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1. Overview

Background: Glioblastoma multiforme (GBM) is the most aggressive type of primary brain
cancer. The major challenge with glioblastoma treatment is its highly invasive nature, which
renders complete surgical eradication impossible. Hence, adjuvant chemoradiotherapy is
inevitable. Since the blood-brain barrier (BBB) provides a critical impediment to effective
therapeutic delivery to the tumor due to its restrictive endothelial seal, here we aimed at
utilizing exosomes, naturally secreted vesicles with an innate ability to traverse the BBB, as a
strategy to overcome this limitation and as a promising vehicle for the delivery of microRNA-
based therapeutics. Methods: Human HEK293T cells were genetically modified to express the
exosomal membrane protein CD63 as a chimera containing different, GBM-targeting peptides.
The proper production of exosomes was validated in vitro. Subsequently, a mouse model of
intracranial GBM was used to confirm selective exosome delivery. Conclusion: EVs provide a
potential vehicle for the targeted delivery of miRNAs through the BBB, which could offer an

opportunity for GBM gene therapy delivery. Future Directions: the next steps will involve fitting

tumor-targeting exosomes with an appropriate miRNA cargo, delivering them in the same
approach to the glioma-bearing mouse model, and monitoring their tumor-suppressive

potential.



2. Background:

Glioma is the most common type of malignant primary brain tumor (1). It comprises diverse
groups of diseases: oligodendroglioma, astrocytoma (grade Il to IV: namely diffuse glioma), and
ependymoma, among others (1-3). Glioblastoma multiforme (GBM) is grade IV diffuse glioma
(2). It is the most aggressive among primary brain tumors, accounting for around 50% of all
gliomas (1,4). Annually, an approximate rate of 3.7 out of 100.000 people are diagnosed with
GBM (5,6). Furthermore, GBM is 25% higher in males versus females (7), and is highly prevalent
in people above 65 years of age (7). The median survival is about 14-17 months (8,9). The initial
clinical presentation is usually a headache, which might increase in severity over time (8). Later,
additional symptoms usually appear including seizures, weakness, and cognitive impairment,
among others (8). The standard of care treatment of glioblastoma therapy includes resection
followed by concurrent chemoradiotherapy, which is followed by adjuvant chemotherapy (8).
Despite maximal treatment, the 2-year overall survival is only around 26.5% (10). Therefore, the

need for robust new treatment approaches is warranted.

The Blood-brain barrier (BBB) represents a major hurdle in the passage of drugs from the blood
to the brain (11,12). BBB is constituted by a layer of tightly connected endothelial cells (ECs)
along with astrocytes, pericytes and basement membrane, altogether provide a protective
barrier to the brain (13). This barrier functions as a highly selective filter separating the brain

from the blood (13). In addition, these ECs are characterized by the presence of transporters
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and receptors, to necessary nutrients and elements, as well as efflux pumps responsible for
drugs elimination (13). This level of protection operates via paracellular (between cells) and
transcellular (through cells) routes, rendering only 2% of drugs targeted to the brain passing

through the BBB (14).

The literature has shown a multitude of drug delivery vehicles aimed at targeting the BBB; some
of them are nanoparticles-based (15,16), virus-based (17,18) and liposomes-based approaches
(19,20), among others. These approaches have shown some success regarding their ability to
deliver their therapeutic cargo to the brain. For instance, reduction in infarct size has been
observed in ischemic mouse models with the nanoparticle-based approaches (15), success has
been achieved to treat genetic diseases with the virus-based vectors (17) and delivery of
chemotherapy to glioma mouse models has been facilitated with the liposome-based
approaches (21). However, their use has been hampered by several obstacles, including safety
(17), cost, immunogenicity, capability of passing the BBB and maintaining physical and chemical

characteristics (quality control) (15,22,23). An alternative promising delivery strategy relies on

the use of extracellular vesicles (EVs).

EVs are a heterogeneous population of lipid-based membranous nanoparticles, varying in size
between 50-500 nm (24). According to their subcellular secretion origin, they are classified as
ectosomes (plasma membrane-derived) or exosomes (endosomes-derived) (24). These vesicles
were found to contribute to crucial cell-to-cell communication in both normal physiological
states (25,26) as well as pathological states (27) by transferring their cargo, which includes
nucleic acids, proteins, and lipids, between cells. Considering their innate properties, including

their biocompatibility, and capability for the penetration of the BBB (23), EVs show promise. In
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addition, EVs’ targeting capability through the integration of specific membrane proteins on

their surface further facilitates their specificity to the brain (23).

The literature describes numerous strategies to enhance the selective delivery of a therapeutic
cargo to the brain. Attempts at overcoming the BBB can be locally invasive, such as CSF-based
delivery (28), and convection-based delivery (29), as well as locally non-invasive, such as
intranasal-mediated transport(30), and focused ultrasound (31), in addition to globally non-
invasive, such as passive transport (32), adsorption-mediated transport(33), and ligand-

mediated transcytosis (14,34).

Ligand-based transcytosis involves targeting a specific receptor present on the BBB, by utilizing
its corresponding ligand displayed on the surface of the delivery vehicle (35). This interaction
triggers the internalization of the delivery vehicle, carrying the therapeutic cargo within the
brain (35). One of the extensively studied ligands that showed promise in the delivery of its
cargo to the brain is Angiopep-2. Angiopep-2 is known to be a target for the endocytosis
receptor, low-density lipoprotein receptor-related protein 1 (LRP1) (36). LRP1 is a membrane
protein that acts as a receptor to facilitate transcytosis (37) and is characterized by a large
molecular weight (about 600 kD) (37). Previously, Angiopep2-bound paclitaxel was found to be
more efficacious than the free form of paclitaxel in targeting primary brain tumors or brain
metastasis in vivo (36,38). Moreover, Angiopep2-bound paclitaxel demonstrated promise in a

phase Il clinical study (39).

Furthermore, another target in the literature showing promise is Chlorotoxin. Chlorotoxin is a 36

amino acid peptide that was isolated from the venom of the scorpion Leiurus Quinquestriatus
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(40). It was initially discovered to have a Cl-channel blockage action (41). Chlorotoxin was
discovered later to have a specific targeting ability for neuroectodermal tumors, such as glioma,
by binding to a glioma-specific chloride-ion channel (40,42). Additional studies were able to
identify other receptors for Chlorotoxin, such as matrix metalloproteinase2 (MMP2) (43).
Therefore, chlorotoxin was exploited for the selective delivery of drugs to the brain. For
instance, a chlorotoxin-conjugated nano vector platform was able to show higher uptake in
glioblastoma cells versus healthy brain cells in vitro and in vivo (44). Furthermore, Chlorotoxin

has been exploited in some clinical studies to aid in accurate tumor resection (45,46) and also in

therapy delivery (47).

Here we report preliminary results showing the feasibility of engineering exosomes with
modified membrane ligands, and we explore their ability to specifically target GBM.
Additionally, we provide proof of concept for their use by a bioreactor strategy, allowing
prolonged and continuous release of such exosomes in vivo. Such an approach mitigates a
current practical limitation of exosome-based therapy, that is feasibility and continuity of

administration.

3. Material and Methods:

Cell culture:

Human brain microvascular endothelial cells (hCMEC/D3) and, astrocytes (primary cells), as well
as primary glioblastoma cells (G44, G81, G34, G157, MGG4, G9, and BT333), were obtained
from the Harvey Cushing Neuro-Oncology Laboratories at the Brigham and Women’s Hospital.

Human Embryonic Kidney 293T cells (HEK293T), along with other glioma cell lines including
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U87-MG, U-251, and T98G-MG, were purchased from the American Type Culture Collection
(ATCC). All cells were kept in a 5% CO2 incubator (Panasonic, OH, USA) and humidified at 37 °C.
Regarding adherent cells that grow in a monolayer cell culture such as HEK293T and U87 cells,
they were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Life Technologies, NY,
USA ) supplemented with 10% Fetal Bovine Serum (FBS)(BenchMark FBS, GEMINI, Bio-Products,
MD, USA) and 1% Penicillin/Streptomycin (P/S) (Pen Strep 10000 U/ml, Gibco, Life Technologies
Corporation, NY, USA). They were seeded onto T75 (Thermo Scientific, Korea) or T25 flasks
(Thermo Scientific, Korea). hCMEC/D3 (referred to later as BEC or brain endothelial cells) were
cultured in Endothelial Medium (EM, ScienCell Laboratories, CA, USA) supplemented with FBS,
Endothelial Cell Growth Supplement (ECGS), and P/S. Whereas Astrocytes were cultured in
Astrocyte Medium (AM) (ScienCell Laboratories, CA, USA), supplemented with FBS, Astrocyte
Growth Supplement (AGS), and P/S. Trypsin 0.05% (Gibco, Thermo Fisher Scientific, Canada) was

used for cell detachment.

Suspension cells including G44, G81, G34, T98, G9, G157, MGG4, and BT333 cells were cultured
in neurobasal media (Gibco, Thermo Fisher, NY, USA), supplemented with Fibroblast Growth
Factor (FGF) (Peprotech, NJ, USA), Epidermal Growth Factor (EGF) (Peprotech, NJ, USA),
Glutamax (Gibco, Life Technologies Corporation, NY, USA), 1% P/S, and B27 (Gibco, Life
Technologies Corporation, NY, USA). The cells were seeded onto T75 or T25 flasks. The cells

were declustered with Accutase (Gibco, Life Technologies Corporation, NY, USA).

Lysis of human brain tissues:
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Human samples were collected from fresh operative specimens as per Brigham and Women'’s
Hospital/Dana Farber Cancer Institute (IRB Protocol 10-417). The samples were
histopathologically confirmed by the Department of Neuropathology at Brigham and Women'’s
Hospital. They were kept frozen at -80°C or lysed in Radioimmune-precipitation assay buffer
(RIPA) for protein analysis. The lysis protocol included mixing with RIPA buffer (Boston
Bioproducts, MA, USA) treated with 100X protease and phosphatase inhibitors (Cell Signaling,
MA, USA) and homogenized on ice with frequent mixing for 30 minutes. Thereafter, they were

spun down at 14000 g for 15 minutes and the supernatant was collected.

qRT-PCR:

RNA extraction was performed following the TRIzol Reagent User Guide protocol. Reagents used
are TRIzol (Invitrogen, Thermo Fisher Scientific, CA, USA), chloroform (Sigma-Aldrich, USA),
ethanol (Sigma-Aldrich, USA), isopropanol (Fisher, Canada) and RNAse-free glycogen or
Glycoblue (Invitrogen, Thermo Fisher Scientific, Lithuania), as well as 4 °C centrifuge (Eppendorf
Centrifuge 5424 R, Germany). After RNA extraction, quality and quantity were measured by
Nanodrop (NANODROP 2000c spectrophotometer, Thermo Scientific). cDNA preparation for 1
pg of the RNA was performed using the iScript cDNA Synthesis Kit (BIO-RAD Laboratories, USA)
following the iScript protocol. Subsequently, qRT-PCR was conducted using the SYBR Green PCR
Master Mix reagent (Warrington, UK) following the SYBR Green PCR Master Mix protocol. The

primers are listed in Table 1.

