 negatively charged lactate molecules (LA
groups) can reduce the availability of amine groups on the surface of the
dendrimer and interfere with siRNA binding and stability, a new
nanoparticle with 12 LA groups on the surface was used. Two anti-GLST
siRNAs (145342 and 145343, ThermoFisher Scientific) were mixed in the
proportion 1:1. The complexation of PUREgs;-LA;, with siRNA was
performed as previously described [33]. PUREg4-LA;, and siRNA were
mixed and incubated in nuclease-free water for 2 h at 37 °C. The formation
of the dendriplex PUREg,4-LA;,-anti-GLS7-siRNA was performed based on
Aydin and colleagues work [37], taking into account the ratio of positively
charged amine groups (N) of the carrier and negatively charged
phosphorus groups (P) of RNA. Two N/P ratios (positively charged amine
groups of the carrier (N) of the dendrimer / negatively charged phosphorus
(P) of siRNA) were tested: 1:1.5 (20.8 nM PUREg4-LA;5, 29.6 nM siRNA) and
1:2 (20.8 nM PUREG,4-LA5, 39.4 nM siRNA), and the dendriplexes formation
was confirmed on a 2% (w/v) agarose gel electrophoresis.

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was extracted using the RNeasy Mini Extraction kit (74104, Qiagen,
Venlo, Netherlands), according to the manufacturer’s protocol. cDNA was
synthesized from 0.5ug RNA, using SuperScript Il Reverse Transcriptase
(18080e44, Invitrogen), according to the manufacturer’s protocol. Relative
quantification using quantitative PCR (qPCR) was performed using Power
SYBR™ Green PCR Master Mix (4368708, Applied Biosystems, Foster City,
California, USA), according to the manufacturer’s protocol. Real-time PCR was
carried out in a Lightcyclerm 480 System instrument (05015243001, Roche,
Basel, Switzerland). Primers used: for GLS7 gene Forward: 5’ - CTTCTACTTC-
CAGCTGTGCTC - 3/, Reverse: 5" — CACCA GTAATTGGGCAGAAACC - 3'; for
MCT1 coding gene (SLC16AT1) Forward: 5" - GCTGGGC AGTGGTAATTGGA - 3/,
Reverse: 5 — CAGTAATTGATTTGGGAAATGCA - 3'. The hypoxanthine-guanine
phosphoribosyltransferase 1 gene (HPRTT) was used has a housekeeping
gene for normalization purposes (Forward: 5 - TGACAC TGGCAAAA-
CAATGCA - 3, Reverse: 5" — GGTCCTTTTCACCAGCAAGCT - 3'). Experiments
were performed in biological triplicates.

Cell death analysis by flow cytometry
To analyze the effects of the experimental conditions on cell viability, GBM
cell lines were seeded in 24-well plates (1 x 10° cells/well) and b.End3 cell
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line in 48-well plates (5 x 10* cells/well). After 24, 48 or 72 h exposure to
experimental conditions, the conditioned culture medium (supernatant)
was collected, and adherent cells were detached with 0.05% trypsin-EDTA.
Trypsinized cells and supernatant were collected in the same tube and
centrifuged at 155 x g for 3 min. Then, cell pellets were incubated with
0.5 L annexin V-fluorescein isothiocyanate labeled (annexin V-FITC
640906, BioLegend, San Diego, California, USA), in annexin V binding
buffer 1x (10 mM HEPES (pH 7.4; 391333, Millipore, Darmstadt, Germany),
140 mM sodium chloride (NaCl; 106404, Merck, Darmstadt, Germany),
25mM calcium chloride (CaCl,; 449709, Sigma-Aldrich, Burlington,
Massachusetts, USA) for 15 min in the dark, at room temperature. Cells
were resuspended in 200 L 0.1% (v/w) bovine serum albumin (BSA;
A9647, Sigma-Aldrich) in PBS 1x and centrifuged at 155 x g for 2 min. The
remaining pellets were resuspended in annexin V binding buffer 1x and
2.5puL of 50 pg/mL propidium iodide (Pl; P4170, Sigma-Aldrich). Flow
cytometry was performed in a BD Accuri C6 Plus (Becton Dickinson,
Franklin Lakes, New Jersey, USA) and data was analyzed in the respective
software. Half maximal effective concentration (ECso) was calculated for
SeChry@PUREg4-LAs, TMZ@PUREgs-LA,4 and PUREgs-LA,4 in U251 and
U-87MG cell lines. Experiments were performed in biological triplicates.

Nuclear magnetic resonance (NMR) spectroscopy

After exposure to experimental conditions for 72 h, supernatants were
collected and stored at -80 °C, to be analyzed by 'H-NMR spectroscopy. A
60 L solution of 1.5 M potassium phosphate buffer (KPi, pH 7.4), NaNs
2mM and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) 0.16 mM in D,0O
was added to 540puL of supernatant sample. 'H-NMR spectra were
obtained at 25 °C in a magnetic field of 800 MHz in UltrashieldTM 800 Plus
Spectrometer (Bruker, Billerica, Massachusetts) with a TCl cryo-probe.
Spectra were acquired with a noesygpprid pulse program, free induction
decay size = 131k points, 40 scans, 20 ppm of spectral window, with 4 s of
acquisition time and 10 ms of mixing time. TopSpin 3.6 software (Bruker)
was used for spectra acquisition and processing. Compound identification
on supernatants was made by resorting to the Human Metabolome
Database (http://www.hmdb.ca/, accessed on 24 May 2024) and Chenomx
NMR Suite software version 8.1 (Chenomx Inc.), which was also used for
metabolite quantification. Data analysis was performed through MetaboA-
nalyst 6.0 platform (https://www.metaboanalyst.ca, accessed on 26
May 2024).

BBB in vitro model

A BBB in vitro model was established based on the literature [38-41]. In
this model, a transwell insert (9321002, cellQART 24-Well Insert 1.0 um
pore PET translucent, Northeim, Germany) with a microporous semiperme-
able membrane was inserted in a 24-well plate and separated the upper
(luminal, blood side) and the lower (abluminal, brain side) chambers.

