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Efficient brain targeting and therapeutic intracranial
activity of bortezomib through intranasal co-delivery with
NEO100 in rodent glioblastoma models
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OBJECTIVE Many pharmaceutical agents are highly potent but are unable to exert therapeutic activity against disor-
ders of the central nervous system (CNS), because the blood-brain barrier (BBB) impedes their brain entry. One such
agent is bortezomib (BZM), a proteasome inhibitor that is approved for the treatment of multiple myeloma. Preclinical
studies established that BZM can be effective against glioblastoma (GBM), but only when the drug is delivered via cath-
eter directly into the brain lesion, not after intravenous systemic delivery. The authors therefore explored alternative op-
tions of BZM delivery to the brain that would avoid invasive procedures and minimize systemic exposure.

METHODS Using mouse and rat GBM models, the authors applied intranasal drug delivery, where they co-administered
BZM together with NEO100, a highly purified, GMP-manufactured version of perillyl alcohol that is used in clinical trials

for intranasal therapy of GBM patients.

RESULTS The authors found that intranasal delivery of BZM combined with NEO100 significantly prolonged survival of
tumor-bearing animals over those that received vehicle alone and also over those that received BZM alone or NEO100
alone. Moreover, BZM concentrations in the brain were higher after intranasal co-delivery with NEO100 as compared to

delivery in the absence of NEO100.

CONCLUSIONS This study demonstrates that intranasal delivery with a NEO100-based formulation enables noninva-
sive, therapeutically effective brain delivery of a pharmaceutical agent that otherwise does not efficiently cross the BBB.

https://thejns.org/doi/abs/10.3171/2018.11.JNS181161
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faces several significant obstacles. Many drugs

that harbor excellent therapeutic potential are un-
able to unfold their activity against diseases of the brain,
because the blood-brain barrier (BBB) prevents brain en-
try from the systemic circulation after oral or intravenous
administration.!**® There are clinically available methods
to temporarily disrupt the BBB to allow the diffusion or
entry of therapeutic agents into the brain, such as BBB
opening by intracarotid injection of hyperosmotic solu-
tions (mannitol or arabinose) or chemical disruptors (bra-
dykinins, leukotrienes).?’ However, besides being invasive,
such injections harbor a number of serious risks, including
embolism, changes in cerebral fluid balance leading to va-

RELIABLE and effective drug delivery to the brain

sogenic brain edema, focal seizures, and transient neuro-
logical deficits.® As an alternative to BBB opening, some
other approaches circumvent the BBB obstacle altogether
by delivering a given drug via interventional catheters di-
rectly into the cerebrospinal fluid (CSF).! This procedure
is fraught with potential complications, including mistar-
geting, drug backflush, the need to replace catheters, intra-
operative complications, and infections.> Adding to these
drawbacks are high costs and inconvenience to patients.
As a result, there is a substantial medical need for effec-
tive, noninvasive, and well-tolerated drug-delivery meth-
ods that generate therapeutic drug concentrations in the
central nervous system (CNS), while minimizing systemic
toxicity.

ABBREVIATIONS BBB = blood-brain barrier; BZM = bortezomib; cGMP = current good manufacturing practice; CNS = central nervous system; CSF = cerebrospinal fluid;
GBM = glioblastoma; HPLC = high-performance liquid chromatography; IS = internal standard; MTT = methylthiazoletetrazolium; NEO100 = enriched perillyl alcohol manu-
factured under cGMP conditions; POH = perillyl alcohol; TMZ = temozolomide; USC = University of Southern California.
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Intranasal application of pharmacological agents has
recognized therapeutic potential and avoids many of the
above-described challenges to brain-targeted drug deliv-
ery. Its possible advantages include rapid nose-to-brain
transport that avoids the BBB, simple application with-
out invasive procedures, minimized systemic exposure,
and less drug inactivation by the liver.!'> While the exact
mechanisms underlying intranasal drug delivery to the
brain are not entirely understood, an accumulating body
of evidence demonstrates that pathways involving cranial
nerves (olfactory, trigeminal) connecting the nasal passag-
es to the brain and spinal cord are important. In addition,
pathways involving the vasculature, cerebrospinal fluid,
and lymphatic system (glymphatics) have been implicated
in the transport of molecules from the nasal cavity to the
CNS, and it is likely that a combination of these pathways
are responsible, although one pathway may predominate,
depending on the physicochemical properties of the thera-
peutic agent.*!!12