Western blot:
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Aliquots from cell lines (U87, T98, BEC, and HEK293T as well as HEK293T-transduced cells
including NoMi, NoMi-Tox, and NoMi-PEP cells), normal primary cells (astrocytes) and primary
glioblastoma cells (G44, G81, G34, MGG4, G157, BT333 and G9) were spun down at 300 g for 3
minutes. Then, the RIPA protocol for lysis was followed as mentioned earlier. Following that,
protein concentration was measured using Bio-Rad assay (Bio-Rad Protein Assay Dye, Reagent
Concentrate Bio-Rad Laboratories, Inc. USA), at a dilution of 1:4 Bio-Rad: Milli-Q water and
measured via Nanodrop. 50 pug of the proteins was loaded in the 12-well gel (Criterion TGX
Precast Gels, Bio-Rad Laboratories, Inc. USA). Then, the proteins were transferred to Immun-
Blot PVDF Membranes for Protein Blotting (Bio-Rad Laboratories, USA). After that, the
membranes were blocked in 5% non-fat dry milk (Lab Scientific bioKEMIX, USA) for 1 hour.
Primary antibodies were added at a dilution of 1:1000, diluted in the suitable blocking buffer
according to the manufacturing company; either in 5% non-fat dry milk (Lab Scientific bioKEMIX,
MA, USA) or 5% bovine serum albumin (Sigma-Aldrich, USA), and incubated overnight.
Secondary antibodies were added at a dilution of 1:3000 (in the same buffer and concentration
as the primary). SuperSignal West Pico Plus Chemiluminescent Substrate (Rockford, USA) was
used for visualization. Visualization was done in Chemidoc MP Imaging System (Bio-Rad).

Primary and secondary antibodies are listed in Table 4.

siR-LRP1 and LRP1 Antibody validation studies:

U87 cells were plated at a density of 5*10°/well, in 2% FBS-supplemented antibiotic-free
DMEM, in a 6-well plate format (CellStar, PA, USA). For transfecting them with siR-LRP1
(Invitrogen, Life technologies, CA, USA), the Lipofectamine 2000 protocol for siRNA transfection

was followed, utilizing Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, USA) (except
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that siRNA dilution was in antibiotic-free, FBS-free DMEM not in Opti-MEM). Then 48 hours
later, cell pellets were collected. First, for siRNA validation, RNA extraction, cDNA preparation,
and then qRT-PCR using LRP1 primers were sequentially performed (Table 1). Furthermore, for
antibodies’ validation (anti-LRP1 antibodies, Table 4), cell pellets were lysed following the RIPA
protocol mentioned above, and then a western blot was performed following the steps
mentioned earlier. Lipofectamine 2000 was used for the first antibody validation. For better
results, Lipofectamine RNAiMax (Invitrogen, Thermo Fisher Scientific, Lithuania) was used

instead with the secondary antibody, following the RNAiMax transfection protocol for siRNA.

Immunohistochemistry/immunofluorescence (IHC/IF):

Human brain sections were cut by the cryostat (MicroM HM550, Thermo Fischer Scientific) at a
thickness of 35 or 14 um. Subsequently, the slides were fixed with 4% paraformaldehyde for 10
minutes. Permeabilization was then performed with a washing buffer composed of 0.01% triton
X100 (Sigma-Aldrich, USA) and 0.05% tween20 (Sigma-Aldrich, France) in 1X PBS. Blocking was
carried out with 5% normal donkey serum (Aurion, Avantor, USA) in the washing buffer for 1
hour (up to 4 hours). Primary antibodies were added, separately at a dilution of 1:75 for MMP2,
or a dilution of 1:200 for anti-LRP1 (Abcam) in 5% normal donkey serum in the washing buffer
on all sections except a control section, and they were kept overnight at 4°C. After washing off
the primary antibody, the secondary antibody was added at a dilution of 1:200 in 5% normal
donkey serum in the washing buffer over all sections, for 2-3 hours at room temperature. The
sections were washed with the washing buffer or with PBS, then mounted with aqueous
mounting media (5 gm of polyvinyl alcohol; Sigma Aldrich, MO, USA, mixed with 5 ml absolute

glycerol; Sigma Aldrich, MD, USA, and 0.2 ml 20% sodium azide; Sigma Aldrich, MO, USA) for
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visualization with the confocal microscopy Zeiss LSM710. All primary and secondary antibodies’

information is in Table 4.

Immunocytochemistry/immunofluorescence (IC/IF):

Cells were plated in an 8-chambered cover glass (Millicell EZSLIDE, Millipore Sigma, MA, USA)
covered with poly-L-Lysin solution (Sigma-Aldrich, Burlington, MA, USA), at a density of 15000
cells/well in DMEM supplemented with 10% FBS and 1% P/S. Cells were allowed to attach for 48
hours. Subsequently, cells were washed with 1XPBS to remove media proteins, followed by
fixation with 4% paraformaldehyde for 15 minutes. Next, washing with 1X PBS was performed,
followed by permeabilization with the washing buffer. Next, blocking was carried out with 5%
normal donkey serum in washing buffer for 1 hour (up to 4 hours). Primary antibody was added
at the same dilutions mentioned above, in 5% normal donkey serum in the washing buffer, and
left overnight at 4 °C (primary antibody was added on all the sections except the control
section). After washing off the primary antibody, the secondary antibody was added, at the
same dilution mentioned above, in 5% normal donkey serum in the washing buffer (secondary
antibody was added on all the sections including the control for 2-3 hours at room
temperature). Sections were washed with the washing buffer or 1XPBS. Mounting was
performed with the agueous mounting media mentioned above, for visualization with the

confocal microscopy. All primary and secondary antibodies’ information is in Table 4.

NoMi-PEP/NoMi-Tox plasmids construction:

The NoMi plasmid was obtained from Dr Breakefield’s lab at Massachusetts General Hospital

(48). NoMi plasmid is characterized by the presence of both fluorescent, GFP, and mCherry, and
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luminescent, Nanoluc, reporters. Angiopep-2 and Chlorotoxin DNA sequences were obtained
from the published literature (49) and (50) respectively (Table 2). The transgene was designed in
silico so that the peptide would be inserted separately in-frame within the large extracellular
loop of the CD63 protein (the c-terminal domain of CD63), a fundamental exosomal membrane
protein. The transgenes for Angiopep-2 and Chlorotoxin were cloned individually into a
pcDNA3.4 plasmid (Invitrogen, GeneArt Gene Synthesis Services, Thermo Fisher Scientific, USA).
Both plasmids and NoMi plasmid were cut by the dual cutter BstX1 (New England Biolabs, MA,
USA). The digestion products from the plasmids were run on 1.2% gel electrophoresis using
agarose LE (GOLDBIO, Missouri, USA) dissolved 100 ml of 1X Tris-Acetate EDTA Buffer (TAE)
(Boston Bioproducts, MA, USA). DNA extraction from the agarose gel was performed, using the
PureLink Quick Gel Extraction kit (Invitrogen, Thermo Fisher Scientific, Lithuania). Then, the
backbone of NoMi and the transgene were ligated individually using T4 DNA Ligase Reaction
Buffer (New England Biolabs, MA, USA). Ligation was performed according to the T4 ligation
protocol, with incubation for 1 hour at room temperature instead of 10 minutes. Next, the
ligation product was transformed using the transformation protocol for One Shot Top 10
Chemically Competent E.Coli (Thermo Fisher Scientific, CA, USA). The transformed E.Coli were
cultured overnight on LB agar plates with ampicillin (1:1000), in the incubator (Isotemp
incubator, Fisher Scientific) at 37 °C. Four bacterial clones were picked and propagated in 5 ml
LB broth/ampicillin (1:1000) overnight in the agitating incubator (New Brunswick Scientific) at
37 °C at 200 rpm. Then, DNA was extracted using a MiniPrep kit (Invitrogen, Thermo Fisher
Scientific, Lithuania) following the MiniPrep protocol. Following that, the plasmids were further

propagated in 250 ml of LB/ampicillin overnight in the agitating incubator at 37 °C at 200 rpm.
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Plasmid extraction was performed using a Midiprep kit (Invitrogen, Thermo Fisher Scientific,
Lithuania) following the Midiprep protocol. Plasmid concentration was determined by
Nanodrop. Then, NoMi-PEP (for simplicity “PEP”) and NoMi-Tox (for simplicity “Tox”) plasmids
were sent for Sanger sequencing using primers 1,2 (forward and reverse) and 3 (forward) (see

Table 1).

Transfection Optimization:

In a 24-well plate, 1¥10° HEK293T cells/well were plated in 2% FBS-supplemented DMEM for
NoMi transfection versus Tox transfection. After 24 hours, when the cells reached 50%-80%
confluency, transfection protocol with lipofectamine 2000 for plasmid transfection was
performed in the following 10 ratios (1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:3.5, 1:4, 1:4.5, 1:5 DNA
to lipofectamine). An appropriate amount of lipofectamine was incubated with plain DMEM for
5 minutes, then added dropwise to the corresponding amount of NoMi and Tox DNA
individually in plain DMEM. Subsequently, the mixture was left for 20 minutes at room
temperature before being added to the 24-well plate. Transfected cells were visualized 72 hours
later via wide-field microscopy (Nikon Eclipse TE2000) and confocal microscopy, looking for
mCherry and GFP fluorescence intensity. The ratio, DNA: lipofectamine 1:2.5, was chosen to
compare two different cell densities, 1.5*10° and 2*10°, to the standard cell density 1*10°. All
the abovementioned steps were repeated accordingly. Moreover, another condition was
optimized: cells were either plated in DMEM supplemented with 2% FBS (reduced media) or
DMEM supplemented with 10% FBS (complete media) under the usual conditions (Cell density

1*10° and DNA: lipofectamine 1:2.5), following the same steps mentioned above.
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Site-Directed Mutagenesis:

Divergent primers for site-directed mutagenesis were designed to get rid of the stop codon of
Tox. The primers used are included in Table 1. The protocol for Q5 Site-Directed Mutagenesis
(New England Biolabs, MA, USA) was performed in two steps: exponential amplification
followed by, kinase, ligase and Bpnl treatment. Subsequently, transformation was performed in

One Shot Top 10 Chemically Competent E.Coli.

Transfection of HEK293T cells with NoMi, PEP and Tox plasmids:

To test the transfection ability of Tox and PEP plasmids versus NoMi, HEK293T cells were plated
at a density of 5*10°/well in a 6-well plate format, using 2% FBS-supplemented antibiotic-free
DMEM. After 24 hours, the lipofectamine 2000 protocol for DNA transfection was followed, with
the only modification being that the plasmids were diluted in antibiotic-free, FBS-free DMEM
instead of Opti-MEM. Thereafter, transfected cells were visualized 24 hours later via both the
Nikon Eclipse TS100 microscope and the confocal microscopy Zeiss LSM710 to detect mCherry

and GFP fluorescence intensity.