In the BBB model with iNHA, the bottom of the inserts was precoated
with 0.001% Poly-L-Lysine (L 7240, Biochrom AG, Darmstadt, Germany) for
45 min at room temperature. iNHA (4.455 x 10* cells/insert) were plated on
the lower side of the insert, which was upside down until cells’ adherence.
Then, b.End3 cells (1 x 10* cells/insert) were seeded on the inserts after 1 h
coating with 2% matrigel DMEM without FBS and antibiotics, at 37 °C. After
3 days in culture, 550 nM of hydrocortisone (H4001, Sigma-Aldrich), was
added as described [38]. To confirm the barrier tightness of the BBB model,
Transendothelial Electrical Resistance (TEER) measure readings were
performed using a chopstick electrode STX2 coupled to EVOM Volt/Ohm
meter (World Precision Instruments, Sarasota, Florida, USA). Readings were
collected until 14 days after b.End3 cells seeding, and TEER was calculated.
Subtraction of the empty insert values was done, and the value was
multiplied by the area of the insert (0.3 cm?). The results are expressed as
Qxcm?

On the 6th day after seeding, 5 x 10* cells/well GBM cells were seeded in
the 24-well plate, on the 7thy day the inserts with b.End3 cells were placed
on top of the 24-well plate with the GBM cells, and experimental
conditions were added.

Experiments were performed in biological triplicates.

Immunofluorescence

b.End3 cells (1% 10* cells/insert) were cultured in transwells for 7 days.
After fixation with 2% paraformaldehyde for 15 min, 4 °C, blocking was
performed with 3% BSA - 0.1% triton X-100 in PBS 1 x (w/v/v) (AF938, R&D
systems, Minneapolis, Minnesota, USA) for 30 min, room temperature. Cells
incubated with anti-VE-Cad (sc-6458, Santa Cruz Biotechnology,
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Heidelberg. Germany: 1:50 in 3% BSA-0.1% triton X-100 PBS), overnight at
4 °C. After that, cells were incubated with the secondary antibody (Alexa
Fluor 488 donkey anti-goat, 1:500 in 3% BSA-0.1% triton X-100 PBS;
A11055, Thermo Fisher Scientific), for 2 h at room temperature. DAPI was
not used to stain the nuclei since its adsorption to the transwell filter
background impairs the visualization of VE-Cad- Alexa Fluor 488 signal.

GBM cells (1 x 10° cells/well) were seeded on glass slides with a 0.2%
gelatin coating (G-1890, Sigma Aldrich), until 80% of confluence and then
fixed in 4% paraformaldehyde for 15 min at 4 °C. After fixation, cells were
incubated with 50 mM ammonium chloride (NH,Cl) for 10 min. Blocking
was performed with PBS 1x — 0.5% BSA — 0.1% saponin (w/v/v), between
incubations, cells were rinsed three times with PBS 1x, for 5 min. After
blocking for 30 min, slides were incubated with rabbit anti-human MCT1
(ab315382, Abcam, Cambridge, United Kingdom; 1:100), rabbit anti-human
GLS1 (567507, Cell Signaling, Danvers, Massachusetts, USA; 1:200) or goat
anti-human ATG12 (AB0083, SICGEN; 1:100) in PBS 1x — 0.5% BSA — 0.1%
saponin (w/v/v), overnight at 4 °C. After rinsing, slides were incubated with
the secondary antibody Alexa Fluor 488 goat anti-rabbit (A-11008
Invitrogen - Thermo Fisher Scientific) or Alexa Fluor 488 donkey anti-
goat (A-11055 Invitrogen - Thermo Fisher Scientific) 1:500 in PBS 1x —
0.5% BSA — 0.1% saponin (w/v/v) for 2 h at room temperature. The slides
were mounted in VECTASHIELD media with DAPI (4’-6-diamidino-2-
phenylindole) (H-1200, Vector Labs, Newark, California, USA).

All slides were examined by standard fluorescence microscopy under a
Zeiss Imajer.Z1 AX10 microscope. Images were acquired and processed
with CytoVision software (https://www.leicabiosystems.com/pt-pt/ihc-ish/
fish-molecular-solutions/cytogenetics/) and quantified with Image) soft-
ware (imagej.nih.gov/ij/). Experiments were performed in biological
triplicates.

Western blotting

Total protein extracts were obtained after cell lysis in 20 mM MOPS (pH
6.5), 1% Triton X-100 (v/w) previously supplemented with 1 mM Na3VOy,,
1mM NaF, and 1 x protease inhibitors (11836170001, Roche). Bradford
method was used to determine the protein concentration, using Bio-Rad
protein assay reagent (500-0006, Bio-Rad, Hercules, California, USA)
through spectrophotometric quantification (595 nm). After protein quanti-
fication, loading buffer containing 10% SDS, 0.5% bromophenol blue in
Tris-HCL (pH 6.8), and 10% (3-mercaptoethanol (M3148, Sigma) was added
to each cell lysate and boiled at 95-100 °C for 10 min. Total protein (100 pg)
was separated in a 12% (SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) in a MINIPROTEAN Tetra Electrophoresis System (Bio-Rad). After-
ward, proteins were transferred onto nitrocellulose membranes (BioRad) in
a Trans-Blot” Turbo TM Blotting system. Then, membranes were incubated
with the primary antibody anti-MCT1 (1:500; ab179832, Abcam) at 4 °C,
overnight. Blots were further incubated with anti-rabbit horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5000, 31460, Thermo
Scientific) for 2 h at room temperature, and immunoreactive bands were
detected using the enhanced chemiluminescence (ECL) method in a
ChemiDoc XRS System (BioRad) with Image Lab software. 3-actin (mouse
anti-human f-actin, 1:5000, A5441, Sigma) was used as endogenous
control. Experiments were performed in biological triplicates.

