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Abstract: Background:  Intracarotid injection of mannitol has been applied for decades to support
brain entry of therapeutics that otherwise do not effectively cross the blood-brain
barrier (BBB). However, the elaborate and high-risk nature of this procedure has kept
its use restricted to well-equipped medical centers. We are developing a more
straightforward approach to safely open the BBB, based on the intraarterial (IA)
injection of NEO100, a highly purified version of the natural monoterpene perillyl
alcohol.
Methods:   In vitro  barrier permeability with NEO100 was evaluated by
transepithelial/transendothelial electrical resistance (TEER) and antibody diffusion
assays. Its mechanism of action was studied by western blot, microarray analysis, and
electron microscopy. In mouse models, we performed ultrasound-guided intracardiac
administration of NEO100, followed by intravenous application of Evan’s blue,
methotrexate, checkpoint-inhibitory antibodies, or CAR T-cells.
Results:  NEO100 opened the BBB in a reversible and non-toxic fashion  in vitro  and
in vivo  . It enabled greatly increased brain entry of all tested therapeutics and was well
tolerated by animals. Mechanistic studies revealed effects of NEO100 on different BBB
transport pathways, along with translocation of tight junction proteins from the
membrane to the cytoplasm in brain endothelial cells.
Conclusion:  We envision that this procedure can be translated to patients in the form
of transfemoral arterial catheterization and cannulation to the cerebral arteries, which
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represents a low-risk procedure commonly used in a variety of clinical settings.
Combined with NEO100, it is expected to provide a safe, widely available approach to
enhance brain entry of any therapeutic.
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1. Intraarterial (IA) NEO100 safely and reversibly opens the BBB in mouse models.
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Abstract 

Background: Intracarotid injection of mannitol has been applied for decades to support 

brain entry of therapeutics that otherwise do not effectively cross the blood-brain barrier 

(BBB). However, the elaborate and high-risk nature of this procedure has kept its use 

restricted to well-equipped medical centers. We are developing a more straightforward 

approach to safely open the BBB, based on the intraarterial (IA) injection of NEO100, a 

highly purified version of the natural monoterpene perillyl alcohol.  

Methods: In vitro barrier permeability with NEO100 was evaluated by 

transepithelial/transendothelial electrical resistance (TEER) and antibody diffusion 

assays. Its mechanism of action was studied by western blot, microarray analysis, and 

electron microscopy. In mouse models, we performed ultrasound-guided intracardiac 

administration of NEO100, followed by intravenous application of Evan’s blue, 

methotrexate, checkpoint-inhibitory antibodies, or CAR T-cells. 

Results: NEO100 opened the BBB in a reversible and non-toxic fashion in vitro and in 

vivo. It enabled greatly increased brain entry of all tested therapeutics and was well 

tolerated by animals. Mechanistic studies revealed effects of NEO100 on different BBB 

transport pathways, along with translocation of tight junction proteins from the membrane 

to the cytoplasm in brain endothelial cells.  

Conclusion: We envision that this procedure can be translated to patients in the form of 

transfemoral arterial catheterization and cannulation to the cerebral arteries, which 

represents a low-risk procedure commonly used in a variety of clinical settings. Combined 

with NEO100, it is expected to provide a safe, widely available approach to enhance brain 

entry of any therapeutic. 
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Key Points:  

1. Intraarterial (IA) NEO100 safely and reversibly opens the BBB in mouse models. 

2. BBB opening by IA NEO100 enables effective brain entry of various-sized therapeutics. 

3. Clinical use of IA NEO100 could have revolutionary impact on CNS drug delivery. 

 

Importance of the study 

There is an urgent medical need to improve the transportation of therapeutics into the 

central nervous system (CNS), which is generally impeded by the blood brain barrier 

(BBB). Intraarterial (IA) mannitol is currently used in clinical practice to deliver non-BBB 

permeable therapeutics, but it represents an unreliable technique that leads to variable 

degrees of BBB disruption, with subsequent fluctuating concentrations of drugs in the 

cerebrospinal fluid. In comparison, NEO100, induces an immediate, efficient, reversible 

and safe BBB opening in mice. IA NEO100-mediated BBB permeabilization facilitates the 

brain distribution of non-BBB permeable therapeutics of different sizes, including 

methotrexate, anti-PD-1 antibody and CAR-T cells. IA NEO100 could cause a positive 

revolutionary impact on drug delivery of therapeutics to target brain malignancies and 

CNS disorders.  
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Introduction 

The blood-brain barrier (BBB) is a dynamic biologic interface that controls the exchange 

of substances between the blood and the central nervous system (CNS). The structural 

and functional integrity of the BBB is vital for the maintenance of homeostasis in the CNS1. 

However, it impedes the entry of drugs into the CNS, preventing many potent 

pharmaceutical agents from exerting substantial therapeutic activity against CNS 

disorders and brain-related malignancies1. Currently, BBB disruption via rapid intraarterial 

(IA) infusion of hyperosmolar mannitol represents the main clinical method to obtain a 

transient BBB opening2. However, the fluctuations in BBB disruption obtained with 

mannitol can have a negative impact on the regional delivery of therapeutics, along with 

unpredictable adverse effects, such as seizures, risks of brain embolism, catastrophic 

bleeds, and even fatal brain edema3,4. Therefore, a novel approach to obtain a safe, 

controlled, transient BBB permeabilization effect is badly needed. 

We had previously demonstrated that intranasal delivery of NEO100, a cGMP-quality 

version of the natural monoterpene perillyl alcohol (POH), is effective for the treatment of 

TMZ-resistant human glioma xenografts in an athymic nu/nu mouse model5. POH has 

been extensively tested both in the laboratory and in human patients showing promising 

results in glioma treatment6,7. NEO100 is currently being used in a phase I/II clinical trial 

for the treatment of recurrent glioblastoma (GB)8. It is generally accepted that intranasal 

delivery bypasses the BBB by using cranial nerve to brain transport (specifically, CN I, 

V). Given its physicochemical properties, we hypothesized that NEO100 could also have 

a direct effect on the BBB integrity. Here, we study the effects on BBB disruption when 

NEO100 is given by IA application. Our preliminary data showed that IA NEO100, but not 
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intravenous NEO100, induces an immediate, transient, and reversible opening of the 

BBB, allowing the penetration into the brain parenchyma and cerebrospinal fluid (CSF) of 

non-BBB permeable therapeutics, including methotrexate (MTX), anti-PD-1 antibody, and 

CAR-T cells.  

In order to understand the mechanism by which IA NEO100 enables transient opening of 

the BBB, we examined the two main methods for BBB transport: 1) transcellular transport, 

which involves passing across the endothelial cells (ECs), and 2) paracellular transport, 

which involves passing through the intercellular space between the ECs, and it is mainly 

regulated by the presence of junctional complexes between adjacent EC, consisting of 

tight junctions (TJs) and adherens junctions (AJs). TJs are connected areas in the upper 

part of the apical section of the plasma membrane that stitch ECs together, constituting 

the first and main seal that regulates the paracellular transport between cells2. The 

amphipathic properties of NEO100 led us to hypothesize that the molecule could 

intercalate between the phospholipids within the plasma membranes of the ECs, which 

would directly enhance the transcellular transport pathway. Additionally, subsequent 

increase in membrane fluidity would translate into a transient TJ protein translocation from 

the cellular membrane to the cytoplasm, thereby enhancing the paracellular diffusion 

across the BBB. We propose that NEO100 could be applied intraarterially in the clinic to 

immediately and transiently open the BBB, facilitating the transportation of therapeutics 

across the BBB with minimal effects on normal brain function.    
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Methods 
 
Primary cultures and cells 

Human tissues were obtained following written informed consent from patients in 

accordance with the Declaration of Helsinki guidelines and the Institutional Review Board 

(HS-09-00520), at Keck School of Medicine, USC. Data regarding cell lines and culture 

was included in Supplementary Methods.  