PEP and Tox virus production:

After confirming the transfection ability of the plasmids via visualizing mCherry and GFP
fluorescence intensity in the transfected HEK293T cells, the next step was to establish stable cell
lines of HEK293T transduced with NoMi, PEP and Tox viruses. For NoMi, PEP and Tox viruses’
production, HEK293T cells were plated at a density of 2.5 million cells/10 cm dish. 24hours later,
a mixture of packaging plasmids (4.7 ug PLP1, 2.2 pg PLP2 and 3.7 ug PVSVG from ViraPower,
Lentiviral Expression Systems, Invitrogen) along with 4 pug of NoMi, PEP and Tox plasmids,
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separately was used to transfect the cells using 40 ul of lipofectamine 2000 in plain DMEM per
plate. Lipofectamine was added to the plasmids and the DNA mixture, was incubated for 20
minutes and then added to the cells. After 72 hours, the media were collected and spun down
at 3000 rpm for 5 minutes. The supernatant was collected and filtered by 0.45 pum filter,
transferred to the ultracentrifuge tube (Beckman Coulter Inc, CA, USA), and spun down at
27000 rpm for 90 minutes in the ultracentrifuge (SORVALL WX ULTRA SERIES Centrifuge, Themo
Scientific). Thereafter, the supernatant was discarded, and the virus was dissolved in 1X PBS, left

at 4 °C for 6 hours, and then stored at -80 °C for future use.

Cell transduction and selection:

For cell transduction, 2*10° of HEK293T cells were mixed with 50 pl of the virus and then
incubated for 20 minutes on ice (with tapping after 10 minutes), followed by tapping and
incubation at room temperature for another 10 minutes. Finally, the mixture was tapped again
and left for 10 more minutes at 37 °C. Cells were then dissolved in DMEM supplemented with
10% FBS and 1% P/S and then plated in a 6-well plate format. 72 hours later, the cells were
visualized by the Nikon Eclipse TS100 microscope to check the fluorescence intensity of GFP and
mCherry. For the selection of HEK293T-transduced cells from non-transduced cells, puromycin
(Gibco, China) was tested at different concentrations, 1.5 pg/ml and 3 pg/ml. 3 ug/ml was
chosen for better selection (stronger fluorescence with a reasonable number of cells). The
media were changed every 3 days, and cells were kept in puromycin, until a minimum of 1 week
when nearly more than 90% of the cells were transduced. After selection, cells were kept in

maintenance puromycin (3 pg/ml) for best results.
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Conventional PCR (gPCR):

Conventional PCR was conducted to assess the RNA from the transduced cells. RNA was
extracted from the cells followed by cDNA preparation, as previously described. Subsequently,
80 ng of the cDNA was used for qPCR. Additionally, gPCR was performed to check the plasmids
themselves. 10 ng of the plasmids was used to follow the Phusion® High-Fidelity DNA
Polymerase PCR protocol (New England Biolabs, MA, USA) using primer 1 forward and reverse

(Table 1).

Exosome isolation:

Approximately 5 million HEK293T, NoMi, PEP, and Tox cells, were plated separately ina 150 mm
cell culture dish (Falcon, USA) in DMEM supplemented with 10% exosome-depleted FBS (FBS
One Shot, Gibco, Life Technologies Incorporation, NY, USA) and 1% P/S. After approximately 72
hours later, the media were collected and replaced with new media and left for an additional 24
hours. All the media were collected and spun down at 300 g for 5 minutes then the supernatant
was collected. Subsequently, the supernatant was spun down at 3000 g for 10 minutes and then
again at 12000 g for 30 minutes in the SORVALL RC6+ centrifuge (Thermo Scientific). The
resulting supernatant was collected and then filtered out by a 0.22 um filter. The filtered
supernatant was transferred to the ultracentrifuge tube balanced with 1X PBS and then spun
down at 100000 g for 90 minutes in the ultracentrifuge. After centrifugation, the supernatant
was discarded, and the exosomes were resuspended in 1000 pl 1X PBS. The resuspended
exosomes were transferred to the smaller ultracentrifuge tube (Beckman Coulter Inc, CA, USA)

and spun down for 1 hour at 120000 rpm in the Optima MAX-TL Ultracentrifuge (Beckman
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Coulter). For IV injection or other downstream applications, exosomes were resuspended in 100
pl PBS. For western blot, exosomes were lysed in 30 pl RIPA buffer supplemented with 100X

protease and phosphatase inhibitors.

Luminescence detection from cells and exosomes in vitro:

To measure the luminescence of Nanoluc in cells and exosomes, 5*10% of the cells were washed
with 1X PBS and then collected in 50 pl of 1X PBS. Subsequently, 50 pl of Nanoglu (Promega, WI,
USA), consisting of 1 part of the substrate to 49 part of the lysis buffer, was added with the cells.
For exosomes, (1:20) part of the total exosomes volume (50 pl) was added to the same amount
of Nanoglu. The mixture was then pipetted to ensure complete lysis. The experiment was done
in a transparent 96-well plate in three technical triplicates. Measurement of the luminescence

was done via the microplate reader (POLARstar Omega, BMG LABTECH) at 2000 gain.

Characterization using Nanoparticle Tracking Analysis:

100 pl of the collected exosomes after the first ultracentrifugation was isolated. Then, 30 pl out
of the 100 was diluted in 1000 pl 0.22 um double-filtered PBS, to be measured through the

Nanosight (NTA 3.4 Build 3.4.4) regarding concentration and size.

Mass spectrometry from the cells:

1- In-gel digestion

NoMi, PEP, and Tox cells were collected and lysed with RIPA buffer supplemented with 100X
protease and phosphatase inhibitors. 60 pg of the protein was loaded onto the 12-well gel.

Subsequently, the in-gel digestion of the gel was done according to the previously published
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method (51). Briefly, the desired bands on the gel were cut into small pieces and transferred
into a microcentrifuge tube. The small pieces of the gels were incubated with 500 uL of
acetonitrile (Thermo Fisher Scientific, Waltham, MA) for 10 minutes and centrifuged to discard
any solution at the top. The gels were covered with 10 mM DTT (Thermo Fisher Scientific,
Waltham, MA), prepared in 100 mM ammonium bicarbonate (Thermo Fisher Scientific,
Waltham, MA), and incubated at 56 °C for 30 minutes to reduce it. The tube was then brought
to room temperature, followed by the addition of 500 uL acetonitrile, incubated for 10 minutes,
and then centrifuged to discard any solution. 50 pL of 55 mM of iodoacetamide (Thermo Fisher
Scientific, Waltham, MA) solution was added to the tube and incubated for 20 minutes in the
dark. The gel pieces were washed with acetonitrile before moving to the next step. 20 ng/uL of
Promega gold trypsin (Promega Corporation, Madison, WI) was prepared in 10 mM ammonium
bicarbonate (Thermo Fisher Scientific, Waltham, MA) and the gels were covered for around 4
hours for complete digestion at 55 °C. 100 pL of extraction buffer (1:2 (v/v) 5% formic
acid/acetonitrile) (Thermo Fisher Scientific, Waltham, MA) was added to each tube and
incubated for 15 minutes on the shaker (Eppendorf, Hamburg, Germany) at 37 °C. 20 uL of 0.1%
(v/v) trifluoroacetic acid (TFA) (Thermo Fisher Scientific, Waltham, MA) was added to the tube
and incubated for 5 min followed by centrifugation for 15 minutes at 10,000 rpm. The

supernatant was transferred to HPLC tubes for an LC-MS/MS proteomics analysis.

2- Peptide mapping fingerprinting using LC-MS/MS

All the in-gel digested samples were analyzed using an Orbitrap Exploris 240 mass spectrometer
(Thermo Fisher Scientific, Waltham, MA), coupled with a Vanquish Duo ultra-high pressure

liquid chromatography (UHPLC, Thermo Fisher Scientific, Waltham, MA) as previously described.
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The instrument was operated in a positive ion mode and 10 pL of each sample was injected
using a Hypsersil Gold Vanquish C18, 1.9 uM, 2.1 mm x 150 mm UHPLC column (Thermo Fisher
Scientific, Waltham, MA) at 60 °C. Solvent A (water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid) were combined in a 25-min long gradient : 0-2 min, 2% B;
2.00-5.00 min, 10% B; 5.00-12.00 min, 35% B; 12.00-22.00 min, 90% B; 22.00-25.00 min, 2% B.
The treated samples were injected in singlet and semi-quantified (relative quantified) against
the control sample. The mass spectrometer was operated in a positive ion mode with a capillary
temperature of 250 °C, normalized collision energy (nCE) of 30, 35, or 40 V, and resolution of
15,000. Thermo Scientific Dionex Chromeleon software v7.3.1 and BioPharma Finder 5.2
software (Thermo Fisher Scientific, Waltham, MA) were used to control the instrument and to

perform the data analysis, respectively.

In vivo experiments:

All the in vivo experiments were done per the regulations provided by the Institutional Animal

Care and Use Committee (IACUC) at Brigham and Women’s Hospital. The mice were kept in the
animal facility care and maintained under the normal sleep/wake cycle (12 hours/12 hours). All
the experiments were performed on immunocompromised female athymic nude mice, aged 8-

12 weeks.

Intracranial implantation of glioma cells:

Nude mice were mounted and fixed on a stereotactic frame (KOPF, USA), anesthetized by 2.5%
isoflurane (Covetrus, OH, USA) while receiving 100% oxygen provided via a nose cone. Analgesia

was given to mice before cell implantation. A total of 5*10* U87-GFP cells or 5*10* NoM:i-
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transduced G34 cells were diluted in 2.5 pL PBS and withdrawn in the Hamilton Syringe
(GASTIGHT, USA). The injection site was targeted at the coronal suture, 2 mm right and then 0.5
mm forward from the bregma. Once upon the injection site (buried in the tissue over the
suture), the needle was inserted at a depth of 3.5 mm into the injection site and the injection
was conducted at 0.2 pl/10 seconds’ rate. After completing the injection by 3 minutes, the
needle was gradually withdrawn at a 0.5 mm/30-second rate. Subsequently, the mice were
sutured using surgical sutures (ETHILON, ETHICON) and closely monitored until they fully

recovered.

Nanoluc substrate validation and In vivo Imaging System (IVIS):

For the Nanoluc substrate validation experiment, 10 days after the intracranial injection of
NoMi-G34 cells into nude mice, the mice were anesthetized and then injected intraperitoneally
with either 200 ul Cephalofurimazine (CFz) (Promega WI, USA) (diluted in 600 pl of 0.2M Tris
base pH 8) or 150 pl Fluorofurimazine (FFz) (Promega WI, USA) (diluted in 525 ul 1X PBS)
(schematic Figure 4A). The mice were kept under isoflurane anesthesia and oxygen supply for 5
minutes, then images were taken with IVIS (IVIS Lumina LT, Series lll, Caliper LifeSciences) in a

series of 10-consecutive images manner, with a 1-minute delay after each image.