Statistical analysis

All in vitro data were analyzed using student’s t-test, one-way ANOVA, or
two-way ANOVA in GraphPad Prism v8 software (www.graphpad.com/).
The assays were performed with at least 3 biological replicates per
condition, and the differences were determined statistically significant at
p-value < 0.05.

MetaboAnalyst 6.0 (http://www.metaboanalyst.ca/) online platform was
used for NMR bioinformatic analyses. This software was used for the
multivariate statistical analysis, and samples were normalized by sample
weight and data scaling. Multivariate analysis involved principal compo-
nent analysis (PCA), an unsupervised method to assess variance between
samples and their clustering, and partial least squares-discriminant analysis
(PLS-DA), a supervised method.

RESULTS

PUREG,-LA,, can efficiently deliver cytotoxic drugs SeChry
and TMZ to GBM cells, inducing cell death

The nanoformulations were functionalized with lactate since MCT1
is commonly increased in GBM cells as reported [12]. Then, we
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assessed the MCT1 expression at the mRNA and protein levels in
U251 and U-87MG cell lines and confirmed the MCT1 expression
in both cell lines, with the U251 cell line expressing higher levels
than U-87MG (Fig. 1A and B).

To determine if PUREg4-LA,4 were suitable drug nanocarriers,
GBM cell lines were exposed for 24 h to SeChry@PUREg,-LA,4 and
TMZ@PUREg4-LA,,. Both nanoformulations induced cell death in
both GBM cell lines (Fig. 1C-F). Interestingly, U251 cell line was
more sensitive to these nanoformulations (lower ECs, comparing
to U-87MG). Moreover, the empty nanoparticle (PUREg4-LA,,4) did
not induce cell death, in both GBM cell lines (Fig. 1G and H).

The ECsy determined in GBM cells for the nanoformulations
SeChry@PUREg4-LA,;, and TMZ@PUREg4-LA,, were tested in
b.End3 cell line. SeChry@PUREg4-LA,4 but not TMZ@PUREg,-
LA,,, significantly induced b.End3 cell death (Fig. 11), and the
empty PUREg,-LA,4 did not induce b.End3 cell death (Fig. 1l).

Upon transfection, anti-GLS7 siRNA led to the knockdown of
GLS1, increased cell death and induced alterations in the
metabolic profile

The knockdown of GLST gene was confirmed until 96 h after
transfection with anti-GLST siRNAs (Fig. 2A and B). The decrease in
protein expression was also observed 72 h after transfection in
both cell lines (Fig. 2C - F). Cell death was also assessed by flow
cytometry, showing that GLST knockdown tended to induce cell
death in U251 cell line comparing with control cells (Fig. 2G), while
in U-87MG a similar trend was observed (Fig. 2H). A transfection
with a scramble siRNA was also performed (Fig. S3A and B).

The effect of GLST knockdown in GBM cells exometabolome
was assessed by 'H-NMR analysis of the conditioned media
(extracellular metabolites). In U251 cells, a clear separation of the
metabolic profile of the exometabolome was observed in a PCA
analysis, when comparing U251 cells transfected with the anti-
GLS1 siRNA and the controls (control and lipofectamine) (Fig. 2I).
The statistical model was considered valid when the PLS-DA
model (Figure S4A) adopted the criteria for success of R = 0.7 and
Q%= 0.4 [42], which was observed (Figure $4B).

In detail for U251, glucose, glutamine, glycine, serine and
arginine were the metabolites that most contributed for the
separation (Fig. S4C) according to the VIP score (VIP score > 1).
Regarding glutamine, arginine (Fig. 2J) and glucose (Fig. 2K),
there are significantly higher levels in the extracellular levels due
to the GLST knockdown. Lactate was also pointed out as a major
contributor for the separation, but its levels were lower upon
transfection (Fig. 2K). A trend for increased levels of glycine and
serine (Fig. 2J) due to siRNA was observed. Besides these
metabolites with the greatest contribution for the separation,
more metabolites presented altered levels after the GLST7
knockdown comparing to control and lipofectamine, namely
higher levels of leucine, threonine (Fig. 2J), acetate (Fig. 2K), 3-
methyl-2-oxovalerate, formate, glutathione (GSH) and histamine
(Fig. 2L).

Regarding U-87MG, a clear separation of the exometabolome
was observed in the PCA analysis comparing U-87MG cells
transfected with the anti-GLS7 siRNA and the controls (control
and lipofectamine) (Fig. 2M). Statistical model was considered
valid when the PLS-DA model (Fig. $4D) adopted the criteria for
success of R*>0.7 and Q®=0.4 [42], which was observed (Fig.
S4E). In U-87MG, eight metabolites presented VIP scores > 1:
lactate, glucose, pyruvate, alanine, glutamine, citrate, acetate and
arginine (Fig. S4F). GLST knockdown led to lower levels of alanine,
glutamate (Fig. 2N), pyruvate, lactate, citrate (Fig. 20), and formate
(Fig. 2P), while the levels of glutamine, lysine (Fig. 2N), and glucose
were higher (Fig. 20).

These results indicate that the knockdown of GLST affected the
metabolic profile of both GBM cell lines, and in U251 cells
autophagy was activated, as seen by the increased levels of ATG12
protein after GLST knockdown (Fig. 2Q and R).
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Fig. 1 PUREg,-LA,, can efficiently deliver cytotoxic drugs to GBM cells, which have high MCT1 expression. MCT1 expression is higher in

U251 compared to U-87MG, at the mRNA (A) (relative to HPRT) and protein level (B) (relative to f-actin). Cells were exposed to these
nanoformulations for 24 h. Selenium-chrysin encapsulated (SeChry@PUREg,4-LA,4) induced cell death in U251 (ECso: 113 uM, (€)) and in
U-87MG (ECs¢: 121.4 pM, (D)). Temozolomide encapsulated (TMZ @PUREg4-LA,4), also induced cell death in U251 (ECso: 406.8 M, (E)) and in
U-87MG (ECsq: 501.3 pM, (F)). Moreover, empty PUREg4-LA,4 induced low levels of cell death in U251 (G) and in U-87MG (H). I b.End3 cells were
exposed to the ECs of U251 and U-87MG: TMZ 1 — ECso U251: 406.8 pM; TMZ 2 - ECso U-87MG: 501.3 pM; SeChry 1 - ECso U251: 113 pM;
SeChry 2 — EC5o U-87MG: 121.4 uM; empty PUREg4-LA,,4 concentrations corresponded to the EC50 of each encapsulated compound in U251 (1)

and U-87MG (2). SeChry@PUREg,-LA,, induced b.End3 cell death. All data are represented as mean + SD. **p < 0.01, ****p < 0.0001.