Cellular barrier disruption  

For trans-epithelial experiments, 1.5x105 Madin-Darby Canine Kidney (MDCK1) cells 

were seeded on 12-well 0.4 µm pore-size trans-well inserts. For trans-endothelial 

experiments, inserts were previously coated with Matrigel. Primary cultures of astrocytes 

(1.5x105/well) were cultured on the bottom of the inserts and 1.5x105 primary brain 

endothelial cells (BECs) were seeded on top. Once confluent, cells were treated with 

NEO100 for different times, then a fluorescein isothiocyanate (FITC)-antibody was added 

to the top chamber and cells were incubated for 2 h at 37 ºC. Medium from the upper and 

lower chambers was read in a FLUOstar Omega microplate reader. 

Transepithelial/transendothelial membrane resistance (TEER) was studied using a 

Millicell ERS-2 Volt/Ohm meter (MilliporeSigma Corporate, St. Louis, MO USA)9. 

Background resistance obtained in the wells without cells (80-100 Ω/cm2) was subtracted.  

Plasma membrane permeabilization  

To study the effects of NEO100 on plasma membrane permeability, a ReadyProbes™ 

Cell Viability Imaging Kit was used, consisting of a blue fluorescent probe that stained all 

cells and a green fluorescent probe that stained the nuclei of cells with compromised 

plasma membranes. 2x104 BECs cultured overnight were treated with 1 mM NEO100 for 
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the indicated times. BECs were imaged with an Eclipse TE300 Inverted Microscope 

(Nikon, Tokyo, Japan).  

Western blot  

The membrane and cytosolic proteins were extracted with a Mem-PER™ Plus Membrane 

Protein Extraction Kit (ThermoFisher Scientific, Waltham, MA USA)10. Proteins were 

separated by SDS-PAGE and transferred to nitrocellulose membranes. Primary 

antibodies used were rabbit anti-claudin-3 (ab15102), rabbit anti-claudin-5 (ab15106), 

rabbit anti-JAM (ab125886), rabbit anti-ZO-1 (ab216880) (1:500, Abcam, Cambridge, MA 

USA), rabbit anti-occludin (ab222691, 1:200, Abcam), rabbit anti-CD31 (77699, 1:1000, 

Cell Signaling Technology, Danvers, MA USA) and mouse anti-β-actin (66009, 1:1000, 

Proteintech, Rosemont, IL USA). Secondary antibodies used were HRP-conjugated goat 

anti-mouse (SA00001, 1:2500, Proteintech) and goat anti-rabbit (7074, 1:2500, Cell 

Signaling Technology).  

Transmission Electron Microscopy (TEM) 

Ultrathin sections of the brains previously processed with Pelco BioWave Pro (Pelco, 

Fresno, CA USA) were cut at 99 nm and collected on 200-mesh copper grids. The grids 

were post-stained in uranyl acetate (0.2%) and filtered for 15 min. Grids were further 

stained with lead citrate and filtered for 5 min. The Tecnai Spirit G2TEM 

(Nanoscience Initiative, Nicholas Terrace, New York, USA) with an installed MegaView 

camera was used to image the samples. 

Immunostaining  

The detailed protocol was described11. Primary antibodies used were rabbit anti-human 

CD3 (99940, Cell Signaling), rabbit anti-CD8 (ab4055, Abcam), FITC-conjugated 

https://www.google.com/search?rlz=1C5GCEA_enUS893US895&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwji4O-o8oXqAhWIrZ4KHciFCPcQmxMoATAoegQICxAD


8 

 

Armenian hamster anti-mouse PD-1 (11-9985-82, ThermoFisher Scientific, San Diego, 

CA USA), and rat anti-mouse PD-1 (BE0146, Bio X Cell, West Lebanon, NH USA). The 

secondary antibody was Alexa Fluor® 647 goat anti-rabbit (ab150083, Abcam). Pictures 

were taken in a Zeiss LSM 510 confocal microscope (Carl Zeiss Inc.). Due to the short 

wavelengths (λex=367 nm and λem=463 nm), a 2-photon laser was used for MTX. DAPI 

(4′,6-diamidino-2-phenylindole) or PI (propidium iodide) was used to stain cell nuclei. 

In vivo studies 

All animal protocols were approved by USC’s Institutional Animal Care and Use 

Committee (IACUC), and strictly adhered to. We acquired 6-8 week immune-competent 

male/female C57BL/6 and BLAB/c mice from Jackson’s Laboratory (Bar Harbor, ME 

USA). To evaluate IA NEO100 induced anti-PD-1 antibody brain entry, an intracranial 

syngeneic mouse glioma was established by implanting GL261 (1x104) mouse glioma 

cells intracranially in immune competent C57BL/6 mice. For the demonstration of 

humanized CD3+ CAR T cells (Alan Epstein, USC) brain entry, a primary CNS Lymphoma 

(PCNSL) xenografts was established by inoculating Raji B-cell lymphoma (5x105cells, 

Raji/Luc-GFP) intracranially into NOD Scid-IL2R Gammanull (NSG) mice. To avoid false 

positives, the experimental animals were perfused with 0.9% normal saline solution 

before euthanasia. The detailed procedures of ultrasound-guided IC injection and IA 

catheter placement are described in Supplementary Methods. 

Statistics 

Statistical analyses were performed using GraphPad Prism 7.0. p<0.05 was considered 

significant. Two-tailed t-test or 1-way ANOVA followed by Dunnet’s or Tukey’s multiple 

comparison tests were used. For primary cultures, each patient-derived sample was 
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considered the unit of analysis and accounted for an independent n value, assayed in 

triplicate. At least three different patient-derived samples were used per experiment. For 

in vivo studies, n=3 per condition. 

 

Data regarding chemical and HPLC analysis, as well as supporting methods, can be 

found in Supplementary Material.   
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Results 

NEO100 enhances barrier permeability at sub-cytotoxic doses  

To study the in vivo effects of NEO100 on barrier permeability, we used MDCK1 cell 

monolayer12 as a classic model of cellular transport barrier, and primary BECs with normal 

human astrocytes as a specific model of BBB barrier. The diffusion of a FITC-labeled 

antibody across Transwell inserts was measured at different NEO100 concentrations. 

The integrity of the MDCK1 barrier was significantly affected at 2 mM NEO100, while the 

BEC+astrocyte barrier was disrupted at 1 mM NEO100 (Figure 1A), both sub-cytotoxic 

concentrations (Supplementary Figure 2). Using TEER measurements, we observed that 

the barriers were significantly disrupted 10 min after NEO100 administration and 

remained opened during the 3 h-treatment (Figure 1B), but fully recovered 18 h after 

removal of the compound (Figure 1C). These effects were not retained when NEO100 

was conjugated to temozolomide (Supplementary Figure 3). 