Intracranial experiment (IC experiment):

Mice were initially injected intracranially in the coronal suture, with U87 cells on day 1.
Subsequently, on day 10, mice were divided into two groups: group 1 consisting of 3 mice, and
group 2 consisting of 2 mice. Groupl was injected intracranially at the same position, with 5 pul

HEK293T exosomes (equivalent to 6.05*108 particles), while group 2 was injected with 5 pl
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NoMi exosomes (equivalent to 1.69*10° particles) (Schematic, Figure 4C). After the injections,
the mice were sutured, and then 30 minutes later, they were injected with 100 ul of FFz
intraperitoneally and visualized via IVIS, to assess whether 100 FFz ul will be able to detect the

exosomes intracranially.

Intravenous experiment (IV Experiment):

Approximately 100 pl of NoMi and Tox exosomes, were previously isolated, diluted in PBS as

mentioned earlier, and then kept at -80 °C. For the experiment, approximately 60ul of Tox and

42 pl of NoMi exosomes, equivalent to 3.66 ug exosomes protein concentration, were injected
via the tail vein using the tail vein injection chamber (BRAINTREE SCIENTIFC INC, MA, USA).
Thirty minutes later, the mice were sacrificed, and their blood, brain, and liver were harvested

for further analyses (Schematic, Figure 4E).

Intraperitoneal experiment (IP Experiment):

The IP injection was conducted according to this article (52). Before injection, 5*10* of the cells
were lysed with Nanoglu lysis buffer and their luminescence was measured. Thereafter, 2*10°6
(53) of NoMi, PEP, Tox, and HEK cells were collected and diluted in 500 ul PBS. The mice were
then anesthetized with isoflurane, in the isoflurane chamber that is supplied with 100% oxygen.
Afterward, the mice were positioned upside down to push the organs downwards, and the cells
were injected with a 28-gauge syringe in the lower right quadrant, positioned directly above the
knee but closer to the midline. Before the injection after needle insertion, a single withdrawal
was done to ensure that the needle was not in a blood vessel or an internal organ. IVIS was

performed before sacrifice, utilizing 100 ul FFz (Schematic, Figure 4l).
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Mice sacrifice:

The mice were euthanized in the CO2 chamber (VETEQUIP) for 4 minutes. Subsequently,
perfusion with 0.9% Sodium Chloride (ICU medical) or 1X PBS was performed for about 10
minutes. After that, blood was collected from the right ventricle and/or the right atrium in the
blood collection tube (Microvette CB 300 LH, SARSTEDT AG & Co. KG, Germany). The collected
blood was then centrifuged in the 4 °C centrifuge for 10 minutes at 2000 g. After centrifugation,
the plasma was collected and stored at -80 °C until further use. Moreover, all the organs were

harvested, including the IP outgrowth, and stored at -80 °C for future use.

Organ processing:

The brains were mechanically homogenized to compare the luminescence in the tumor alone
versus the other hemisphere, which was conducted using a 5 ml-crushing vessel (Wheaton,
USA), while the mechanical homogenization of the livers was done by the mortar (COORSTEK,
USA). The lysate was collected in a standardized amount of RIPA. For the brain, 200 pl RIPA for
50 mg tissue, while for the liver, approximately 160 ul RIPA was added during the mechanical
processing. Subsequently, the luminescence measurement was taken for 50 ul of brain lysate,

liver lysate, and 28 ul plasma, with three technical replicates each. The luminescence was

carried out in the same manner as for the in vitro assays mentioned earlier, using the same

substrate (Nanoglu).

Statistical analysis:

Statistical analyses were conducted via GraphPad Prism version 6. The Student’s t-test was

utilized for larger datasets, while the non-parametric paired Wilcoxon Signed-Rank test was
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utilized for paired smaller datasets. Additionally, the non-parametric Mann-Whitney U test was
utilized for unpaired smaller datasets. Quantifications were done by Imagel. Results were

considered significant if the P value was less than 0.05.

4. Results:

1- Construction of PEP and Tox plasmids:

The main purpose of this study is that we need to assess the ability of the engineered exosomes
to cross the BBB, therefore utilizing a plasmid that contains a luminescent reporter gene is
necessary. Hence, we chose to utilize NoMi plasmid for cloning our ligands. NoMi, which stands
for “Nanoluc outside mCherry inside”, is characterized by not only a luminescent reporter gene
(Nanoluc) but also two fluorescent reporter genes (mCherry and GFP). These reporters will
enable us to track the engineered exosomes in vivo and measure their function in vitro by
measuring the luminescence of Nanoluc, as well as to visualize their parent cells in vitro through
visualizing the red fluorescence of mCherry and green fluorescence of GFP. When NoMi plasmid
is expressed intracellularly, NoMi protein, consisting of N-terminal CD63, Nanoluc, FLAG-TAG, C-
terminal CD63, and mCherry, localizes on the cell membrane, however, GFP, uncoupled from

NoMi protein, localizes in the cytoplasm (48).

For the ligands, Angiopep-2 and Chlorotoxin, to be individually displayed on the surface of the
exosomes, we designed the new plasmids (Figure 1A) containing Angiopep-2 and Chlorotoxin
sequences in the extracellular segment of CD63 (C-terminal CD63). To predict the 3D structure
of the extracellular domain of CD63 after Angiopep-2 and Chlorotoxin insertion, we used the

Alpha-Fold tool (54). As depicted in Figure 1B, which exhibits the C-terminal CD63 after the
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insertion of Angiopep-2 or Chlorotoxin (the encircled part), the tertiary structure of C-terminal
CD63 looks the same in NoMi, PEP, and Tox. Moreover, upon examining the 3D structure of the
whole NoMi protein in PEP and Tox versus NoMi plasmids, the whole CD63 structure remained
the same. Overall, this suggests that the insertion of either peptide within the larger CD63
protein did not result in any significant structural changes of the protein itself, and in particular
of its characteristic tetraspanin configuration, essential for its membrane localization (Figure

1B).

After cloning the new plasmids as per the design in Figure 1A, the engineered plasmids were
sent for Sanger sequencing. The results were aligned to the NoMi plasmid sequence via the
MUSCLE alignment tool (55), confirming the insertion of Angiopep-2 and Chlorotoxin
individually in the C-terminal domain of CD63, as well as the presence of the accurate
sequences of Nanoluc, mCherry, FLAG-TAG, and CD63 (Figure 1C). Moreover, the presence of
the ligand in the plasmids was confirmed by PCR (Figure 1D), using primers that amplify a 236
bp segment of the C-terminal CD63, wherein angiopep2 and chlorotoxin sequences were
inserted individually. In this figure we can see the 236 bp band amplified in NoMi, whereas a
293 bp band was developed in PEP, accounting for the 57 bp size of Angiopep-2 and a 344 bp

band was detected in Tox, accounting for the 108 bp size of Chlorotoxin.

As a preliminary step before starting to stably transduce HEK293T cells with the plasmids, we
aimed to assess the transfection ability of these plasmids. Therefore, HEK293T cells were
transfected with these plasmids individually. Subsequently, it was observed that NoMi and PEP-
transfected cells gave the correct pattern of mCherry and GFP, however Tox-transfected cells did

not (Supplementary Figure 1A). Therefore, attempts were made to optimize the transfection
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conditions that might enhance the transfection efficiency, including the number of cells, plating
in reduced media or complete media, and the lipofectamine to DNA ratio. Despite all these
attempts to enhance HEK293T transfection efficiency with Tox, transfection with Tox plasmid
failed (Supplementary Figure 1B). Moreover, western blot results for Tox versus NoMi showed
that Tox did not have the full-length NoMi protein (Supplementary Figure 1C) (Please note that
in the western blot, we expect to see approximately 80 kD band that corresponds to NoMi
protein). Hence, we sought to look back at the Tox sequence and we identified a stop codon at
the end of the sequence, resulting from an unintentional sequence mutation. To address this
issue, we utilized a protocol for site-directed mutagenesis using divergent primers that bypassed
the stop codon. Finally, we had the correct Tox sequence that successfully transfected HEK293T

cells and produced the full NoMi protein (Supplementary Figure 1D and 1E).

2- Construction and characterization of the stable cell lines: NoMi, PEP, and Tox:

After validating the plasmids’ sequences and evaluating their transfection ability, the next step
was to create viruses from NoMi, PEP, and Tox plasmids. These viruses will transduce HEK293T
cells and create stable cell lines with the corresponding mutated gene. HEK293T cell line was
chosen to host these plasmids due to its advantages, which include high transfectivity rate and
rapid doubling time (56). HEK293T cells were transduced individually with NoMi, PEP, and Tox
viruses. The green fluorescence pattern of GFP and the red fluorescence pattern of mCherry
were comparable between NoMi (HEK293T-transduced with NoMi virus), PEP (HEK293T-
transduced with PEP virus), and Tox (HEK293T-transduced with Tox virus) cells (Figure 2A). In
particular, upon fluorescent microscopy visualization, all three cell lines exhibited a similar RFP

expression pattern at the periphery of each cell, suggesting membrane localization, as expected.
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Furthermore, characterization of PEP and Tox cells regarding their RNA expression of Angiopep-
2 and Chlorotoxin respectively was performed, utilizing the same primers that amplify the
segment of the C-terminal CD63, wherein the sequences of Angiopep-2 and Chlorotoxin were
inserted (236 bp). Therefore, we can see two bands in PEP and Tox. The lower band refers to the
endogenous CD63 segment, which belongs to the cells, and the upper band refers to the
exogenous CD63 segment, which belongs to the plasmids. The upper band is a 293 bp segment
in PEP and a 344 bp segment in Tox cells, accounting for the insertions as discussed earlier.

Whereas in NoMi, we can see only one 236 bp band, an overlapped band of the exogenous and

the endogenous CD63 (Figure 2B).

Moreover, another characterization for further confirmation regarding the presence of
Angiopep-2 and Chlorotoxin proteins extracellularly on the surface of PEP and Tox cells in the C-
terminal CD63 was performed via mass spectrometry (Figure 2C). As displayed in Figure 2C,
Angiopep-2, and Chlorotoxin were inserted individually in the C-terminal CD63 in PEP and Tox

cells, as previously mentioned, versus no insertion in NoMi cells.