PUREG,-LA,-anti-GLS7-siRNA led to the knockdown of GLS1

PUREg4-LA+, dendrimers functionalized with 12 lactate molecules
were used to improve stability of dendriplexes. The formation of
the dendriplex PUREg4-LA;,-anti-GLS7-siRNA (Fig. 3A) was con-
firmed in an agarose gel to assess the electrophoretic retardation,
and we used four N/P ratios: 1:0.5, 1:1, 1:1.5 and 1:2
(Figs. 3B and S5). The dendriplexes with higher N/P ratio showed
more retention (dragging of the band) corresponding to the
efficient binding of siRNA to PUREg4-LA;, (Fig. 3B and S5). A
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dendriplex with scramble siRNA was also synthesized, and
retardation was also observed (Fig, S6A).

GBM cells were exposed to the dendriplex for 72 h, and PUREg,-
LA;,-anti-GLS7-siRNA efficiently delivered the siRNA to the cell, leading
to the knockdown of GLS7 in both cell lines (Fig. 3C and D). Dendriplex
with scramble siRNA did not induce GLST knockdown (Fig. S6B and C)
and did not affect GLS1 protein expression (Fig. S6D-G).

GBM cells were directly exposed to the PUREg4-LA;,-anti-GLST-
siRNA and the effect of the dendriplex in GBM cells
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Fig. 2 Anti-GLST siRNA transfection leads to the knockdown of GLST and increases cell death, affecting the exometabolism of GBM
cell lines. GBM cells were transfected with lipofectamine and anti-GLS7 siRNA and the expression of GLST was assessed by gPCR until 96 h post
transfection (all data is relative to HPRT and normalized to the control- cells exposed to lipofectamine) (A and B) and the protein expression
was assessed by immunofluorescence (C - F), magnification 630x. Anti-GLST siRNA induced cell death in U251 (G) and tends to induce cell
death in U-87MG (H) after 48 h exposure. 33 metabolites were identified in U251, and 32 metabolites were identified in U-87MG
exometabolome. | PCA of U251 cell line showing the separation between control and lipofectamine groups from anti-GLST siRNA treated
group. Metabolite levels found on the supernatant of U251 cell line: (J) amino acids, (K) metabolites involved in glycolysis and TCA cycle, (L)
other relevant metabolites. M PCA of U-87MG cell line showing the separation between control and lipofectamine groups from anti-GLS1
siRNA treated group. Metabolite levels found on the supernatant of U-87MG cell line: (N) amino acids, (0) metabolites involved in glycolysis
and TCA cycle, (P) other relevant metabolites. Immunofluorescence revealed increased ATG12, an autophagy marker, after transfection with
anti-GLST siRNA in U251 cell line (Q and R), magnification 630x. All data are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001,

***¥p < 0.0001.
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Fig.3 PUREg4-LA;;-anti-GLS7-siRNA dendriplex exposure leads to GLS7 decreased expression. A Representation of PUREg4-LA,,-anti-GLS1-
siRNA dendriplex structure. B Agarose gel showing the retardation of PUREg4-LA,-anti-GLS7-siRNA dendriplexes with higher N/P ratios. GBM
cells were exposed for 72 h to the dendriplexes and in both cell lines there was knockdown of GLST (relative to HPRT and normalized to the
control) (C and D). PCA of U251 and U-87MG cell lines showing the exometabolic profile obtained by 'H-NMR: analysis between the three
conditions (E and F) and only between samples exposed to PUREg,4-LA;, and PUREg4-LA;>-anti-GLST-siRNA (G, H). All data are represented as
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Cancer Gene Therapy

Cc D
U251 U-87MG
15+ 154
< <
zZ Z
~E ~ %
n= 4 = 1.0
9 :
35 . o5
28 2
28 T 28
= 0O — Q -
S8 s g 05 T
[ @
= =
[0 [
(=] (=}
0.0-
© ~ © o & N
& & 8 ¥ & % T
- o » o
S 5 & £
N & Nl
- Q ' 4 RS 2
PUREg4-LA;>-SiRNA (N/P) S 35 i
& & &
& &R
F U-87TMG
PCA
Scores Plot
0PUREG:-LA,; OPUREG-LA;,
0PURE,-LA,,-siRNA o ©PURE:-LA,-siRNA
- 5 o
o
[e] © 8
F o4
; [o}
g = o
. (o)
b T T T T
4 2 o ) 4
PC1(37.6%)
H U-87TMG
PCA
Scores Plot
o Control o Control
OPUREG-LA,; N 0PUREa-LA;,
0PUREG,-LA,,-siRNA 0 PUREc:-LA,;-siRNA
- ==
- o o) & o ©
¥ o o o ©
s o
& (o) °
g -
. o
o 2 .
PC1(37.1%)

SPRINGER NATURE



F. Martins et al.

exometabolome was assessed by 'H-NMR. For both cell lines no
separation was observed between the metabolic profiles of cells
upon exposure to PUREg4-LA;, and to PUREg4-LA;,-anti-GLST-
siRNA (Fig. 3E and F). Comparing with the control the differences
increase (Fig. 3G and H, Figure S7A-C and G-I), with valid
statistical models indicated by the criteria for success of R* > 0.7
and Q2= 0.4 [42] (Fig. S7B and H).