To study the mechanism of NEO100-mediated permeabilization via the transcellular 

pathway13, a blue fluorescent probe that stains all BEC nuclei, and a green fluorescent 

probe, which only stains the nuclei of cells whose membrane integrity is compromised, 

were used. Treatment with 1 mM NEO100 for 0.5 h caused BEC membrane 

permeabilization, an effect observed for up to 6 h, with the highest number of cells 

permeabilized after 4 h (Figure 1D, Supplementary Figure 4). However, after 24 h of 

continuous treatment with NEO100, the integrity of the membrane was reestablished. 

HPLC analysis of the supernatants of BECs treated with NEO100 showed that, while 65% 

of NEO100 was found after 4 h, only 8% of NEO100 remained in the supernatants after 

24 h of incubation. Correspondingly, the levels of perillic acid, the stable metabolite of 
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NEO10014, increased with time, indicating that NEO100 was being partially metabolized 

(Figure 1D, Supplementary Figures 4-5).  

We then examined the effects of NEO100 treatment on the paracellular pathway, a 

passive diffusion process through the junctional complexes between BECs15. We treated 

cells with vehicle or 1 mM NEO100 for 4 h and extracted the integral membrane proteins 

and membrane-associated proteins separately from the soluble cytoplasmic proteins. 

NEO100 increased the levels of TJ and cytoplasmic accessory proteins in the cytoplasmic 

fraction, decreasing their membrane levels (Figure 1E). Comparable results were 

obtained in vivo using confocal microscopy (Supplementary Figure 6). No changes were 

observed in CD31, which is localized at intercellular junctions and contributes to the 

maintenance of barrier integrity but is not a TJ protein16 (Figure 1E). These effects 

disappeared after removal of NEO100 (Supplementary Figure 7), indicating that the 

delocalization of the TJs and cytoplasmic accessory proteins from the cell membrane to 

the cytoplasm is temporary and reversible. 

Treatment of BECs with 1 mM NEO100 for 24 h (when the highest differences in TJ 

protein localization were observed) did not cause an overall downregulation of the TJs 

compared to vehicle (DMSO)-treated cells, as evidenced by the mRNA expression levels 

of 84 genes encoding TJs proteins (Supplementary Figure 8). This indicates the barrier 

permeabilization effects of NEO100 take place at the protein localization level. 

 

IA NEO100 induces in vivo BBB opening  

Due to the limitations of surgical field exposure under microscope for carotid catheter 

placement in mice, the IA NEO100 infusion was simulated using an ultrasound-guided 

intracardiac (IC) injection, delivering NEO100 directly into the intracranial arteries from 
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the left ventricle of the heart (Supplementary Figure 12). IA NEO100 led to BBB opening 

in a dose-dependent manner, as evidenced by the higher amounts of extravasated Evan’s 

blue (EB, 961 Da) obtained with higher NEO100 doses (Figure 2A-C). However, when 

NEO100 was administered intravenously (IV) no BBB breaching was observed. Similar 

results were obtained when EB was replaced by a FITC-conjugated cytochrome C or a 

rabbit-anti-mouse IgG antibody (Supplementary Figures 10-11). In contrast, replacing 

NEO100 with mannitol led to no extravasated EB (Figure 2A).  

To study the kinetics of the IA NEO100-induced BBB opening, IA 3% NEO100 was 

followed by IV 2% EB given after the indicated different time-points. IA NEO100 caused 

an immediate BBB opening, which lasted between 2-4 h (Figure 2D). These results 

indicate that IA NEO100 mediates a transient and reversible BBB opening, with the 

integrity of BBB being fully recovered 4 h after NEO100 administration. We next 

determined the time needed for the brain to clear up the extravasated EB. Immediately 

after IA 3% NEO100 was administered, 2% EB was given IV and the perfused brain 

tissues were collected after different time-points (30 min, 120 min, 240 min, 1 day, 3 days, 

5 days, and 7 days). Once the EB had spread within the brain, it remained for up to 7 

days after BBB disruption was reverted (Figure 2E).  

TEM imaging of the ultrastructure changes in TJs around the lumen of cerebral vessels 

showed a tight continuous line between ECs in the normal tissue, which was replaced by 

broken and open spaces between the ECs in IA 0.3% NEO100-treated mice (Figure 2F), 

the concentration that was selected for further studies involving IC injections. These 

results confirmed our in vitro data (Figure 1), suggesting that disruption of cell-cell 

contacts contribute to the IA NEO100-mediated BBB opening.  
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Currently, the disruption of BBB via rapid infusion of a hyperosmolar mannitol solution via 

IA catheter represents the main clinical method to enhance the transport of substances 

into the brain parenchyma2. However, administering mannitol via ultrasound-guided IC 

injection led to no extravasated EB (Figure 2A), which could be due to a loss of its 

hyperosmotic properties with IC injection. To better compare the levels of BBB breaching 

while ensuring the preservation of the hyperosmotic properties of mannitol, we used the 

standard osmotic delivery via IA catheter placement through the common carotid artery 

(CCA) to deliver NEO100 and mannitol. Increasing volumes (40, 150 and 450 µL) of 25% 

mannitol were compared to 40 µL 3% NEO100, both administered via IA catheter 

placement in the CCA. Not even the highest volume (450 µL) of hyperosmotic 25% 

mannitol induced a BBB disruption as strong as the one obtained with 40 µL 3% NEO100, 

as evidenced by the significantly higher EB spreading within the brains upon NEO100 

treatment. Furthermore, while mannitol-mediated EB spreading was limited to the brain 

hemisphere where it was delivered, NEO100-mediated EB spreading reached virtually all 

areas of the brain (Figure 3).  

 

IA NEO100 facilitates brain entry of the non-BBB permeable small molecule 

therapeutic methotrexate 

We next evaluated the potential of IA NEO100 (accomplished by IC injection) to mediate 

the brain penetration of small molecule therapeutics whose entry is usually impeded by 

the BBB. Methotrexate (MTX, 454 Da) is a chemotherapy whose clinical efficacy in CNS 

lymphoma is limited due to poor drug penetration across the BBB17. Administration of high 
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doses of MTX is therefore required to achieve therapeutic concentrations in the CNS, 

which results in increased systemic and neurological toxicity18. 

To prove the potential of IA NEO100-induced efficient MTX brain entry, the experimental 

animals were treated for 2 h with IA NEO100 alone, IV MTX alone, or IA NEO100+IV 

MTX; and the autofluorescence emitted by MTX in the perfused brains was detected by 

a 2-photon laser. MTX spreading inside the brains was significantly higher in IA 

NEO100+IV MTX-treated animals (Figure 4A). Accordingly, the amount of MTX detected 

using HPLC in the brain parenchyma and CSF was significantly higher in IA NEO100+IV 

MTX-treated animals (Figure 4B).  

 

NEO100-mediated BBB opening facilitates brain entry of the therapeutic antibody 

anti-PD-1 

We wanted to determine whether IA NEO100 could enhance brain delivery of large IgG 

therapeutics, while keeping their pharmacological properties intact. The interaction of 

programmed cell death-1 (PD-1) receptor on T-cells with its ligand, PD-L1, on the tumor 

cells reduces T-cell signaling function, resulting in a depletion of CD8+ cells inside tumors. 