Then, characterization of NoMi, PEP, and Tox cells regarding the presence of Nanoluc and the
presence of NoMi protein was performed (Figure 2D and 2E). In Figure 2D, we expect to see a
band at approximately 80 kD that corresponds to NoMi protein in PEP and Tox versus NoMi
cells. We were able to see NoMi protein in NoMi, PEP, and Tox cells; however, the band was
weaker in Tox and PEP versus NoMi cells. Therefore, we sought another characterization step
regarding the functionality of Nanoluc. We found that the luminescence signal was less in PEP

and Tox versus NoMi cells (Figure 2E).
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3- Isolation and characterization of the exosomes from NoMi, PEP, and Tox cells

Isolation of NoMi, PEP, and Tox exosomes was performed via ultracentrifugation following the
protocol for exosome isolation (57). After their isolation, they were stored at -80 °C for future
use. To assess the size distribution, quantity, and concentration of the engineered exosomes
versus NoMi and HEK293T exosomes, Nanoparticle Tracking Analysis (NTA) for these exosomes
was carried out (Figure 3A). The results of the NTA showed that the concentration of the
exosomes (highlighted in yellow) was comparable between NoMi and PEP, however less in Tox.
Then, these exosomes were checked regarding their Nomi protein expression (Figure 3B) via
western blot, using the exosomal marker CD9 as the loading control. As displayed in Figure 3B,
we can see that NoMi protein is comparable between NoMi and PEP exosomes, however less in
Tox exosomes. NoMi protein is expressed with a ratio of less than 1:3 in Tox versus NoMi
exosomes respectively (the band intensity is normalized to CD9-Figure 3B). Then, we sought to
check the functionality of Nanoluc in NoMi, PEP, and Tox exosomes. Luminescence was found to
be comparable between NoMi and PEP exosomes, however 5 times less in Tox exosomes. These
results were consistent with the quantification of NoMi protein band intensity from the western
blot results (before standardization to CD9-Figure 3C), showing that the ratio of NoMi protein
(80 kD band) between Tox and NoMi exosomes (1:5) is the same ratio of the luminescence
between Tox and NoMi exosomes (1:5), suggesting that the 80 kD band is the only functional
band in Tox exosomes (and the 40 kD is non-functional). Considering that the NoMi protein is a

surrogate for functional exosomes, we can assume that Tox cells are releasing 20% functional

exosomes in comparison to NoMi cells.

4- Nanoluc substrate validation and in vivo delivery of the engineered exosomes
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First after the characterization of the engineered exosomes, we needed to check whether these
exosomes would be able to pass the blood-brain barrier and whether they would be able to
accumulate in the tumor more versus the surrounding normal brain tissue. Initially, we
constructed the in vivo glioma mouse model via intracranial injection of U87 cells into nude
mice. After the injection of 5*10%cells intracranially, these cells grew into a tumor, and sacrifice
was conducted by day 16. After sacrifice, their brains were collected and kept in formaldehyde
for at least 2 days at 4 °C. Then, the brains were sectioned to check the growth of the tumor
(Supplementary Figure 4A). In Supplementary Figure 4A, the injected mouse brain sections
exhibit distinct characteristics for U87-glioma tumor cells. Their nuclei appear elongated,
differing from the normal nuclei of the surrounding normal brain cells. These glioma cells also
display increased density and notably the tumor is confined to a specific location and doesn’t

infiltrate the surrounding brain tissue.

For our goal which is the visualization of Nanoluc intracranially as a surrogate for the exosomes,
we needed an in vivo Nanoluc substrate with high sensitivity to capture exosomes and ability to
cross the BBB. For the Nanoluc in vivo substrate, we had two choices: Fluorofurimazine (FFz)
and Cefalofurimazine (CFz). FFz is a validated, well-known Nanoluc substrate that works better
for the visualization of Nanoluc peripherally but is less efficacious for Nanoluc visualization
intracranially (58). CFz, a newer furimazine-derived substrate that is still under development,
proved previously to yield a better brain signal in comparison to FFz (58) while visualizing the
Nanoluc substrate (Antares). However, in this study, the authors alluded to this conclusion by
utilizing a transgenic mouse model expressing Antares but not a glioma mouse model as in our

case.
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Therefore, to validate which substrate might work better in our case, NoMi-expressing G34 cells
were injected intracranially in athymic nude mice (Schematic, Figure 4A). After 10 days (for the
cells to develop a tumor), visualization of bioluminescence signal via an In vivo Imaging System
(IVIS), was conducted in a crossover study design comparing CFz to FFz. In the first part (Cfz was
injected in 4 mice then after 7 hours, FFz was injected in the same four mice), a higher
bioluminescence signal as well as a higher sensitivity for capturing small-sized tumors was
observed with FFz (Figure 4B). Then, in the second part (FFz was injected in 3 mice then after 7
hours, CFz was injected in the same mice), two mice out of the three demonstrated a
bioluminescence signal, with FFz showing a higher signal in the middle mouse, while Cfz in the
right-handed mouse. These conflicting results led to mice sacrifice, revealing that the signal
obtained with FFz correlated much better and reliably to the actual tumor presence and size
than CFz. Therefore, we decided to proceed with FFz (higher signal for larger tumors and higher
sensitivity in capturing smaller tumors). Interestingly, our results were discordant to the
previously published paper (58), and this difference in results might be attributed to the

difference in the disease model.

Subsequently, after validating FFz as a substrate for our model, we sought to validate whether
FFz will be able to visualize the exosomes in the brain. Therefore, we constructed a U87-glioma
mouse model. Thereafter, upon tumor growth, an equal volume of NoMi exosomes versus HEK
exosomes (the luminescence of NoMi versus HEK exosomes was measured in Figure 4D) were
injected intracranially (Schematic, Figure 4C). Then, these mice were visualized via IVIS 30

minutes later. As in Figure 4D, FFz was able to visualize NoMi exosomes in the brain.
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Thereafter, we initiated an exploratory pilot experiment to identify the luminescence that might
be captured in the brain, upon the IV injection of the exosomes. After constructing the U87
mouse model, the mice were kept until they reached maximum tumor growth (loss of 20% body
weight, recumbency, and moribundity (59)). Subsequently, they were intravenously injected (via
tail vein) with 3.66 ug of NoMi (2 mice) or Tox exosomes (1 mouse), and 30 minutes later, they
were sacrificed (Schematic, Figure 4E). Blood, livers, and brains were collected for analysis.
Initially, we assessed the exosomes’ distribution by analyzing the Nanoluc level in the plasma
and the liver. The plasma results showed that most of the exosomes were already systemically
distributed, and the liver results showed insufficient luminescence levels. Moreover, analysis of

the brain tissue showed background-level luminescence (Figure 4F).

We concluded that the IV delivery of the exosomes may not be the best route of delivery of the
exosomes, particularly for cancer treatment, due to several reasons including the infeasibility of
collecting large amounts of exosomes for consecutive injections to account for their short half-
life, the difficulty in standardizing the amount between the different groups of exosomes and
technical delivery challenges. Therefore, we sought an alternative approach that might
overcome all these challenges, most importantly, it might guarantee the delivery of a sustained
number of exosomes to the tumor. To attain this goal, we aimed to design an IP mouse model of
the cells (NoMi, PEP, and Tox versus Hek). The goal of this model was to inject exosome-
producing cells intraperitoneally, so they would serve as a bioreactor for a sustained source of

the exosomes in vivo. We hypothesized that these exosomes would be abundant in blood and a

fraction of these exosomes would be able to pass the blood-brain barrier.

37



To test this hypothesis, we conducted a small experiment to see whether these cells would grow
intraperitoneally and release exosomes into the blood. The experiment involved three mice,
one injected with NoMi, one with PEP, and one with PBS intraperitoneally. After the injection,
the mice were visualized on day 5 and then on day 9 (day 1: injection day) to evaluate cell
growth (Schematic, Figure 4G). As shown in Figure 4H, upon visualization on day 5, NoMi cells
only were able to grow (in the left-hand side mouse), however, PEP did not. After visualization
on day 9 (for NoMi mouse only) and confirming that the luminescence was increasing (Figure
4H), the mice were sacrificed. Notably, no growth was observed intraperitoneally in the NoMi
mouse (nor in the PEP mouse) however, in the plasma and the liver of the NoMi mouse, some
amount of luminescence was detected (versus none in PEP). To sum up, this experiment
revealed that not all intraperitoneally transplanted cells will grow, and if they do, they will be
able to send their exosomes to the blood and to the liver. Additionally, by day 9 the mice were
still in good condition (the cells hadn’t grown to a visual detectable growth yet, however, they

were still growing and releasing exosomes).

Subsequently, a larger experiment was designed. Twelve mice were divided into four groups:
three injected with HEK293T, three with NoMi, three with PEP, and three with Tox (Schematic,
Figure 41). These mice were regularly monitored for any suspicious IP growth and weight gain.
On day 18, they were injected intracranially with U87 cells. Upon close observation, IP growth
was observed in a mouse in the PEP group, along with other nodules/growth appearing on the
bellies in some other mice. Therefore, on day 26, IVIS was conducted, and as shown in the
image (Figure 4J), there was a bioluminescence signal intraperitoneally in the three NoMi mice,

in two out of the three PEP mice, in two out of the three Tox mice, and a background signal in
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HEK293T mice. Additionally, a bioluminescence signal was observed in the brains of two out of
the three Tox-injected mice (Figure 4 J and K). Upon the sacrifice of these mice on the following
day, it was found that eight out of all the mice formed IP outgrowth (three of NoMi, two out of
three PEP, two out of three Tox, and one out of three HEK), confirming the IVIS results.
Following the sacrifice of these mice and organ collection, ex vivo analysis of the luminescence

results in the plasma and the brain was performed.

First, examining the luminescence in the plasma (Figure 4L), Tox exhibited the lowest levels
among PEP and NoMi. The difference in the luminescence in Tox compared to NoMi and PEP
mice was expected because the functional NoMi protein in Tox exosomes is only around 20% of
NoMi exosomes. To address this challenge, we standardized the luminescence measurements in
the brains and tumors to the luminescence in the plasma in the three groups to ensure a valid

comparison.

Moreover, assessing the overall brain luminescence (the sum of the luminescence in the tumor
and the brain standardized to the plasma), interestingly Tox mice gave the highest luminescence
versus NoMi, PEP, and HEK mice (Figure 4L). Our metric of success here is observing a
statistically significant higher luminescence from the brain or the tumor of mice implanted with
PEP or Tox cells in comparison to NoMi cells. Although we observed a higher signal from Tox
group, the small number of mice used for this pilot experiment did not show any statistically

significant results. Another experiment with a larger number of animals will be needed to

confirm this preliminary observation.

5-Exploring the receptor status: MMP2 and LRP1:

39



Moreover, we sought to explore the status of Angiopep-2 and Chlorotoxin receptors, LRP1 and
MMP2 respectively, in healthy brain versus GBM in mouse and human tissues as well as in cells.
Our objective was to see whether the trafficking pattern of the exosomes might be correlated to
their receptor expression pattern between the healthy brain and GBM. First, to check the status
of MMP2 in a healthy mouse brain versus mouse glioma, IHC/IF for MMP2 from brain sections
of U87-intracranially injected nude mice was performed. The results revealed higher expression
for MMP2 in GBM sections versus the surrounding healthy brain tissue (Figure 5A). Next, to
evaluate MMP2 in healthy human brain tissue versus GBM, we investigated MMP2 expression in
human GBM samples versus healthy human brain samples via western blot and IHC/IF. We
found high expression for MMP2 in GBM versus faint expression in healthy human brain tissue

(Figure 5B and C).