Regarding U251 cell line exometabolome, the most important
metabolites (Fig. S7C) for the separation that presented increased
concentration after dendriplex exposure were isocitrate (Fig. S7E)
and formate (Fig. S7F), while pyroglutamate presented decreased
concentration (Fig. S7F). Other metabolites considered important
for the discrimination that also presented a tendency to increase
were methionine, proline, glutamine (Fig. S7D), citrate, lactate
(Figure S7E), creatine phosphate, and isobutyrate (Fig. S7F), while
alanine levels decreased (Fig. S7D).

In U-87MG exometabolome the most important metabolites
(Fig. S7I) that contributed to the separation and that showed
increased concentration after dendriplex exposure were acetate,
succinate, lactate (Fig. S7K), and formate (Fig. S7L), while
pyroglutamate (Fig. S7L) decreased.

PUREG,4-LA;;-anti-GLS7-siRNA promoted autophagy

The effect on cell death was also assessed, which was not affected
by the PUREg4-LA;,-anti-GLST-siRNA at 72h (Fig. 4A and B).
However, autophagy was activated in GBM cells exposed to
PUREG,4-LA;,-anti-GLST-siRNA, suggested by the increased levels of
autophagy related 12 (ATG12) protein, in both cell lines at 72 h
(Fig. 4C-F). Moreover, ATG12 levels were also accessed after
exposure to PUREg4-LA;,-scramble, and there was no alteration in
the protein levels (Fig. S8A-D).

PUREG,4-LA,-anti-GLS1-siRNA was able to cross the in vitro
BBB, altering the metabolism of GBM cells

A BBB in vitro model was established with b.End3 cell line. These
cells were plated in a transwell and exposed to 550 nM of
hydrocortisone on day 3, showing higher TEER values at day 7
(Fig. 5A).

VE-cadherin (VE-Cad) immunofluorescence in b.End3 transwell
monolayers at day 7 showed a higher extension of cell elongation
upon exposure to hydrocortisone (Fig. 5B), indicating a tight
endothelial cell barrier [43, 44]. The effect of PUREg4-LA;,-anti-
GLS71-siRNA in b.End3 cells viability was assessed, and no alteration
was observed (Fig. 5C). Since b.End3 cells are from murine origin
the effect on GLS coding genes was not evaluated. Therefore, in
the following assays we exposed b.End3 cells to 550nM of
hydrocortisone on day 3 and exposed the ‘blood side’ to the
dendriplex at day 7, with GBM cells in the lower well (Fig. 5D). The
dendriplex crossing through the b.End3 tight monolayer (BBB) to
the ‘brain side’ was confirmed by the decreased expression of
GLS1 protein (Fig. 5E-H) at 72 h.

"H-NMR analysis of the conditioned media of the basolateral
side (Fig. S9A and B) showed that the nanoparticle and the
dendriplex efficiently crossed the BBB, since new peaks appeared
in the samples exposed to the nanoformulations that did not
appear in the control (Fig. 51 and J). These peaks did not
correspond to any metabolite, appearing due to the presence of
PUREg4-LA,. Moreover, some peaks that appeared increased in
the samples exposed to the nanoformulations (Fig. S9C and D)
corresponded to N,N-dimethylformamide, a solvent used in the
synthesis of PUREg4-LA 5.

The effect of the PUREg4-LA;,-anti-GLS7-siRNA on the exome-
tabolome of GBM cells was also analyzed by "H-NMR spectroscopy
of the conditioned media of the “brain side”. Even though a
complete separation of the metabolic profiles was not obtained in
U251 (Fig. 6A, Fig. S10A), the statistical model was considered
valid, since the PLS-DA model (Fig. S10A) adopted the criteria for
success of R?>0.7 and Q* > 0.4 [42] (Fig. S10B).
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Several metabolites showed different concentrations after U251
exposure to PUREgs-LA;,-anti-GLST-siRNA, decreased levels of
alanine, arginine, cysteine, lysine, threonine (Fig. 6B), acetate,
pyruvate and lactate (Fig. 6C) and including increased levels of
formate (Fig. 6D) and succinate (Fig. 6C), a tendency for increased
GSH levels (Fig. 6D). From these metabolites, formate, succinate
and lysine were considered the most important metabolites that
contribute to the separation (Fig. S10C). There was also a
tendency for increased levels of glutamine (Fig. 6B), creatine
phosphate and creatine (Fig. 6D) and decreased lysine (Fig. 6B) in
U251 exposed to PUREgs-LA;;-anti-GLST-siRNA comparing to
samples exposed to PUREg,4-LA;>.

In U-87MG, as it happened with U251, even without a complete
separation of the metabolic profiles (Figs. 6E, S10D), the statistical
model was considered valid, since the PLS-DA model (Fig. S10D)
adopted the criteria for success of R? = 0.7 and Q* = 0.4 [42] (Fig.e
S10E).

The levels of GSH, proline, leucine (Fig. 6F), glucose (Fig. 6G) and
formate (Fig. 6H) were increased in the exometabolome of U-
87MG, whereas lactate and acetate (Fig. 6G) were decreased.
Formate, GSH, and leucine tended to be even more increased in
samples exposed to the PUREg4-LA;,-anti-GLST-siRNA. Formate
was significantly increased and was also one of the most
important metabolites for the separation (Fig. S10F).

These results indicate that the exposure to PUREg4-LA;, and
PUREg4-LA,-anti-GLS1-siRNA altered the metabolic profile of both
GBM cell lines.

PUREG,-LA,,-anti-GLS1-siRNA was able to cross an in vitro BBB
model with astrocytes

Since endfeet astrocytes are also a component of the BBB, a more
complex BBB in vitro model, involving the contribution of
astrocytes (iNHA) in the “brain side” of the transwell, was tested
(Fig. 7A). It was confirmed that astrocytes viability was not affected
by PUREg4-LA;,-anti-GLST-siRNA (Fig. 7B). Therefore, the ‘blood
side’ was exposed to PUREg4-LA;,-anti-GLST-siRNA at day 7, and
GLS1 knockdown was confirmed by the significantly decreased
GLS1 protein expression in U-87MG and a trend to decrease in
U251 cell line (Fig. 7C-F) at 72 h.