In the context of intracranial chemotherapy, studies
of methotrexate, raltitrexed, and 5-fluorouracil in rats
demonstrated that these antineoplastic agents could be
directly transported into the brain via the olfactory path-
way, resulting in significantly greater brain exposure than
intravenous dosing.>*#0 However, these studies did not
investigate any antitumor efficacy, and in general there is
a paucity of published reports on intranasal delivery as
a means of cancer chemotherapy.** A remarkable excep-
tion to this are reports of clinical phase I and II studies in
Brazil, where perillyl alcohol (POH), a naturally occur-
ring monoterpene, was successfully administered via in-
tranasal delivery to patients with malignant glioma.3-1° In
the United States, a standardized, highly purified, GMP-
quality version of POH, called NEO100, currently is being
evaluated in ongoing phase I/Ila studies that employ its
intranasal application to patients with recurrent glioblas-
toma (NCT02704858).

Based on the lipophilic and other physiochemical prop-
erties of POH/NEO100,’ we hypothesized that this com-
pound might also be suitable as an intranasal delivery ve-
hicle for brain-targeted co-transport of chemotherapeutic
agents that otherwise do not cross the BBB effectively. To
establish proof of principle of this concept, we decided to
use bortezomib (BZM), a proteasome inhibitor that is in
clinical use for multiple myeloma.*® BZM has been dem-
onstrated to have in vitro activity against glioma cells at
nanomolar concentrations.>?'%742 Its poor penetration of
the BBB is supported by a number of observations. For
example, the brain-to-blood ratio of BZM was found to
be 0.02 after administration of an intravenous bolus to
rats.”” In studies with orthotopic mouse brain tumor mod-
els, there was no therapeutic efficacy of BZM when it was
administered by a clinically relevant, i.e., intravenous,
mode of application,??# consistent with results from clini-
cal trials with recurrent malignant glioma patients, where
intravenous BZM did not reveal clinical activity.'>** In
stark contrast, BZM did exert significant therapeutic ac-
tivity when delivered by means of convection-enhanced
delivery directly into the brain tumor.*

In the current study with brain tumor—bearing mice
and rats, we investigated whether intranasal delivery of
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BZM in combination with NEO100 would be able to re-
sult in significant levels of these agents in brain and tumor
tissues and whether there was ensuing therapeutic activity.

Methods

Pharmaceutical Agents

Bortezomib was obtained from the pharmacy at the
University of Southern California (USC)/Norris Compre-
hensive Cancer Center and was dissolved in saline solution
at 2.5 mg/ml. NEO100 was produced in compliance with
current good manufacturing practice (cGMP) regulations
by Norac Pharma and was provided by NeOnc Technolo-
gies. It represents a highly purified (> 99%) form of the
natural monoterpene perillyl alcohol and is FDA approved
for human clinical trials.

Cell Culture

Human U251 glioblastoma cells (purchased from Sig-
ma-Aldrich), rat RG2 glioblastoma cells (American Tissue
Culture Collection), and mouse GL26 glioma cells (kind-
ly provided by Dr. Linda Liau, UCLA) were propagated
in DMEM supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 0.1 mg/ml streptomycin
in a humidified incubator at 37°C and a 5% CO, atmo-
sphere. All cell culture reagents were provided by the Cell
Culture Core Lab of the USC/Norris Comprehensive Can-
cer Center and prepared with raw materials from Cellgro/
MediaTech; FBS was obtained from Omega Scientific.

MTT Assay

Methylthiazoletetrazolium (MTT) assays were per-
formed as described earlier.® Briefly, 5000 cells per well
were seeded into 96-well plates. The next day, BZM (or
solvent alone) was added, and 48 hours later the MTT as-
say was performed according to the manufacturer’s pro-
tocol (MilliporeSigma). Absorbance was measured using
a microtiter plate reader (Molecular Devices) at 560 nm.
Percent viability was calculated relative to vehicle-treated
control cells. All experiments were performed at least in
triplicate.