Lastly, to assess MMP2 expression in normal brain cells versus glioma cells, we investigated the
expression of MMP2 in normal brain cells (including astrocytes and brain endothelial cells)
versus glioma cells (including U87, G157, G9, MGG4, and BT333) via western blot. Utilizing U87
as a positive control (Figure 5D), MMP2 was found to be mildly expressed in MGG4 and BT333.
Furthermore, western blot results were corroborated by the ICC/IF results regarding MMP2
expression in U87, brain endothelial cells, and astrocytes (Figure 5E & Supplementary 2B) and
gRT-PCR (Supplementary Figure 2A). However, qRT-PCR showed higher expression for MMP2 in

BT333 in comparison to MGG4.

Secondly, regarding LRP1 status in mice and human tissues as well as in cells. First, to evaluate
LRP1 status in a healthy mouse brain versus mouse glioma, we investigated the status of LRP1 in

U87-intracranially injected nude mice following LRP1 antibody validation (Supplementary Figure
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3 A-E). We found that the expression of LRP1 was lower in glioma versus the surrounding
normal brain tissue (Figure 5F). Next, we sought to evaluate LRP1 expression in healthy human
brain tissue versus human GBM. We found that the expression of LRP1 was non-significantly
higher in GBM versus healthy brain tissue (Figure 5G). Lastly, we evaluated the expression of
LRP1 in normal brain cells (including astrocytes and brain endothelial cells) versus glioma cells
(U87, T98, G34, G44, G81) via western blot. Regarding normal brain cells, LRP1 was found to be
faintly expressed in brain endothelial cells but highly expressed in astrocytes (Figure 5H).
Regarding glioma cells, LRP1 was strongly expressed in U87 and T98 but faint in the others
(Figure 5H). However, qRT-PCR results showed higher LRP1 in G34 than in T98 (Supplementary
Figure 3G). The western blot results regarding U87, and brain endothelial cells were further

corroborated by the ICC/IF results (Figure 5I).

Considering that most of the cell lines tested were suspension cells cultured in neurobasal
media, we sought to assess whether the growth media (DMEM, or neurobasal) might have

affected their LRP1 expression. Nonetheless, we observed the same pattern of LRP1 expression

regardless of the media used (Supplementary Figure 3F).

5. Summary:

Our objective in this study was to engineer GBM-targeted exosomes that eventually can aid in
gene therapy delivery to GBM upon their systemic delivery. Therefore, we chose GBM-specific
ligands (Angiopep2 and Chlorotoxin) from the literature to engineer our exosomes and increase
their selectivity to the brain. First, we chose a plasmid called NoMi, which is characterized by

the presence of two fluorescent and one luminescent reporter genes. Then, we engineered two
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new plasmids from NoMi: PEP (Angiopep2-modified NoMi) and Tox (Chlorotoxin-modified

NoMi), by introducing the ligands’ sequences into the membrane protein CD63.

Upon the engineering of the new plasmids and validating their sequences, we created stable
cell lines of HEK293T cells transduced with NoMi, PEP, and Tox plasmids. Then we characterized
these cells via western blot, and luminescence measurement to check the transgene expression
(NoMi protein), and via mass spectrometry to ensure the ligand insertion. After that, their
exosomes were collected and characterized via western blot and luminescence measurement to
assess NoMi protein presence and functionality and via Nanoparticle Tracking Analysis to check
their size distribution, quantity, and concentration. Then, we proceeded to the in vivo delivery
of the exosomes. We decided to inject the producing cells intraperitoneally into nude mice to
serve as a bioreactor for internally produced exosomes. During this experiment, we compared
the exosomes passage through the BBB between four groups: NoMi, PEP, and Tox versus
HEK293T cells, and we were able to identify a high luminescence signal in the brains of mice IP-
implanted with Tox cells versus none in the others. However, this high signal in the brain needs
more validation to assess whether it is higher in the tumor or the healthy brain. Lastly, we
looked at the expression of the receptors of our ligands in the healthy versus the GBM sections
to be able to expect any pattern of trafficking of our exosomes in the brain. We found out that

MMP2 (chlorotoxin receptor) is higher in GBM and lower in healthy brain sections.

6. Discussion and future directions:

In our study, we introduced a novel approach to efficiently target our exosomes to GBM via

utilizing GBM-specific peptides, particularly chlorotoxin. Preliminary results showed that
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Chlorotoxin-ligated exosomes might be promising in passing the BBB, however, their ability to
target GBM specifically still needs validation. The current state of exosome utilization in GBM-
targeting involves mainly either rabies virus glycoprotein (RVG) (60) or transferrin receptor (61).
However, in light of the limitations of the current approaches; for instance, RVG lacks specificity
since it is expressed on neuronal cells (62) and transferrin receptors are expressed on astrocytes
(63,64), therefore, utilizing GBM-specific peptides, particularly Chlorotoxin, holds promise.
Moreover, we developed a novel delivery method that might guarantee enough of the
exosomes would be able to home to the brain. This approach involved utilizing their producing
cells as bioreactors for these exosomes in vivo. Interestingly, this delivery method was promising
in sending many exosomes to the systemic circulation and the brain, particularly Chlorotoxin-

ligated exosomes.

Due to promise in drug delivery (65), exosomes have been investigated in gene
therapy/chemotherapy delivery to the brain in numerous studies (65). To enhance their
selectivity across the BBB, two approaches were adopted, the homing approach (66,67) and the
targeting approach (68). In the homing approach, the focus is on exploiting the natural ability
that certain cells such as brain endothelial cells, microglia, or neutrophils can secrete exosomes,
and these exosomes, more often than not, can naturally home to the brain (66,67,69,70).
Therefore, isolating these exosomes and utilizing them in therapy delivery to the brain seems
promising. For instance, given the liability of the inflammatory nature of the glioma
microenvironment to attract neutrophils, neutrophil-derived exosomes (NEs) were used as
brain-targeted drug carriers (66). Interestingly NEs showed an ability to cross the BBB. Similarly,

another study explored the role of microglia (M2)-derived exosomes (MEs) for their
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neuroprotection in alleviating ischemic stroke. Interestingly MEs were able to successfully pass
the BBB and deliver their cargo, eliciting a neuroprotective role in terms of increasing neuronal
survival and alleviating ischemic injury. However, in the homing approach, concerns arise
regarding the origin of these exosomes. For example, given that neutrophils can be tumor-
inhibitory (N1) or tumor-promoting (N2), therefore It might be concerning whether these NEs
were isolated from N1 or N2 (66). Another concerning issue in this approach is because of the
non-selectivity of these exosomes to the BBB, they might not be able to travel there in sufficient

amounts to the brain, as observed with MEs in ischemic stroke (67).

The second approach in exosome delivery to the brain is the targeting-based approach. In this
approach, conjugating the exosomes with single or dual brain-specific peptides might enhance
their selectivity through the BBB. For instance, exploiting the single-peptide targeting approach,
RVG as a brain-targeting peptide was able to facilitate the passage of the exosomes through the
BBB and induce ischemia healing (71). Moreover, in another study siRNA-loaded RVG-targeted
exosomes were able to pass the BBB and elicit knockdown to their targeted protein (68).
Alternatively, in the dual-peptide targeting approach, either via utilizing dual glioma-targeting
peptides (Transactivation of Transcription (TAT) and Angiopep-2) to synergize their action(72), or
via utilizing one brain-specific peptide (RVG) and a ligand for the glioma highly-expressed
receptor (transferrin), to complement their action(61), both examples showed ability of the
exosomes to pass the BBB and reach glioma. Therefore, here in our study, we aimed to utilize
the targeting approach to target our exosomes to glioma. In our targeting approach, we sought

to utilize the single-peptide targeting approach, Angiopep-2 or Chlorotoxin because as discussed
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previously in the introduction, these two ligands independently showed an ability to enable the

passage of their vehicle through the BBB and traffic to GBM.

First, in our study, to show the natural ability of the exosomes to pass the BBB, in
Supplementary Figure 4C, looking at the absolute numbers of the luminescence in the brain
(sum of luminescence in the brain and tumor) in NoMi versus HEK293T mice, we can find a non-
statistically significant higher luminescence in the brains of NoMi mice versus HEK293T mice.
Second, to test the success of the targeting approach in our study, first by looking at the
absolute numbers of the luminescence in the brain (sum of the brain and the tumor), we
identified that NoMi and PEP gave very similar luminescence in the brain, however, Tox was 4-
times higher (Figure 4D). Considering that there were differences in NoMi band intensity
between the three groups, we sought to normalize the brain luminescence to the plasma. In
Figure L, by comparing the brain luminescence in NoMi to PEP and Tox mice, preliminary results
again demonstrated higher luminescence in the brains of Tox mice versus the other groups (a
surrogate for the exosomes passage through the BBB). Consistently, a higher bioluminescence
signal was observed in some of the brains of Tox mice versus the background signal in PEP and
NoMi (difference was 2*10°) (Figure J and K). However, the ability of Tox exosomes to pass the
BBB, via both results: the ex vivo luminescence and bioluminescence, lacks statistical evidence.
Additionally, comparing the ex-vivo luminescence signal only in the tumor (normalized to the
plasma) in the three groups, we found an 8-fold higher luminescence in one mouse only in Tox
group versus none in the others, demonstrating the need for more validation in a larger sample

size to reach a statistically significant conclusion.
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Here in our study, we adopted an innovative approach by utilizing the cells as a bioreactor to
deliver our exosomes systematically. In comparison to the traditional methods of exosome
delivery which include intravenous (66), subcutaneous, and intraperitoneal (73), the bioreactor
approach presents several advantages. First, the continuous production and release of
exosomes by the bioreactor could maintain therapeutic drug levels over an extended duration,
potentially reducing the need for frequent interventions as with the traditional methods,
therefore providing a scalable and cost-effective therapeutic option. In our study, with the
bioreactor approach, we were able to detect luminescence in the brain (Figure 4L), suggesting
that utilizing the cells might be promising in sending many exosomes to the brain. However, we
should acknowledge that there are some disadvantages associated with this strategy. Mainly,
the need for an implantation surgery, risk of rejection/inflammation, safety concerns regarding
tumor formation, and regulatory approval for its application in humans. Therefore, in our study,
we sought to deliver our targeted exosomes as an endogenously secreted source, to increase
the likelihood of delivering therapeutic amounts of the tumor-suppressive miRNA cluster in
future experiments. This approach serves as a proof-of-principle to suggest that an implantable
source of exosomes is an option to advance exosome-based therapy. Future iterations of this
approach would employ established cell systems for use in humans, such as Mesenchymal Stem
Cells (MSCs) in implantable reservoirs (74) that might alleviate safety concerns that include

immune rejection and tumor formation.

Regarding Chlorotoxin receptor expression (MMP2) and in agreement with the literature that
shows that MMP2 is upregulated in certain diseases such as GBM (75,76), we were able to show

that MMP2 is highly expressed in human GBM versus healthy human brain (Figure 5B and C).
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Moreover, literature shows that MMP2 is normally expressed in various other human organs
including the heart, liver, lung, kidney, small intestine, and colon, among others (77). Regarding
Angiopep2 receptor expression (LRP1), literature shows that LRP1 is highly expressed in GBM
compared to normal brain tissue. Contrary to the literature, we found that LRP1 expression in
GBM is slightly higher than in the normal brain but non-significant (Figure 5G). Furthermore,
literature shows that LRP1 is expressed in various other organs, such as the liver, lung, ovary,

and uterus (37).