"H-NMR analysis of the conditioned media of the “brain side”
showed the different metabolic profiles induced by the PUREg4-
LA;;-anti-GLS1-siRNA (Fig. 7G and H). In U251, the statistical model
was considered valid since the PLS-DA model (Fig. S11A) adopted
the criteria for success of R*>0.7 and Q*>0.4 [42], which was
observed for U251 (Fig. S11B).

In U251, the metabolites that most contributed for the
separation (VIP score > 1) (Fig. S11C) after PUREg4-LA;;-anti-
GLS1-siRNA exposure were glutamine (Fig. S11D) and formate
(Figure S11F), which increased, while arginine (Fig. S11D),
isobutyrate and isopropanol decreased (Fig. S11F). Citrate (Fig.
S11E) tended to increase while cysteine and serine (Fig. S11D)
tended to decrease. Pyroglutamate also presented decreased
levels in U251 after PUREg4-LA;,-anti-GLST-siRNA exposure.

The U-87MG statistical model was considered valid since the PLS-
DA model (Figure S11G) adopted the criteria for success of R*= 0.7
and Q? > 04 [42], which was observed for U-87MG (Figure STTH).

In U-87MG the metabolites that most contributed for the
separation (VIP score > 1) (Fig. S11I) were histidine (Fig. S11J),
pyruvate (Fig. S11K), and formate (Fig. S11L), which increased after
PUREg,-LA,-anti-GLS1-siRNA exposure. Other metabolites with
VIP score > 1 were GSH (Fig. S11L) and citrate (Fig. S11K), which
tended to increase, and isobutyrate (Fig. S11L), which tended to
decrease after PUREg4-LA;,-anti-GLST-siRNA exposure.

DISCUSSION
The altered glucose metabolism and dependence on glutamine is
a therapeutic opportunity in GBM. The high MCT1 expression in

Cancer Gene Therapy
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Fig. 4 PUREg;-LAq;-anti-GLS7-siRNA dendriplex exposure does not induce cell death but increases autophagy marker ATG12 expression.
U251 (A) and U-87MG (B) were exposed to two N/P ratios of PUREg,-LA,-anti-GLS1-siRNA dendriplexes, and cell viability was not affected.
Immunofluorescence revealed increased ATG12, an autophagy marker, after exposure to PUREg4-LA,-anti-GLS7-siRNA 1:2 dendriplex in both
cell lines (C-F), magnification 630x. All data are represented as mean * SD. *p < 0.05.

GBM cells, particularly on U251 cell line (Fig. 1A and B), promotes
the efficacy of lactate functionalized nanoparticles in drug
delivery. In this study, the induction of cell death by SeChry@-
PUREGg4-LA,s and TMZ@PUREg4-LA,4, in GBM cells was evident
(Fig. 1C-F), with a higher impact in U251, which corresponds to
the higher levels of MCT1 expression in this cell line comparing
with U-87MG. Importantly, it was also observed that the
SeChry@PUREg4-LA,; nanoformulation induced cell death in
b.End3 cell line (Fig. 11). The disruption of the BBB has been
faced as an opportunity to improve the delivery of drugs to the
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brain and in particular to malignant tumors [45-47]. Accordingly,
the efficacy of some chemotherapeutical regimens is improved by
the combination with mannitol, which disrupts the BBB [48-50].
Therefore, SeChry@PUREg4-LA,4, may be a step forward in GBM
management, thereby inducing GBM cell death while disrupting
the BBB.

The transfection with anti-GLS7 siRNAs and the exposure to
dendriplex PUREg,4-LA;>-anti-GLS7-siRNA were able to decrease
GLS1 protein expression (Fig. 2C and D and Fig. 5E-H) and alter
the exometabolic profile of the GBM cell lines (Fig. 2I-P and Fig. 6,

SPRINGER NATURE
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Fig.5 The dendriplex PUREG;-LA,-anti-GLS7-siRNA is able to cross the BBB in an in vitro model. Initially, we established an in vitro model
of BBB with b.End3 cells seeded in a transwell. The tightness of the monolayer was assessed by TEER measurements (A), in which
hydrocortisone increased TEER values, with higher TEER values at day 7. Changes in endothelial cell morphology were observed with VE-Cad
staining (B) (magnification 200x and 400x). Dendriplexes did not induce b.End3 cell death (C). Once the model was established (D), we
exposed it to the dendriplexes. E-H Dendriplexes decreased GLS1 protein expression (magnification 630x). "H-NMR analysis (I, J) of the
conditioned media of the basolateral side showed that the dendriplexes crossed the BBB. All data are represented as mean * SD. *p < 0.05,
**%p £ 0,001.
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Fig. 6 The dendriplex PUREg,;-LA;>-anti-GLS7-siRNA alters the exometabolome of GBM cells. In both cell lines 40 metabolites were
identified in the exometabolome (supernatants). A PCA of U251 cell line showing the metabolic profiles induced by the experimental
conditions. Metabolite levels found on the supernatant of U251 cell line: (B) amino acids, (C) metabolites involved in glycolysis and TCA cycle,
(D) other relevant metabolites. (E) PCA of U-87MG cell line showing the metabolic profiles induced by the experimental conditions. Metabolite
levels found on the supernatant of U-87MG cell line: (F) amino acids, (G) metabolites involved in glycolysis and TCA cycle, (H) other relevant
metabolites. All data are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 7 The dendriplex PUREg4-LA;>-anti-GLS7-siRNA is able to cross the new BBB in vitro model with astrocytes. We established a new
in vitro model of BBB with b.End3 cells and astrocytes (iNHA) seeded in each side of a transwell (A). Dendriplexes did not induce iNHA cell
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Fig, S9A and B). The transfection assay clearly demonstrated a
decrease in glutamine consumption due to reduced GLS1 levels,
whereas this was not as apparent in the dendriplex PUREg,-LA;>-
anti-GLST-siRNA assay. This difference may be attributed to the
varying cell culture durations, with exometabolome analysis
conducted after 96 h in the transfection assay and 72h in the
dendriplex assay. However, in U251 cells exposed to dendriplex
PUREG,-LA,-anti-GLST1-siRNA, a trend toward increased glutamine
levels was observed (Fig. 6B). The dendriplex assay was terminated
at 72 h to prevent BBB disruption and to ensure that dendriplexes
were effectively crossing the BBB. Accordingly, the overall
exometabolome analysis showed metabolic adjustments in both
GBM cell lines due to GLS1 decreased levels. The in vitro BBB
models, with and without iNHA astrocytes (Fig. 7A), which also
contribute to the structural integrity of the BBB [51], demonstrated
that the dendriplexes induced the decrease of GLS1 protein levels
after the exposure to PUREg4-LA;,-anti-GLST-siRNA (Fig. 7C-F),
which indicates that the dendriplex was able to cross the BBB
model and reach GBM cells.