The use of inhibitors that block the PD-L1/PD-1 interaction can prevent the cancer from 

evading the immune system19. We first determined whether NEO100 could facilitate the 

entry of a FITC-labeled anti-mouse PD-1 antibody into intracranial tumors, when 

compared to mice treated with conventional IV anti-PD1 (1 mg/kg) alone. IA 0.3% 

NEO100 significantly enhanced anti-PD-1 penetration into the brain tumor compared to 

untreated and IV FITC-anti-PD1 (Figure 5A). 
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We next studied whether IA NEO100 administration could affect the efficacy of the 

checkpoint inhibitor anti-PD-1 antibody in blocking PD-1 pathway and repopulate the 

exhausted CD8+ T cell population. Following IV administration of an unlabeled anti-

mouse PD-1 antibody (1 mg/kg) with or without IA 0.3% NEO100 to immune competent 

mice bearing syngeneic mouse glioma (1x104 GL261 cells injected intracranially into 

C57BL/6 mice 3-week ago), we detected the CD8+ T lymphocyte spreading inside the 

tumor by immunohistochemistry (IHC) using both fluorescent and biotinylated antibodies 

(Figure 5B). IA 0.3% NEO100 significantly boosted the CD8+ T-cell population in the 

glioma tumors, compared to untreated mice and mice treated with IV anti-PD1 (1 mg/kg) 

alone. These data suggest that IA NEO100 not only increases the antibody penetration 

into the tumor tissues, but also restores immune function in the tumor microenvironment 

via the anti-PD1 antibody. 

 

IA NEO100 enhances CAR-T cell brain tumor penetration in vivo 

CAR-T cells provide a new strategy to bypass the defective immune system for cancer 

treatment. However, poor CAR-T cell trafficking to the brain tumor due to their inability to 

cross the BBB is still a major limitation for the effectiveness of this approach20. To test 

whether IA NEO100-induced BBB opening could be applied to the delivery of CAR-T 

cells, an intracranial primary CNS lymphoma (PCNSL) xenograft was established in NSG 

mice (5x105 human B-cell Raji/Luc-GFP lymphoma cells were injected intracranially). 

Upon confirmation of tumor uptake, mice were treated with IV CAR-T cells (5x106) alone, 

or with IA 0.3% NEO100+IV CAR-T cells (5x106). Immunostaining with biotinylated and 

fluorescent antibodies was performed to identify the spreading of CD3+ cells within tumor 
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tissues. Untreated animals served as a negative control, while CD3+ cells from cultures 

of Lym-1 CAR-T cells served as positive control. IA 0.3% NEO100 significantly increased 

the population of CD3+ CAR-T cells spread within the tumors compared to untreated mice 

and to mice treated with IV CAR-T cells alone (Figure 6A).  
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Discussion 

The maintenance of the BBB integrity is essential for CNS homeostasis, but it hinders the 

delivery of therapeutics for many neurological disorders. IA mannitol remains the gold 

standard for transient BBB disruption. However, limited clinical data and high variability 

in the degree of BBB disruption obtained, with subsequent fluctuating concentrations of 

drugs in the CSF21,22, limit its applications in the clinical setting. Thus, novel mechanisms 

that allow a safe and transitory opening of the BBB without permanently affecting the 

integrity of the barrier are badly needed.  

Here, we demonstrate that IA NEO100 transiently and reversibly permeabilizes the BBB 

at sub-cytotoxic doses (Figures 1-3, Supplementary Figure 2). In vitro studies with cellular 

barriers showed that NEO100 affects the passive transcellular pathway, transiently 

permeabilizing the membranes of patient derived BECs (Figure 1, Supplementary Figure 

4-5). In addition, NEO100 acts on the paracellular pathway, by reversibly delocalizing the 

TJ proteins from the BEC membrane towards their cytoplasm (Figures 1-2, 

Supplementary Figures 6-7). These effects allow for a quick recovery of the BBB integrity 

after removal or clearance of NEO100. Microarray analysis of 84 genes encoding TJ 

proteins showed no significant change in their expression pattern upon treatment with 

NEO100 (Supplementary Figure 8), confirming that the observed effects are not due to 

changes in mRNA or protein production, but rather at the protein localization level. TEM 

images provided strong supporting in vivo evidence of altered ultrastructure of the TJs 

between ECs in brain tissues from animals treated with IA NEO100 (Figure 2F), further 

confirming our in vitro results. 
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Our preliminary in vivo data showed that IA NEO100 causes an immediate, transitory, 

and reversible BBB opening. However, no BBB breaching was achieved when NEO100 

was given by IV injection via the tail vein, likely due to NEO100 being metabolized or too 

diluted before reaching the cerebral arteries, as compared to IC injection (Figure 2). For 

comparison purposes, we performed these studies replacing NEO100 with the gold 

standard mannitol. When given through ultrasound-guided intracardiac (IC) injection to 

simulate IA administration in mice, no extravasated EB was detected in the brains, 

regardless of the concentration of mannitol used (Figure 2). This lack of BBB disruption 

could be due to a loss of its hyperosmotic properties with IC injection due to a decrease 

of its concentration below the hyperosmolar levels required to obtain cell shrinkage that 

pulls apart the TJs between adjacent ECs in the cerebrovasculature22. To ensure the 

preservation of the hyperosmotic properties of mannitol, we used the standard osmotic 

delivery via IA catheter placement through the common carotid artery (CCA). Although 

some level of localized BBB breaching was obtained when mannitol was delivered via 

catheter, much lower volumes and concentrations of NEO100 led to a significantly higher 

BBB disruption and EB spreading within the brains (Figure 3). In summary, NEO100 

induced an immediate, reversible and much more efficient BBB opening than the gold 

standard mannitol. Rather than cellular shrinkage due to hyperosmolarity, we propose 

that the amphipathic properties of NEO100 cause a transient disruption of the paracellular 

and transcellular pathways, allowing for temporary transport of substances across the 

BBB. Since IA NEO100-mediated BBB disruption occurs in a time and dose-dependent 

manner, the extent of BBB opening could be controlled by manipulating the volumes and 

concentrations of NEO100 applied. For the current studies, a dose of IA (simulated with 
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IC injection) 0.3% NEO100 (v/v) was chosen for brain delivery of therapeutic agents 

(Figures 4-6, Supplementary Figure 10-11), as it induced BBB breaching (Figure 2) 

without causing any adverse effects in the mice. Furthermore, to limit the BBB disruption 

to specific areas of the brain, cannulation of the femoral (groin) artery with selective 

intraarterial catheter placement to the intracranial arteries (e.g., middle cerebral artery, 

MCA) could be used in a clinical setting. 