Additionally regarding the systemic toxicity of the exosomes, upon their IV administration
usually their accumulation is in the liver and spleen (78). Therefore, in our bioreactor strategy,
we sought mainly to look at their most probable site for accumulation (the liver). Upon
analyzing the accumulation of Tox versus NoMi exosomes in the liver, initial results suggested
that Tox exosomes were higher in the liver than NoMi exosomes (Supplementary Figure 4E).
Additional validation is required; however, these preliminary results might suggest that

engineering our exosomes with Chlorotoxin increased their accumulation in the liver.

Despite acknowledging the limitations associated with the use of U87 considering that it is a
non-human GBM representative mouse model (79) because of its non-infiltrative pattern of
growth, homogenous and leaky vasculature, lack of immune markers, and some genetic
dissimilarities with human GBM, utilizing a U87 mouse model yielded valuable observations. We
found that the U87 glioma mouse model showed a higher expression level of MMP2 in the
glioma versus the surrounding healthy brain tissue (Figure 5A). Considering that MMP2 is a
potential receptor for Chlorotoxin and given the resemblance of MMP2 expression pattern to

human GBM, we thought this might be a good model to test our hypothesis. So far, this model
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enabled us to demonstrate that Tox-targeted exosomes showed a promise for better trafficking
through the BBB. It might also enable us to assess whether Tox-exosomes will be able to traffic
more to GBM. However, it would be essential to validate the generalizability of our results to

other mouse glioma models.

One of the challenges that we faced in this study was the difference in the number of functional
exosomes between NoMi, PEP, and Tox mice, as represented by the difference in the
luminescence signal in vitro (Figure 3C) and the difference in NoMi protein band intensity
between NoMi, PEP, versus Tox exosomes (Figure 3B). These differences might be partly due to a
difference between the lentiviral transduction efficiency of the three viruses. Our concern was
initially whether the 40 kD-band that appeared in Tox (a proxy for non-functional exosomes)
(Figure 3B) could still emit luminescence, and thus if it could confound our experimental
readouts, particularly in vivo. Secondly, we questioned whether the number of exosomes
traveling through the bloodstream in Tox mice would be sufficient to get captured, considering
both the potential decrease in the functional exosomes (Figure 3C) and the general decrease
due to the less secretion of Tox versus Pep and NoMi exosomes (Figure 3A). Regarding the first
concern, by comparing the NoMi protein band intensity from the western blot of the exosomes
(Figure 3B) and the luminescence of the exosomes (Figure 3C), we can assume that only the 80
kD-band of NoMi protein is functional and emitting luminescence, thus providing confidence
that the in vivo luminescence is attributable only to the functional NoMi protein (surrogate of
functional exosomes). Regarding the second concern, implanting the cells intraperitoneally two
weeks before the establishment of the tumor allowed for sufficient time for the cells to grow

and release a significant number of their exosomes, accounting for the decrease in the exosome
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level in Tox. This was confirmed later by the successful capture of the bioluminescence signal in
Tox brain (Figure 4 J, K, and L). Additionally, to ensure a valid comparison in the brain and tumor
luminescence between the three groups, luminescence measurements in the brain or the

tumor were standardized to the plasma (Figure 4L).

To employ a bioreactor strategy, we sought to establish the IP | model 18 days before
constructing the intracranial model. This allowed the cells to establish themselves in the
peritoneum and to serve as a steady source for the exosomes. Subsequently, we were able to
detect high levels of luminescence in the brain by the termination of the experiment
(Supplementary Figure 4D). Despite the promise of this approach, there were some concerns
related to it. First, establishing the IP model before the glioma model hence leveraging the
mouse model in a counter-intuitive way to the human, is a limitation to our study when
translating our results to humans. This approach was chosen since the project was still at a
proof-of-concept stage and was implemented to maximize the chances of a sufficient systemic
exosome release from the implanted cells. Second, the IP implantation of the cells 18 days
before the orthotopic implantation of the glioma cells yielded a tumor that necessitated
sacrifice only nine days after the intracranial implantation, which was not enough time for a full -
grown intracranial tumor to develop. Moreover, another concern is that implanting HEK293T
cellsintraperitoneally forms tumors, and it is unclear if we will be able to use HEK293T cells as a
bioreactor. Regarding the first concern, to address this limitation in the future, a decellularized
human biocompatible implant seeded with MSCs (74) will be manufactured. In theory, once
implanted, it will be ready to release enough exosomes resembling our adopted in vivo

approach. Regarding the second concern, optimization regarding the number of
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intraperitoneally implanted cells and timing relative to the intracranial implantation is
warranted for long-term survival studies. Regarding the third concern, using HEK293T for our
approach is just a proof of concept that Tox-targeting is working, later we will expand to other
clinically viable cells as MSCs (74). Currently, we might try to confine them in a certain scaffold

to restrict their growth to a certain level.

Moreover, implantation of the cells yielded variable results; visible IP growths were detected in
only approximately 70% of the mice. Reflecting on the possible reasons for this variability
reveals several key considerations. First, our approach lacked a pre-implantation cell viability
assay, such as Trypan Blue. While all the IP growths (HEK293T, NoMi, and Tox) were in a uniform
size except only in PEP (the two mice that grew the cells; one showed a very large growth along
with a smaller one and the other was moderate size), highlighting no intergroup nor ingroup
variability except in PEP, nonetheless including a cell viability assay before implanting the cells
will ensure reproducible results and also will decrease any possible intergroup variability.
Second, another potential reason for this variability is the immunogenic potential of these cells
in nude mice. Despite their immunocompromised status, these mice are still harboring immune
cells: e.g. natural killers (80), which might have provoked the rejection of the cells. Lastly,
technical challenges while delivering these cells including potential loss of some of the injection

volume might have played a role in this variation.

Furthermore, considering that in vitro Nanoluc can also be released freely in the media
(Supplementary Figure 4B) from the three cells, another challenge arose regarding whether
measuring Nanoluc only was a representative surrogate for the exosomes in the brain. To

address this issue, Nanoluc was measured in the media-containing exosomes and the media
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after exosome isolation (Supplementary Figure 4B), revealing a comparable level of free
Nanoluc between the three cells after the exosome isolation. Therefore, free Nanoluc might be

an equal confounder in the three experimental groups.

Considering the high prevalence of microRNAs (miRNAs) among other nucleic acids in exosomes
(24) and their well-established role in cancer (81,82); particularly in tumor suppression (83—86),
along with the promising potential of the targeted exosomes for in vivo therapy delivery, our
long-term goal, upon validating our model, is to use these targeted exosomes as vehicles for
miRNA therapy delivery. Particularly we plan to engineer a cluster of miRNAs, miR-124, miR-
128, and miR-137, that has been previously validated in our lab to provide a powerful

epigenetic interference against GBM cells (87).

7. Conclusion:

Here in this study, we used HEK293T cells that were modified to express GBM-targeting
peptides on their surfaces. The implantation of these cells intraperitoneally resulted in
sustained in vivo production of exosomes that traveled through the blood to the liver and brain,
obviating the need for resource-intensive IV administration, and thus providing a proof of
concept model for this approach. In addition, the highest luminescence in the brain was
detected in Tox group in comparison to the other groups, suggesting a higher concentration of
the exosomes. However, the exosomes' ability to target GBM specifically will need further
investigation. Our future directions will focus on validating Tox exosomes’ ability to target GBM.
Subsequently, we will explore the delivery of the miRNA cluster-loaded-targeted exosomes and

monitor their tumor-suppressor potential.
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Figure 1: Construction of PEP and Tox plasmids

A- These images show part of the transgene sequence in the NoMi plasmid sequence, PEP
plasmid sequence, and Tox plasmid sequence. The colors in the sequence correspond to colors
in the plasmid. Plasmid images were done by SnapGene DNA.

B- Images show the 3D structure for the C-terminal domain of CD63 after insertion of Angiopep-
2 sequence in PEP and Chlorotoxin sequence in Tox versus in NoMi. Images were done by Alpha
Fold.

C- MUSCLE alignment of Sanger sequencing of PEP and Tox sequences vs NoMi sequence.

D- This image shows a gPCR for PEP and Tox versus NoMi plasmids, using primers to amplify a
segment of C-terminal CD63 spanning the ligand sequence.
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Figure 3: Characterization of NoMi, PEP, and Tox exosomes

A-These graphs show the Nanoparticle Tracking Analysis results for NoMi, PEP, and Tox exosomes versus
HEK293T exosomes.

B- Western blot results for NoMi protein in NoMi, PEP, and Tox exosomes versus HEK293T using Nanoluc
antibody as the primary antibody and CD9 as the loading control. NoMi band was quantified and
standardized to CD9. This experiment was done in three biolegical replicates.

C- The left-handed graph shows the luminescence signal in NoMi, PEP, and Tox exosomes, versus HEK as a
control, in comparison to the right-handed graph that shows NoMi protein band intensity from Figure 3B
(without standardization to CD9). This experiment was done in four biclogical replicates.
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Figure 4: Nanoluc substrate validation and In vivo delivery of the exosomes through the blood-brain barrier
A- Schematic shows the timeline of the validation experiment for CFz versus FFz.

B-IVIS images show validation results regarding the Nanoluc in vivo substrates (CFz and FFz).

C- schematic shows the timeline for the intracranial experiment for FFz validation.

D-1VIS images show FFz's ability to visualize NoMi exosomes intracranially.

E- Schematic shows the timeline of the intravenous experiment for NoMi versus Tox exosomes

F- These graphs show the luminescence level in the plasma, liver, and brain following the intravenous injection
of NoMi versus Tox exosomes.

G-5chematic shows the timeline for the pilot intraperitoneal injection of NoMi and PEP cells versus PBS.

H-IVIS images show the Luminescence signals in nude mice injected intraperitoneally with NoMi, PEP cells vs
PBS.

I- Schematic shows the timeline for the intraperitoneal injection of HEK, NoMi, PEF, and Tox cells.

J-IVIS images show luminescence signals on day 26 in mice following the intraperitoneal implantation of HEK,
NoMi, PEF, and Tox cells. The below graphs show the guantification of the luminescence signal per mouse.

K-This graph quantifies the IVIS Luminescence signal in the brain for NoMi and PEP versus Tox mice.

L-Analysis of the distribution of exosomes in plasma, brain, and tumor between HEK, NoMi, PEP, and Tox mice.