The relevance of GLS1 in GBM cells survival was demonstrated
in GBM cells transfected with anti-GLS7 siRNAs, by the significant
reduction in GLS1 expression confirmed at mRNA and protein
levels (Fig. 2A-F), and the concomitant induction of cell death in
transfected cells (Fig. 2G and H). The fact that the increased cell
death is more visible in U251 than in U-87MG cells points out that
metabolic heterogeneity and plasticity among GBM cell subsets
may influence treatment efficacy due to the adaptive capacity of
cancer cells to metabolically stressful conditions. Our group has
already shown that these cell lines rely differently in the
glutamine-glutamate metabolism, presenting different metabolic
profiles in the absence of glutamine and glucose [12]. Therefore,
these cell lines possibly follow different adaptive strategies,
highlighted by the metabolic profiles defined in GBM cells with
GLS1 knockdown in all strategies used. In both cell lines, a
constant observation was the increased or maintained high levels
of glutamine and glucose (Figs. 2J and N; 6B and F; S4C and F;
S7D, E, J and K, and S11D and J), indicating that cells are less
competent in degrading glutamine [52]. This is reinforced by the
decreased levels of glutamate and pyroglutamate, products of
glutamine metabolism [53], in most GLST knockdown conditions
and models. Moreover, glucose is being consumed less, which
indicates that these cell lines rely more on glutamine, even
substituting glucose as a carbon substrate. Moreover, some
studies suggest that glutaminolysis is required for the uptake of
glucose [54, 55]. Therefore, GLS1 has been pointed out as a
‘metabolic checkpoint’, controlling cell survival via a coordination
between glutamine and glucose [56]. Decreased levels of alanine,
lactate and pyruvate were often observed (Figs. 2J, N, K and O; 6B,
C, F and G; S4C and F; Fig. S7D, E, J and K, and Fig. S11D and E),
thereby emphasizing the decreased consumption of glucose and
an attempt of cells to adapt to the lower ability to consume
glucose upon GLST knockdown. This adjustment may resemble
the alanine-glucose cycle, in which metabolic pathways, including
gluconeogenesis, respond to limited glucose and glutamine
availability [57], mimicked by the reduced capacity to degrade
glutamine. Therefore, alanine can give rise to glutamate to
compensate the lack of glutamine-derived glutamate to supply
the TCA cycle [58, 59]. Additionally, alanine can be a source of
pyruvate and lactate, which are suitable sources of organic acids in
TCA cycle [58, 59]. Furthermore, to sustain the conversion of
pyruvate to acetyl-CoA and its entry in the TCA cycle, due to the
lack of glutamate induced by GLST knockdown, it implies the
activation of other metabolic pathways. The increased levels of
acetate in some conditions (Figs. 2N and O; 6C and G; S4C and F;
S7E and K, and S11E) may indicate increased conversion of acetyl-
CoA as a mechanism to maintain the viability considering that
glycolysis and glutaminolysis are impaired. This is deeply
connected to citrate availability, since citrate is a cataplerotic
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compound in TCA cycle, which derives from oxaloacetate and
acetyl-CoA, but it can also be deviated to feed other metabolic
pathways [60, 61]. A main source of acetate and citrate is the fatty
acids B-oxidation, which may support TCA cycle functioning
[61, 62]. On the other hand, increased levels of isocitrate and a
tendency for high levels of citrate after dendriplex direct exposure
may indicate a decreased flux into TCA cycle, with increased
accumulation of these metabolites in the extracellular milieu. In
addition, decreased citrate levels may indicate mitochondrial
dysfunction [63].

In fact, glutamine deprivation triggers mitochondrial fusion, an
adaptive mechanism of the cell to maximize efficiency, maintain
the respiratory chain complexes and the integrity of mitochondrial
DNA [64]. As TCA cycle and P—oxidation are mitochondrial
pathways, citrate may have a pivotal role in metabolic adaptation
arising from mitochondria assembly. Increased cysteine uptake
may also stimulate mitochondria fusion to potentiate the OXPHOS
capacity [65], and upon GLST knockdown cysteine was not
detected in extracellular media or it was presented in decreased
levels (Figs. 2J and N; 6B and F; S4C and F; S7D and J, and S11D
and J). In the BBB model with astrocytes, increased glutamine
levels (Fig. S11D) in the supernatant of U251 were observed,
which may suggest an astrocytes involvement. Once the
astrocytes are responsible for the recycling of the glutamate
released by pre-synaptic neurons to the synaptic cleft, converting
it into glutamine, which is imported by the neurons [66].
Therefore, due to the decreased GLS1 protein expression, GBM
cell lines may be exporting more glutamate, which is recycled by
astrocytes into glutamine. Hence, this could be an adaptive
mechanism to overcome the effect of PUREg,-LA;>-anti-GLS1-
siRNA.