Intracranial Tumor Cell Implantation

All animal protocols were approved by the institutional
animal care and use committee of USC, and all rules and
regulations were followed during experimentation on ani-
mals. Animals were purchased from Harlan Inc. Human
U251 cells (2 x 10° cells in 5 ul) were implanted into athy-
mic, 6- to 8-week-old nude mice (immunodeficient xeno-
graft model). As immunocompetent syngeneic models,
we used 6- to 8-week-old C57BL/6 mice implanted with
mouse GL26 cells and 4- to 6-week-old Fisher 344 rats
implanted with rat RG2 cells (0.5-1 x 10* cells in 5 ul). In
all cases, tumor cells were placed orthotopically (into the
frontal lobe) as described earlier.® Buprenorphine-SR was
used for postoperative analgesia.

Intranasal Drug Delivery

Intranasal administration of drugs was performed with
3/4-inch-long 24-gauge plastic SurFlash intravenous cathe-



ters (Terumo Corp.) attached to a 1-ml syringe. For mice, a
total volume of 20 ul was slowly applied to alternating nos-
trils over the course of 5 minutes; for rats, a volume of 50
ul was given over 20 minutes. For pharmacokinetic mea-
surements, a single dose was applied. For determination of
therapeutic impact (survival studies), intranasal treatment
was administered once daily for 14 consecutive days, fol-
lowed by 7 days without treatment. After these 3 weeks, the
treatment cycle was repeated. For comparison purposes,
BZM was also given via intravenous injection. In this case,
we followed the standard clinical schedule of twice-weekly
injections (tail vein) over the course of 2 weeks, followed
by a 10-day rest period. In all therapeutic studies, the over-
all dose of BZM was 1 mg/kg for each cycle.

Collection of CSF From the Experimental Animals

Upon euthanasia (ketamine plus xylazine overdose, fol-
lowed by thoracotomy), the rat’s head was fixed in a ste-
reotaxic instrument in the horizontal plane, with the rest
of the body lying vertically, forming a 90° angle between
the body and the head. A 26-gauge needle was inserted
through the reservoir between the occipital protuberance
and the spine of the atlas. Approximately 100 ul CSF was
withdrawn from each animal. Three independent samples
were collected from different time points and analyzed for
BZM content by high-performance liquid chromatogra-
phy (HPLC).

Serum Analysis

At the completion of the experiment, animals were eu-
thanized (as above) and at least 100 ul blood was collected
into K,EDTA-coated BD Vacutainer tubes (Becton Dick-
inson). Tubes were gently inverted 8—10 times, followed
by centrifugation at 2000 rpm for 3 minutes. The plasma
was then frozen at —80°C and sent to MicroConstants Inc.
for analysis.

Brain Tissue Analysis

Immediately following euthanasia, rat brains were col-
lected, separated into 5 anatomical regions, and weighed.
These regions (R) contained the following structures:
R1—cerebrum, putamen, lateral ventricles, olfactory bulb
(tract); R2—thalamus, hypothalamus, third ventricle, op-
tical nerves; R3—midbrain and mesencephalic aqueduct;
R4 —pons, fourth ventricle, and cerebellum; and R5—me-
dulla oblongata and spinal cord.

Bioanalysis of NEO100 and lts Perillic Acid Metabolite

For NEOI100 analysis, rat plasma (in K,EDTA antico-
agulant) and brain homogenate samples were extracted in
dichloromethane; 4-isopropylbenzyl alcohol served as the
internal standard (IS). The drug and IS were then oxidized
into their respective aldehydes and subsequently deriva-
tized. Perillaldehyde, if present, was not distinguished
from perillyl alcohol. The extracts were analyzed by
HPLC using an ACE 5 C18-AR column (Macmod). The
mobile phase was nebulized using heated nitrogen in a Z-
spray source set to positive ionization mode. The ionized
compounds were detected using tandem mass spectrom-
etry (MS/MS).
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For PA analysis, rat plasma and brain homogenate sam-
ples were precipitated with acetonitrile and derivatized into
an amide; 4 isopropylbenzoic acid was the IS. The extracts
were analyzed by HPLC using an Allure Biphenyl column
(Restek). The mobile phase was nebulized using heated ni-
trogen in a Z-spray source set to positive ionization mode.
The ionized compounds were detected using MS/MS.