57

30 Seconds Exposure

Brain Tumor

Luminscence ratio
(tumor/plasma)

‘\0\‘\ QQS <o



Control

With antibody

Blue: DAPI
Green: MMP2
Control: without antibody

N =
N~ 8

"
:

@
S

Astro

GBM 1
GBM 2
GBM 3

§
{
[
|
§
1
§

~

BEC

@
2
MMP2

A —— Tubulin

C D wo
Healthy brain GBM
2
§ 72
2
$ i
E
3 a
5 50|
@
Control I
{without 1ry <
antibody) =
-
P
DAPI: Blue
MMP2: groen

With
antibody

Astro

E us? BEC
Control
Blue: DAPI
. . -

Control: without antibody

With antibody

BEC: Brain Endothelial c

LRP1 Quantification level

- ~ L -
ns
G 2 Z 2 Z = 8 o = 285.10%
2 2 2% 3z 35 3 3 g -ty
w § £ ¥ : 8 83 B OB 28 20m00 - G
b 2]
5% 1o
gE 5.0x10"
S o
S >
“j& &

Tissues

F

85

50

BEC: Brain Endothelial Cells

Control

Astro
BEC
us?

0

--*__——

8EC: Brain Endothelial Cells

GBM4

G34

The rest of the figure is on the next page.

58

- N om

> > >

I

s & 3

T x 3
MMP2
Tubulin

.

g
kD 3
72 ! '
50

—_——— ————‘Tubulin

With antibody

Red: LRP1
Control: without antibody

LRP1 Quantification level

4
®© T = £
g 3 8 gg 3
]
LRP-1 £
23 2
Tubulin 52
-]
Bs
52
0 -
o D G N
& SIS
Cells



a7
W EEC

LRP1 fluorescent
signal Intensity

Sections

with
antibody

Blue: DAPI

fied: LAPL

ua?
Contral

{without

antibody]

Comtral: Without sntibody

Figure 5: Exploring the receptors status: MMP2 and LRP1

A-Confocal microscopy images for immunohistochemistry/Immunoflucrescence of MMP2 expression in mouse
GBM versus surrounding healthy mouse brain tissue. This experiment was done on one biological sample.

B-Western blot for MMP2 in human healthy brain vs human GBM. This experiment was done on 8 GBM and 3
healthy brain biological replicates (two technical replicates each).

C- Confocal images of immunchistochemistry/immunofluorescence for MMP2 in the healthy human brain
versus human GBM. This experiment was done on two biological replicates.

D-Western blot for MMP2 in normal cells versus glioma cells. This experiment was done on three biological
replicates.

E- Confecal images of immunocytochemistry/immunoflucrescence for MMP2 in normal cells versus US7. This
experiment was done on three biological replicates for U87 and astrocytes and one for BEC.

F-Confocal microscopy images of immunohistachemistry/Immunofluorescence for LRP1 expression in mouse
GBM versus surrounding healthy mouse brain tissue. This experiment was done on one biological sample.

G-Western blot for LRPL in healthy human brain versus human GBM. Quantification is based on four biological
replicates.

H- Western blot for LRP1 in normal cells versus glioma cells. Quantification is based on three biclogical
replicates in all the cells but two from Astre and one from BEC.

I- Confocal microscopy images of immunocytochemistry/immunofluorescence for LRP1 expression in US7 versus
BEC and Astrocytes. This experiment was done in three biological replicates.

Quantification was done by Image J.
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*without loading control just to assess the
appearance of the 40 kD band.

Supplementary Figure 1:

A- Wide Field microscope images of the first trial of transfection with Tox versus MoMi and

Hon PEP (PEP images were taken by the Confocal microscopy).

B- Wide Field microscopy (from 1:0.5-1:2.5 concentrations and 1:2.5 in reduced versus
complete medium) and Confocal microscopy (the remaining images) images for transfection
optimization for tox versus NoMi. This experiment was conducted on one biological replicate.

Green: GFP C- Western blot results for NoMi protein (using Nanoluc antibody) for NoMi and Tox
Rad: mCherry transfected cells, showing truncated NoMi protein in Tox-transfected cells.

D- Western blot results for NoMi protein {using Nanoluc antibody) showing normal NoMi
protein length in Tox versus NoMi and PER.

E- Confocal microscopy images showing Successful transfection of Tox versus NoMi and PER.

PE'. -
'm . -
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Supplementary Figure 2:

three biological replicates (three technical replicates each).

biological replicate.

A- qRT-PCR results for MMP2 expression in normal cells versus glioma cells. This experiment was done based on

B- Confocal microscopy images showing immunocytochemistry/immunofluorescence for MMP2 optimization
regarding the secondary antibody concentration in U87 versus Astrocytes. This experiment was done in one
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Supplementary Figure 3:

A-Western blot results showing validation of the first LRP1 antibody via siRNA experiment. This experiment
was done in three biological replicates (2-3 technical replicates each)

B- Western blot showing validation of the second LRP1 antibody via siRNA experiment. This experiment was
done in four biological replicates (2-3 technical replicates each)

C-This graph shows qRT-PCR results for LRP1 relative expression level in the siR-LRP validation experiment,
using lipofectamine RNAIMAX (control: without siR-LRP1).

D- This graph shows the gRT-PCR results for LRP1 relative expression level in the siR-LRP1 validation
expariment, using lipofectamine 2000 (control: without siR-LRP1).

E- Immunocytochemistry/immunofluorescence for the second LRP1 antibody validation via using siR-LRP1 in
U37 cells. This experiment was done in three biological replicates- (Blue: DAPI, Red: LRP1})

F-Western blot results showing LRP1 for suspension glioma cell lines cultured in DMEM.
G-qRT-PCR for LRP1 expression in U87, T98, and G34. This experiment was done on one sample only.

Quantification was done via Image)
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Supplementary Figure 4:

injected with U&7 cells_

A-Confocal microscopy images show immunohistochemistry/immunofluorescence for mouse brain sections

B-These figures show the luminescence signal in the media before and after exosome isolation showing
standardization of the luminescence signal between the media of the three cells after exosome isolation.

C-This figure shows the ex vivo luminescence results in the liver in NoMi versus Tox mice.
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List of tables:

Table 1:

This table contains the sequences of primers for sequencing, gPCR and RT-qPCR:

Primer name Sequence

Primer 1forward ~ 5-CACTGCTTCGATCCTGGACAGGATG-3"
Primer 1 reverse 5°-GCTGCTGCAGCTACCACCAGCACAT-3"
Primer 2 forward BSTX1 5°-CAAGCCTCAGACAGTGGTTCA-3"
Primer 2 reverse BSTx1 5'-GAGCCCTCCATGTGCACCTTG-3"
Primer 3 Forward CD63 5°-GCACCTCGATTAGTTCTCGAG-3°

Primer 4 Reverse mCherry 5 -CTCCTCGCCCTTGCTCACCAT-3"

LRP1 Forward 5°-GACAATGACTGCGGAGACTAC-3"
LRP1 Reverse 5°-GAGTCCATGCAGTCAGTGTC-3"
MMP2 Forward 5 -CTGTCACTCCTGAGATCTGCA-3"
MMP2 Reverse 5°- GCTTGTCACGTGGCGTCAC-3"
18S Forward 5°-AACTTTCGATGGTAGTCGCCG-3°
18S Reverse 5-CCTTGGATGTGGTAGCCGTTT-3"
Divergent Forward 5 -AATGTTACTGTGGGCTG-3"
Divergent Reverse 5-ACGGCACAGACACTG-3°
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Table 2: This table contains the DNA sequences of the ligands:

Ligand Name

Angiopep-2

Chlorotoxin

Sequence

ACCTTCTTTTACGGCGGAAGCAGGGGCAAGAGAAACAACTTCAAGACAGAGGAGTAC

ATGTGCATGCCGTGTTTTACCACGGATCACCAGATGGCGCGTAAATGCGATGACTGTTGC
GGCGGTAAAGGCCGCGGTAAATGCTATGGCCCGCAGTGTCTGTGCCGT

Table3: Protein Sequences:

C-terminal CD63

Angiopep-2in C-
terminal CD63

Chlorotoxin in C-
terminal CD63

Table4: Antibodies:

Name
LRP1 #64099

IQGATPGSLLPVVIIAVGVFLFLVAFVGCCGACKENYCLMITFAIFLSLIMLVEV
AAAIAGYVFRDKVMSEFNNNFRQQMENYPKNNHTASILDRMQADFKCCG
AANYTDWEKIPSMSKNRVPDSCCINVTVGCGINFNEKAIHKEGCVEKIGGW
LRKNVLVVAAAALGIAFVEVLGIVFACCLVKSIRSGYEVM
IQGATPGSLLPVVIIAVGVFLFLVAFVGCCGACKENYCLMITFAIFLSLIMLVEV
AAAIAGYVFRDKVMSEFNNNFRQQMENYPKNNHTASILDRMQADFKCCG
AANYTDWEKIPSMSKNRVPDSCCITFFYGGSRGKRNNFKTEEYNVTVGCGI
NFNEKAIHKEGCVEKIGGWLRKNVLVVAAAALGIAFVEVLGIVFACCLVKSIR
SGYEVM
IQGATPGSLLPVVIIAVGVFLFLVAFVGCCGACKENYCLMITFAIFLSLIMLVEV
AAAIAGYVFRDKVMSEFNNNFRQQMENYPKNNHTASILDRMQADFKCCG
AANYTDWEKIPSMSKNRVPDSCCIMCMPCFTTDHQMAKRCDDCCGGKG
RGKCYGPQCLCRNVTVGCGINFNEKAIHKEGCVEKIGGWLRKNVLVVAAAA
LGIAFVEVLGIVFACCLVKSIRSGYEVM

Company
Cell Signaling, Boston, MA, USA

Ab92544 rb monoclonal antibody to LRP1 Abcam, Waltham, MA, USA

(Second Antibody)

MMP2 (DAM2N) Rabbit mAb # 40994 Cell Signaling, Boston, MA, USA
Alpha/beta tubulin Rabbit #2148 Cell Signaling, Boston, MA, USA

65



GAPDH (0411)-Alexa Fluor 488-SC-47724 Santa Cruz Biotechnology, Dallas, Texas, USA

Anti-Nanoluc Monoclonal Antibody Promega, Madison, WI, USA

Anti-RFP# ES5DS8F Cell Signaling, Boston, MA, USA

CD-9 # D3H4P Cell Signaling, Boston, MA, USA

Ms mAb to SOX2- AB79351 Waltham, MA, USA
Secondary Antibodies

Name Company

Anti-Rabbit IgG, HRP-linked Antibody #7074 Cell Signaling, Boston, MA, USA
Anti-Mouse IgG, HRP-linked Antibody #7076 Cell Signaling, Boston, MA, USA

Alexa Fluor 594-conjugated AffiniPure Jaskson ImmunoResearch
Donkey Anti-Rabbit IgG LaboratoriesPennsylvania, USA
Alexa Fluor 488-conjugated AffiniPure Jaskson ImmunoResearch
Donkey Anti-Rabbit IgG LaboratoriesPennsylvania, USA
Alexa Fluor 594-conjugated AffiniPure Jaskson ImmunoResearch
Donkey Anti-Mouse IgG LaboratoriesPennsylvania, USA
Alexa Fluor 488-conjugated AffiniPure Jaskson ImmunoResearch
Donkey Anti-Mouse IgG LaboratoriesPennsylvania, USA
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