Dynamic patterns of amino acids were also identified upon
GLST knockdown (Figs. 2J and N; 6B and F; S4C and F; S7D and J,
and S11D and J), indicating adjustments in the intracellular
metabolism. This highlights proteolysis as a source to compensate
amino acids balance, as glutamine-derived glutamate is the main
source for amino acids synthesis mainly through transamination
processes [67, 68]. Proteolysis can supply various metabolic needs,
such as to increase the glutamate pool to feed the TCA cycle.
Moreover, this could also indicate increased autophagy, a process
that cancer cells go through to survive under nutrient-deprived
conditions, in which the export of amino acids occurs [69]. In fact,
autophagy activation was confirmed in U251 and U-87MG cells by
the increased levels of ATG12 protein (Fig. 2Q and R and 4C and
D). ATG12 is a crucial protein in autophagy, involved in the
formation of autophagosomes, a double-membrane vesicle that
captures and delivers cellular components to lysosomes for
degradation [70, 71]. Therefore, this suggests that the metabolic
stress induced by GLST knockdown can trigger autophagy as a
survival mechanism. This observation is aligned with previous
studies indicating that in advanced stages, autophagy promotes
the survival of tumor cells by alleviating stress in the tumor
microenvironment - TME [72]. This phenomenon could justify the
lack of cell death induction by the dendriplexes, since autophagy
is a pro-survival process [73]. However, long autophagy duration
can trigger cell death [74].

The increased levels of formate (Figs. 2N and O; 6C and G; S4C
and F; S7E and K, and S11E and K) may indicate a decreased flux
into one-carbon metabolism, resulting in formate export. Besides
being a byproduct of one-carbon metabolism, formate is a
precursor of glycine [75], which is one of the three components of
GSH [76]. On another hand, the release of formate reinforces the
activation of autophagy [77] observed upon GLST knockdown.

The increased levels of GSH (Figs. 2L; 6D and H; and S11F and L)
observed in some conditions regarding GLST knockdown may
contribute to the decreased levels of glutamate, glycine and
cysteine [76], since these are the components of the GSH
molecule. Therefore, it seems that GLST downregulation interferes
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with the GBM cell redox control. When analyzing samples exposed
to PUREg4-LA;5-anti-GLST-siRNA from both cell lines, there was a
tendency for increased extracellular levels of formate and GSH
comparing to samples exposed to PUREg4-LA;, (Fig. 6D and H).
We had previously observed increased extracellular GSH levels
after anti-GLST siRNA transfection in U251 cell line (Fig. 2H).
Increased export of GSH can be a part of GBM cells strategy to
protect themselves from oxidative damage induced by this
therapeutic approach, mitigating the harmful effects of ROS in
the surrounding TME. Moreover, to perform the detoxification of
chemotherapeutic compounds, GSH conjugates with drugs via the
GSH-S-transferase and lead to its efflux by to multidrug resistance-
associated protein (Mrp) transporters [78]. Therefore, GBM cells
can be trying to eliminate the dendrimers.

Additionally, we also observed a tendency to increased levels
of creatine phosphate, succinate and creatine comparing to
samples exposed to PUREg4-LA;, (Fig. 6B-D and S7F and L).
GLST knockdown can disrupt the balance between ATP
production and consumption, leading to increased synthesis
and breakdown of creatine phosphate, a reserve of high-energy
phosphates in the brain [79]. This imbalance may cause excess
creatine and creatine phosphate to accumulate and be
exported out of the cell.

Another achievement of this study was the fact that we
successfully established a BBB in vitro model, a tight endothelial
barrier using hydrocortisone-treated b.End3 cells, to evaluate
nanoformulations (Fig. 5A — D). Previous studies have shown that
hydrocortisone induces brain endothelial cell tightness, increasing
the TEER values of the confluent layer [38, 80]. The expression of
VE-cadherin (VE-Cad), an adherens junction protein and a key
regulator of endothelial barrier function [77], was assessed in this
model, showing cell elongation, which indicates the presence of a
tight endothelial-like monolayer [43, 44]. The developed strategy
showed that the dendriplex PUREg4-LA;>-anti-GLS7-siRNA was
effective in crossing the in vitro BBB, as observed by NMR analysis
(Figs. 51 — J, S9), without affecting b.End3 cells viability (Fig. 5C).
This capability is pivotal, as it demonstrates the potential of
dendrimer-based nanocarriers to overcome the BBB, the most
significant barrier in CNS drug delivery. Therefore, depending on
the therapeutic objective PUREg4-LA,4/ PUREG4-LA;, can carry
compounds that disrupt or preserve the BBB integrity, while also
affecting GBM cells metabolism, allowing a flexible use of these
carriers in nanoformulations.

CONCLUSION

Our study stresses the pivotal role of a new metabolism-based
therapy using GLS1 as a target of a dendriplex PUREg,-LA;,-anti-
GLS1-siRNA proposed as a new tool for gene modulation therapy.
This system, sustained by dendrimers as nanocarriers of drugs and
siRNAs, can be adapted to cross or disrupt the BBB. By interfering
with GLS1 expression, this system offers a dual approach that
disrupts both glucose and glutamine pathways without affecting
the BBB viability. In another hand, the encapsulated TMZ can be
more efficiently delivered to GBM cells after crossing the BBB,
while encapsulated SeChry efficiently triggers cell death in GBM
cells and simultaneously disrupts the BBB, which can be beneficial
to improve the therapy effectiveness. The setting of results
obtained supports further pre-clinical research focused on refining
dendrimer formulations, optimizing dosing regimens, and evalu-
ating the therapeutic efficacy in vivo, within the complex brain
microenvironment. In the future, exploring the combinatory
potential of dendrimer-based delivery systems with existing
treatments, such as the standard of care (Stupp protocol), could
enhance therapeutic outcomes. Investigating the interaction of
these nanocarriers with the TME and their long-term safety
profiles will be crucial for translating these findings into clinical
applications.
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