In the present studies, we have applied IA NEO100 delivery to an array of non-BBB 

permeable therapeutic agents, from the small molecule MTX to antibodies (anti-PD-1) 

and even CAR-T cells (Figures 4-6). Regardless of the molecular size (relative sizes 

shown in Figure 6B) or physicochemical properties, IA NEO100 facilitated the brain entry 

of all therapeutics tested. The IA NEO100-mediated anti-PD1 delivery showed that IA 

NEO100 not only facilitates the brain entry physically, but it also enhances its 

pharmacological properties, leading to a stronger replenishment of CD8+ cells inside the 

tumors (Figure 5). Moreover, IA NEO100-mediated BBB opening facilitated the transport 

of CD3+ CAR-T cells into the brain tumors, while only a few sporadic CD3+ cells were 

observed inside the tumor when CAR-T cells were delivered by conventional intravenous 

infusion (Figure 6). Nowadays, standard IV infusion of CAR-T cells is not enough to 

congregate these cells locally in the brain. Rather IV delivery supports widespread 

systemic distribution, causing CAR-T cells to get physically stuck in the lungs for several 

hours, then migrating to the liver, spleen, and lymph nodes, which augments the side 

effects of the CAR-T cell therapy20,23. IA NEO100-facilitated transport of CAR-T cells 

could have a revolutionary impact in CAR-T cell immunotherapy in GBM and other 

malignant brain tumors. 
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In summary, we have shown that IA NEO100-mediated BBB opening represents an 

immediate, transient, reversible, and safe fashion to allow for optimal brain entry of 

therapeutic agents into the CNS, from small molecules to antibodies and even to CAR-T 

cells. Specific pharmacokinetic studies would need to be carried out for each therapeutic 

agent, to optimize the dosage for maximum efficacy with minimum side effects. Although 

our studies were performed in mice with intracardiac injections to simulate intra-arterial 

delivery, we will be performing larger animal studies to simulate transfemoral delivery in 

humans. These animal models will be chosen on the basis of whether they have a rete 

mirabile, a plexus of small vessels in the base of the brain, which makes simulation of the 

human intracerebral vasculature extremely difficult. Therefore, large animal models, i.e. 

rabbits that do not have a rete mirabile, will be performed in the future with transfemoral 

catheterization and delivery. Future validation of transfemoral NEO100 delivery in human 

clinical trials will hopefully validate IA NEO100 as tomorrow’s clinical standard to facilitate 

the transport of CNS-targeted non-BBB-permeable medications, enabling superior 

therapeutic efficacy with minimal doses and side effects. 
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Figure Legends 

Figure 1. NEO100 increases cell barrier permeability. (A) The permeability of MDCK1 

and patient-derived BEC+astrocyte barriers at different NEO100 concentrations for 4 h 

was determined measuring the diffusion of an FITC-conjugated antibody across 0.4 µm 

pore-size Transwell inserts after 2 h at 37 ºC. *p<0.05; **p<0.01 (relative to vehicle-

treated cells). (B) The changes of permeability with time upon treatment with NEO100 at 

2 mM (MDCK1, left) or 1 mM (BEC+astrocytes, right) were studied with a TEER 

ohmmeter. ***p<0.001 (relative to vehicle-treated cells). (C) After a 3-h treatment with 2 

mM NEO100 (MDCK1, left) or 1 mM NEO100 (BEC+astrocytes, right), NEO100 was 

removed and the recovery of the membranes was determined with a TEER Ohmmeter. 

***p<0.001 (relative to vehicle-treated cells). (D) BECs were treated with vehicle or 1 mM 

NEO100 for the indicated times. NucBlue® (blue) was used to stain all cell nuclei, and 

NucGreen® (green) was used to stain the nuclei of BECs with compromised plasma 

membranes (red arrows). The bar graph shows the concentration of NEO100 and its 

stable metabolite perillic acid remaining in the BEC supernatants after the indicated time-

points, measured by HPLC. (E) BECs were treated for 4 h or for 24 h with vehicle or 1 

mM NEO100. Representative Western blots showing the levels of the TJ or accessory 

proteins claudin-3, claudin-5, JAM (upper band seen in western blot), ZO-1 and occludin 

in the membrane or cytoplasmic fractions. CD31 was included as a control of non-TJ 

membrane protein. β-actin was used as a loading control. The bar graphs represent the 

average pixel density recorded by ImageJ of three independent Western blots. *p<0.05; 

**p<0.01, ***p<0.001 (relative to vehicle-treated cells).  
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Figure 2. IA NEO100 causes an immediate, transient, and reversible BBB disruption 

in vivo. (A) Representative pictures of brains from mice treated with different 

concentrations of IA NEO100 (upper), IV NEO100 (middle), or IA mannitol (lower). Neither 

IV NEO100 nor IA mannitol led to detectable extravasated Evan’s blue (EB), while IA 

NEO100 caused a dose-dependent BBB breaching and, consequently, EB spreading. (B) 

Coronal sections (from anterior to posterior) from the mice treated with decreasing doses 

of IA NEO100 (3%, 0.3%, 0.03% and 0%). (C) The autofluorescence of EB was captured 

around ventricle areas and quantified. IA NEO100 led to a dose-dependent significantly 

higher EB penetration into the brains, when compared to untreated mice. (D) 2% EB was 

given IV via the tail vein at the indicated time-points after IA 3% NEO100 was 

administered. 2 h after the procedures, mice were perfused upon euthanasia and brains 

were collected. (E). Representative pictures of A-normal mouse brains, and brains at 

different time-points (B-30 min, C-120 min, D-240 min, E-1-day, F-3 days, G-5 days, and 

H-7 days) post IA 3% NEO100+IV 2% EB simultaneous application. (F) TEM pictures 

showing changes in the ultrastructure of the BBB. A tight solid continuous line between 

the ECs in the normal brain (left) was replaced by broken and open spaces in IA NEO100-

treated brain (right).  

 
Figure 3. NEO100 causes a stronger BBB disruption than hyperosmotic mannitol 

when administered via IA catheter placement through CCA. (A) The extravasated EB 

could be visualized in brains treated with 40 µL IA 3% NEO100, whereas IA 25% mannitol 

did not induce BBB disruption unless the injected volume was escalated to 450 µL. 

Furthermore, while mannitol-mediated EB spreading was limited to the brain hemisphere 

where it was delivered (R-right), NEO100-mediated EB spreading (delivered to the L-left 
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hemisphere) reached virtually all over the brain. (B) The autofluorescence of EB was 

captured by confocal imaging and quantified. 40 µL IA 3% NEO100 led to significantly 

higher EB penetration, compared to different volumes of IA 25% mannitol.  

Figure 4. IA NEO100 facilitates brain delivery of the non-BBB permeable small 

molecule therapeutic methotrexate (MTX). (A) The autofluorescence of MTX was 

detected using 2-photon microscopy. Propidium iodide (red) was used to stain cell nuclei. 

The extravasated MTX (white) was detected in brains from mice treated with IA 0.3% 

NEO100+IV MTX, but not in control mice or in mice treated with IA 0.3% NEO100 alone, 

while some sporadic MTX was detected in mice treated with IV MTX alone. (B) MTX levels 

in the serum, brain, and CSF were measured by HPLC. IA 0.3% NEO100 significantly 

enhanced MTX penetration into the brains and CSF when compared to IV MTX (1.2 

mg/kg) alone.  

Figure 5. IA NEO100 facilitates brain tumor entry of the checkpoint inhibitor anti-

PD1 antibody, enhancing its pharmacological properties. (A) IA 0.3% NEO100 

significantly (*p<0.05) enhanced the brain tumor entry of a FITC-conjugated anti-PD1 

antibody (1 mg/kg) in mice bearing syngeneic glioma (3 weeks after the intracranial 

implantation of 1x104 GL261 cells), compared to untreated mice and to mice treated with 

conventional IV infusion of FITC-anti-PD-1 alone. (B) IHC and confocal images showing 

the replenishment of CD8+ T cells (red arrowheads) inside the brain tumors of mice 

bearing syngeneic glioma. The levels of CD8+ cells were significantly higher in IA 0.3% 

NEO100+IV unlabeled anti-PD-1-treated mice, compared to untreated mice or mice 

treated with IV diffusion of unlabeled anti-PD-1 alone.  
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Figure 6. IA NEO100 mediates human CAR-T penetration into brain tumors. (A) 

Immunostaining was performed to identify the spreading of CD3+ cells within tumor 

tissues harvested from the mice bearing intracranial human B-cell Raji PCNSL xenografts 

and treated with IV CAR-T (5x106) cells with or without IA 0.3% NEO100. Untreated 

animals served as a negative control, while CD3+ cells from cultures of Lym-1 CAR-T 

cells served as positive control. IA NEO100 enabled significantly greater accumulation of 

CD3+ Lym-1 CAR-T in the lymphoma xenografts, compared to untreated mice, or to mice 

treated with IV CAR-T infusion alone. (B) Schematic representation showing the most 

relevant structural elements of the BBB -endothelial cells (EC), pericytes, and astrocytic 

end-foot processes-, and the relative size of MTX, immunoglobins, white blood cells 

(neutrophils, 10-12 μm in diameter; and lymphocytes, 6-14 μm in diameter), and red blood 

cells (7.5 μm in diameter). 
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Fig. S1. Chemical structure of NEO100. NEO100 is a cGMP-quality form of perillyl alcohol 

(POH).  
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Fig. S2. Cytotoxicity of NEO100 is time and dose dependent. Sensitivity of MDCK1 cells, 

BECs and astrocytes at different doses of NEO100 and after different times of treatment was 

measured by MTT. Data from three independent experiments carried out in triplicate are 

expressed as percent cell survival relative to vehicle-treated cells. 
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Fig. S3. NEO100 (POH) does not increase epithelial barrier permeabilization when 

conjugated with temozolomide (TMZ). To determine whether NEO100 (POH) would cause the 

same effect on barrier permeabilization when conjugated with other drugs, we performed the 

TEER experiments in the presence of NEO212, a conjugate of temozolomide (TMZ) and POH, 

at several time-points. The only effects observed were likely due to the cytotoxic effect of NEO212 

alone1, and no permeabilization effect was observed with sub-cytotoxic doses of NEO212. 
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Fig. S4. NEO100 increases the transcellular permeability of BECs without causing cell 

death. (A) BECs were treated with vehicle (DMSO) or 1 mM NEO100 for the indicated times. 

NucBlue® (blue) was used to stain all cell nuclei, and NucGreen® (green) was used to stain the 

nuclei of BECs with compromised plasma membranes (indicated with red arrows). (B) To rule out 

any cytotoxic effect that could responsible for these outcomes, we treated BECs for 4 h with 1 
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mM NEO100 and analyzed the levels of apoptosis and necrosis using flow cytometry. Cells were 

stained with Annexin V/propidium iodide (PI) and analyzed by flow cytometry. 50% ethanol was 

used as a positive control (+C) for cell death. Bar graph represents the percentage of living (blue), 

early-stage apoptotic (orange), late-stage apoptotic (grey) and necrotic (yellow) cells in each 

treatment. No increase in apoptotic or necrotic cell death was observed with NEO100 treatment. 
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Fig. S5. BEC membrane permeability is altered by NEO100 in a reversible way, but not by 

pre-incubated NEO100 or its metabolites. NucBlue® (blue fluorescent probe) was used to stain 

all cell nuclei, and NucGreen® (green fluorescent probe) was used to stain the nuclei of BECs 
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with compromised plasma membranes. (A). NEO100 was pre-incubated for 24h in the non-

supplemented medium EBM-2 medium, in complete endothelial cell (EC) medium2 and in BECs 

cultured in complete EC medium. We then added these solutions to previously seeded BECs and 

incubated for an additional 4 h. None of the conditions showed any permeabilized cells. (B). 

NEO100 is oxidized by alcohol dehydrogenase and aldehyde dehydrogenase to form 

perillaldehyde and perillic acid, respectively3. Perillaldehyde is considered a minor metabolite 

because of its short half-life, while perillic acid has a longer half-life4 and can be measured by 

HPLC. HPLC analysis of the pre-incubated NEO100 for 24 h in the non-supplemented medium 

EBM-2, and in complete EC medium with and without BECs. Bar graph shows the percentage of 

NEO100 (black bars) and its metabolite perillic acid (grey bars) remaining in the BEC 

supernatants after 24h of incubation in the non-supplemented medium EBM-2, and in complete 

EC medium with and without BECs. NEO100 spiked into EC medium2 was used as a positive 

control (100%) for the presence of NEO100. While 86% and 91% of the initial NEO100 could be 

detected by HPLC in the pre-incubations in EBM- 2 and complete EC medium, respectively, less 

than 10% of NEO100 was detected in the supernatant of BECs. Correspondingly, the levels of 

perillic acid showed an opposite pattern. (C). To analyze the reversibility of this effect, BECs were 

treated with vehicle or 1 mM NEO100 for 4 h or 24 h, medium was replaced by fresh medium 

without compound, and cells incubated for an additional 24 h. The lack of green staining indicates 

that the permeabilization effect is reversible. (D) To determine whether the metabolites 

perillaldehyde and perillic acid could cause the same permeabilization effect as NEO100, BECs 

were treated with 1 mM perillaldehyde or perillic acid for 4 h. None of the metabolites caused a 

permeabilization effect on the BECs, although it is worth noting that the addition of perillic acid to 

the medium caused an immediate protein precipitation, which could affect the bioavailability of 

the drug to the cells. Taken together, these results indicate that the decrease in the levels of 
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NEO100 in the presence of BECs is due to a combination of cellular uptake and metabolism. In 

the cases where NEO100 is pre-incubated in medium without cells, in addition to the drug 

metabolism there could be some drug-protein binding, which would explain why NEO100 loses 

its permeabilization effects. 
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Fig. S6. IA NEO100-mediated BBB disruption is correlated with lower levels of TJ 

proteins in vivo. To further confirm whether the NEO100-mediated BBB disruption is 

A 

B 
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correlated with the presence of TJ proteins within the BEC membranes, we used confocal 

microscopy to detect the three main proteins constituting the TJs: claudins, junction adhesion 

molecules (JAMs)5 and occludin, as well as the cytoplasmic scaffolding and adaptor protein 

zonula occludens 1 (ZO-1)6. Using antibodies that recognize the TJ proteins in their normal 

membrane-bounded tridimensional structure, we observed a significant decrease in the 

detected levels of claudin-5, JAM and ZO-1, confirming the effects observed in vitro that 

NEO100 delocalizes the TJ proteins in the BBB (Figure 1). (A) Representative images of the 

levels of claudin-5, JAM and ZO-1 in their normal membrane-bounded tridimensional 

structures are shown. (B) Bar graphs represent the average ± S.E.M. of at least three 

independent experiments. IA NEO100 decreased the levels of TJ proteins detected, 

compared to the untreated control. 
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Fig. S7. The delocalization of the tight junction (TJ) and accessory proteins levels caused 

by NEO100 is temporary and reversible. To determine whether the tight junction protein 

delocalization effect was reversible, BECs were treated for 4 h with vehicle or 1 mM NEO100. 

Subsequently, treatment was removed, and the cells were incubated for an additional 24 h. The 

figure shows representative western blots showing tight junction or accessory proteins levels in 

the membrane or cytoplasmic fractions 24 h after removal of the treatments. No changes in the 

membrane and cytoplasmic levels of the TJs and cytoplasmic accessory proteins were observed 

between NEO100 and vehicle-treated cells in this case. 
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Fig. S8. NEO100 does not cause an overall downregulation of tight junctions. A PCR array 

including 84 genes encoding for TJ proteins was performed in BECs treated with vehicle or 1 mM 

NEO100 for 24 h. The bar graphs show the genes whose expression was (A) downregulated or 
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(B) upregulated by ≥ 2-fold in NEO100-treated BECs (black bars) vs vehicle-treated cells (grey 

bars). (C) The scatter plot compares the normalized expression of every gene on the PCR array 

between vehicle and NEO100 1 mM-treated cells. The central line indicates unchanged gene 

expression. The dotted lines indicate the selected fold regulation threshold (≥ 2-fold 

increase/decrease). Genes upregulated are shown in yellow, genes downregulated in blue, and 

genes whose expression was not modified are shown in black. Considering a fold change ≥ 2, 

NEO100 modulated the expression of 43 out of 84 genes. However, most of the changes were 

in the 2-fold change, with only the genes encoding for catenin alpha 3 (CTNNA3, fold change = -

3.6970) and catenin beta 1 (CTNNB1, fold change = -18.0940) showing a more relevant 

downregulation with NEO100 (fold change >3). It could be interesting for future studies evaluating 

the effects of long-term treatment with NEO100, to determine whether these two proteins could 

be contributing to the BBB disruption, as both are known to have a role in the cell-cell adhesion, 

although they are mainly related to muscle cells (e.g. cardiomyocytes) rather that endothelial 

cells7,8. A similar situation occurred with the upregulated genes, where NEO100 caused a 

stronger upregulation of INADL (fold change = 3.1567), OCLN (fold change = 3.1848), EPB41 

(fold change = 4.6336), ARHGEF2 (fold change = 5.1869), CLDN16 (fold change = 8.7208), 

ICAM1 (fold change = 9.7392), ACTN2 (fold change = 9.8647), IGSF5 (fold change = 10.8820) 

and CLDN11 (fold change = 12.6129). Interestingly, NEO100 upregulated ARHGEF2, a gene 

that encodes the Rho/Rac guanine nucleotide exchange factor 2, a protein that activates Rho-

GTPases by promoting the exchange of GDP for GTP, stimulating Rho-dependent signals. This 

is in accordance with previous results from our laboratory showing that NEO100 activates RhoA, 

decreasing glioma stem cell invasion9.  
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Fig. S9. Table of dosage calculation for IA NEO100. On average, a mouse has about 7.8 mL 

of blood per 100 g of body weight 10. Therefore, if a mouse weighing 20 g would have a total 

blood volume (TBV) of approximately (7.8 mL/100 g) x 20 g = 1.56 mL. The total volume of 

NEO100 mixed in normal saline solution will be 40 μL, which will bring up 1.6 mL = 1.56 mL + 

0.04 mL in total. For instance, if IA (achieved with intracardiac injection in rodents) of 40 μL 0.3% 

NEO100 is administered, the final concentration of NEO100 in the circulation is 0.0075% (v/v), 

which is equal to 492 μM NEO100 in the blood circulation. The table shows the conversion of the 

different concentrations of NEO100 used in the study.  
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Fig. S10. IA NEO100 mediates the brain penetration of cytochrome C (cyt C, 885 Da). 

Cyt C is a small heme protein found loosely associated with the inner membrane of the 
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mitochondria, whose ability to reach the brain parenchyma and CSF is prevented by the 

BBB11. Representative confocal images are showing the IA NEO100-mediated brain 

penetration of a non-BBB permeable FITC-conjugated cyt C, compared to IV infusion of cyt 

C-FITC alone. No FITC fluorescence was detectable in the coronal brain sections of the 

animals treated with vehicle (IV 0.9% saline solution) as a negative control, IA NEO100 alone 

or IV FITC-cyt C alone. However, in the IA NEO100 + IV FITC-cyt C treated animals, the 

FITC-cyt C spreading inside the brain tissue was significantly enhanced over the basal levels. 

The bar graphs show the quantified fluorescence of cyt C-FITC (****p<0.0001). 
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Fig. S11. IA NEO100 permeabilizes the BBB and induces large molecule antibody brain 

entry in vivo. IA NEO100 mediates penetration of a larger molecule, anti-mouse IgG antibody, 

into the mice brains. (A) Representative confocal microscopy images show the spreading of a 

Texas Red rabbit anti-mouse IgG antibody administered with or without NEO100. Experimental 

C57BL/6 mice were divided into 6 groups: 1) normal control (untreated mice); 2) IA injection of 

40 µL Texas Red rabbit anti-mouse IgG antibody at the dose of 1 mg/kg; 3) IV injection of 40 µL 

Texas Red rabbit anti-mouse IgG antibody; 4) IA injection of 40 µL mixture of 0.3% NEO100 + 

Texas Red rabbit anti-mouse IgG antibody (at 1 mg/kg); 5) IA injection of 40 µL 0.3% NEO100, 

followed by immediate IV injection of 40 µL Texas Red rabbit anti-mouse IgG antibody (at 1 

mg/kg); and 6) IV injection 40 µL mixture of 0.3% NEO100 + Texas Red rabbit anti-mouse IgG 

antibody (1 mg/kg). IA NEO100 is capable of opening the BBB, allowing for Texas Red rabbit 

anti-mouse IgG antibody brain penetration and spreading. Unfortunately, IV NEO100 does not 

have any efficacy to disrupt the BBB and make it permeable into the brain. (B) Quantified Texas 

Red fluorescence data shows a significant (***p<0.001) difference between Texas Red rabbit 

anti-mouse IgG antibody given alone (either IV or IA) or with IA NEO100 IV.  IA 0.3% NEO100-

induced BBB opening led to an efficient delivery of the antibody, given either through IV 

application or co-delivered with NEO100 as a mixture administered IA. Howerver, IV application 

of a mixture of NEO100+antibody did not allowed the brain entry of the antibody.  
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Fig. S12. Procedure of ultrasound-guided intracardiac (IC) injection through left 

ventricle puncture to simulate the IA catheter cannulation in mouse animal model. The 

method is described in detail in the Supplementary Methods. (A-D) The photographs show 

different steps of the ultrasound-guided intracardiac puncture procedure. (A) Picture showing 

the normal left ventricle (LV) under the ultrasound. (B) Percutaneous puncture of 30G needle 

into the LV. (C) IC injection through the LV. (D) Normal heartbeat of the LV after the retraction 

of the needle. (E-F) Photographs showing the positioning of experimental mouse during the 

proposed procedures. (E) Stereotactic frame used to fix the mouse and to secure the 

ultrasound transducer, in the platform used to anchor the injection syringe for IC injection. (F) 

Ready-to-use IV catheter primed with normal saline solution inserted and fixed onto the tail 

vein for IV injection. 
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Supplementary Methods 

Cell isolation and culture 

Primary culture cells were isolated as described12, and used between passages 3-8. BECs 

were grown on 1% gelatin-coated flasks in EC medium2. Astrocytes were cultured in 

DMEM/F12 with Glutamax (Thermo Fisher Scientific) supplemented with 10% heat 

inactivated FBS (Omega Scientific Inc.) and 1% penicillin/streptomycin (Life Technologies). 

MDCK1 cells were a kind gift from Dr. Zea Borok (Keck School of Medicine, USC) and were 

cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% heat inactivated FBS 

and 1% penicillin/streptomycin. The mouse glioma cells, GL261 (a gift from Dr. Linda Liau, 

UCLA). Raji/Luc-GFP cells were a gift from Dr. Yvonne Y. Chen at UCLA13. Lym-1, a murine 

IgG2a monoclonal antibody generated by immunizing mice with nuclei isolated from Raji 

lymphoma cells were a gift provided by Dr. Alan Epstein (USC)14. These cells were cultured 

in RPMI-1640 supplemented with 10% dialyzed fetal calf serum (FCS) (Hyclone), 2% 

glutamine (Thermo Fisher Scientific) and 1% penicillin/streptomycin. 

Chemicals                                                                                   
 
The inert tracer Evan’s blue (EB) (Sigma-Aldrich) in sterile water was used at a 2% (v/v) 

concentration. Because of the high affinity of EB to serum albumin, both molecules remain 

bound in the blood circulation, as they cannot cross the BBB and penetrate inside the brain 

parenchyma under normal circumstances. When the BBB is compromised, the albumin-

bound EB is extravasated from the circulation into the brain, and blue color is observed within 

the brain parenchyma. D-mannitol (≥98%) powder was ordered from Sigma-Aldrich. 25% 

mannitol was reconstituted in 0.9% sodium chloride and warmed up at 37 ºC before 

procedures. NEO100 (chemical structure depicted in Supplementary Figure 1) was produced 

in compliance with current good manufacturing practice (cGMP) regulations by Norac Pharma 
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and was provided by NeOnc Technologies. NEO100 consists of a highly purified (≥99%) form 

of the natural monoterpene perillyl alcohol (POH) and is FDA-approved for human clinical 

trials. 

For in vitro experiments, NEO100 was dissolved in DMSO, and the same amount of DMSO 

was added to all conditions for vehicle control (final concentration in the cell culture medium 

below 0.5%). A table showing the conversion of volume (µL), % (v/v) and molar concentrations 

of the different dosages of NEO100 used in the in vivo studies has been included as 

Supplementary Figure 9.   

MTT cytotoxicity analysis 

The effects of NEO100 on cell cytotoxicity were tested using a standard MTT assay. Brieflt, 

1x104 cells/well were cultured overnight in 96-well plates. After the indicated treatments, 

formazan crystals were dissolved in DMSO and absorbance was measured at OD570-630 

using a FLUOstar Omega microplate reader.  

Flow cytometry studies 

The apoptotic and necrotic cell death was measured by flow cytometry using propidium iodide 

(PI)/annexin V-Alexa Fluor 488 following the manufacturer’s instructions. Briefly, following 4h-

treatment with 1 mM NEO100, cells were harvested, washed with cold PBS, and suspended 

in 1X annexin Binding Buffer at a concentration of 1×106 cells/mL. After the addition of annexin 

V and PI, cells were incubated at room temperature for 15 min in the dark, and an additional 

400μl of 1X binding buffer was added to each sample. Positive controls (+C) of cell death 

were obtained treating cells with 50% ethanol. 1x104 cells/sample were analyzed using a BD 

LSRII flow cytometer with the proper compensation controls and the FlowJo_V10 analysis 

software.   
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High-Performance Liquid Chromatography (HPLC) 

For in vitro studies, 100 µL of sample were mixed with 200 µL acetonitrile and filtered with a 

0.22 μm nylon filter (Nalgene). A 10 µL aliquot of filtrate was injected into a Shimadzu i-Series 

Plus Integrated HPLC System (Columbia) with an integrated photo-diode array detector 

(PDA). LabSolutions V5.87 SP1 software (Shimadzu, Columbia MD) was used for data 

acquisition and instrument control. The separation was performed using the Restek Roc C18 

column (10 x 4.6 mm x 3 μm) with a column temperature of 30 ºC for 30 min. The mobile 

phase consisted of acetonitrile+0.1% trifluoroacetic acid (TFA): water+0.1% TFA (pH 4.0) 

(40:60 v/v). Flow rate was 1.0 mL/min, and the analytes were detected at 210 and 217 nm 

(isocratic elution mode). 

For in vivo studies, 100 µL of extract from brain tissues or serum was mixed with 200 µL 

acetonitrile and filtered with a 0.22 μm nylon filter (Nalgene). A 10 µL aliquot of filtrate was 

injected into a Shimadzu i-Series Plus Integrated HPLC System (Columbia) with an integrated 

photo-diode array detector (PDA). LabSolutions V5.87 SP1 software (Shimadzu) was used 

for data acquisition and instrument control. The separation was performed using the Restek 

Roc C18 column (10 x 4.6 mm x 3 μm) with a column temperature of 30 ºC for 30 min. The 

mobile phase consisted of acetonitrile+0.1% trifluoroacetic acid (TFA): water+0.1% TFA (pH 

4.0) (40:60 v/v). Flow rate was 1.0 mL/min, and the analytes were detected at 210 and 217 

nm (isocratic elution mode). The chromatographic Analysis of MTX and the internal standard 

(IS), 1,3,7-trimethyluric acid (137U) was performed by using a Shimadazu Precision HPLC 

System equipped with a diode array UV-Vis detector (monitored at 307 nm). The separation 

procedure is the same as what we mentioned above. Representative chromatograms 

obtained from the analysis of blank serum, standard solution of MTX (1000 ng/mL) and the 

IS, blank serum spike with MTX (0.50 µM) and the serum sample of a mouse were used to 



 26 

validate the method. Samples ranging 20-2500 ng/mL were used to create a standard curve 

and LLoD was determined to be >15 ng/mL under these conditions. 

Microarray studies 

RNA was isolated using the RNeasy Plus Mini Kit (Quiagen), including a genomic DNA 

elimination step. cDNA was obtained with iScript Advanced cDNA Synthesis kit (Bio-Rad). 

RT-qPCR was performed using the RT² Profiler™ PCR Array Human Tight Junctions 

(Quiagen) with the PowerUp™ SYBR Green Master Mix (Thermo Fisher Scientific). Beta-2-

Microglobulin (B2M) was used for sample normalization.  

Ultrasound-guided intracardiac (IC) injection  

Once the mice were anesthetized using 2-3% isoflurane, the fur over the thorax area of the 

mouse was removed and placed in a supine position, securing both the upper and lower limbs 

with adhesive tape to avoid body movement. An electrocardiogram monitor was used during 

the procedure. The indicated concentrations of NEO100 + 2% EB (v/v) were loaded into a 1 

mL syringe with a 30G needle and the syringe was secured to the appropriate holder. The 

needle trajectory was adjusted using the ultrasound guidance, penetrating through the 

intercostal space, and left ventricle. 

IA catheter placement 

For IA catheter placement, the mouse was maintained motionless with i.p. ketamine and 

xylazine, then a midline incision in the neck was made. The common carotid artery (CCA) was 

carefully isolated and exposed, and two closely spaced knots were made; one permanently 

at the distal part of the external carotid artery (ECA). The other was used to secure the tubing 

inserted into internal carotid artery (ICA) via CCA. The ECA was cut using the micro-scissors 

between the knots, a PE-50 polyethylene catheter was inserted into the CCA. The catheter 
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tip was placed just above the bifurcation within the ICA. For IA mannitol, the mice were infused 

with 40-450 µL25% mannitol (pre-warmed to 37 ºC) at a rate of 0.7 mL/min via right CCA, 

then 40 µL 2% EB was given via the tail vein. For IA NEO100, 40 µL 3% NEO100 in saline 

was pushed in via the catheter in left CCA, then 40 µL 2% EB solution was given via the tail 

vein. Upon euthanasia, the clear CSF was aspirated through the cisterna magna. 
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