Pharmacokinetic Analysis of BZM

Brain tumor tissues and contralateral normal brain tis-
sues from BZM-treated rats were homogenized according
to standard protocols for HPLC analysis.*® In brief, the tis-
sues were homogenized with 10 mM ammonium acetate
and centrifuged at 14,000 rpm for 20 minutes at 4°C. The
supernatants were collected and stored at —80°C for sub-
sequent analysis. Samples were passed through a 3-kDa
molecular weight cutoff centrifuge filter prior to analysis.
HPLC was performed on a Shimadzu i-Series Plus system
(Shimadzu) with analysis carried out using a Restek Roc
C18 column with a linear gradient of 5%—95% acetonitrile
over 15 minutes. BZM was detected using a diode array
detector focusing on a wavelength of 230 nm.

HPLC Analysis of BZM in CSF and Serum

Samples from CSF and serum were prepared for analy-
sis by centrifugation at 14,000g for 20 minutes, followed
by 4-kDa molecular weight filtration through a nylon fil-
tration unit. The filtrate was placed in auto-sampler vial
instrumentation: The mobile phase was a mixture of
mobile phase A (water-acetonitrile—trichloroacetic acid,
95:5:0.1, v/v/v) and phase B (water-acetonitrile—trichloro-
acetic acid, 5:95:0.1, v/v/v). A gradient elution was applied
with the following program: 2 minutes with 95%A:5%B;
10-minute linear gradient to 95%B at a flow rate of 1.0 ml/
min. Detection was monitored at a wavelength of 268 nm.
The injection volume was 10 ul.

Stability Testing of BZM in NEO100

BZM was placed into a solution of 0.3% NEO100. An
aliquot was immediately removed and placed in a sample
vial. The remaining solution was placed in a 37°C incuba-
tor with aliquots being removed at different time points up
to 24 hours. The samples were analyzed for the presence
of BZM using the described analysis method, with 3 runs
for each sample; 100% BZM was set at the mean of 3 time
Zero measurements.

Statistical Analysis

Animal survival data were plotted using the Kaplan-
Meier method. One-way ANOVA was used for the over-
all test for differences. Pairwise comparisons were per-
formed using the Tukey method of adjusting for multiple
comparisons. Log-rank (Mantel-Cox) test was applied for
the comparison of survival curves. A statistical evaluation
result of p < 0.05 was considered significant.

Results

BZM is known to exert cytotoxic activity in multiple
myeloma and a few other tumor cell lines in the low mi-
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FIG. 1. Cytotoxic potency of BZM against glioma cell lines. Three differ-
ent established glioma cell lines derived from mouse (GL26), rat (RG2),
and human (U251) were seeded into 96-well plates and exposed to
different concentrations of BZM. After 48 hours, standard MTT assay
was performed to determine viability of cells. Percent survival was de-
termined as compared to vehicle-treated cells (n = 3, mean + SD [error
bars]).
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cromolar range in vitro.'*21-2432 We investigated its in vitro
potency against established glioma cell lines derived from
mouse (GL26), rat (RG2), and human (U251). We estab-
lished that BZM was able to kill these tumor cells at ICs,
values of 20 nM, 18 nM, and 13 nM, respectively (Fig.
1), indicating that the observed high BZM sensitivity of
these cells would be suitable for our subsequent in vivo
investigations.

Because our objective was to characterize NEO100-
mediated intranasal drug delivery as an effective means
to target BBB-impermeable drugs to the brain, we first de-
termined the concentration of NEO100 in different parts
of the brain. NEO100 was administered into the nostrils of
rats and their brains were collected and dissected at differ-
ent time points thereafter. Tissue concentrations of POH,
as well as its main metabolic product, perillic acid, were
determined by mass spectrometry. As shown in Fig. 2A,
POH was readily and rapidly detectable in all sections of
the brain within 5 minutes after completion of NEO100
delivery. Its presence was short-lived, with a rapid drop in
its tissue concentrations at 15 minutes, and complete dis-
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FIG. 2. Concentrations of perillyl alcohol and perillic acid in rat brain. At different time points after intranasal delivery of NEO100
to Fisher rats, brains were collected for analysis. Two animals were used for each time point. A: One brain was used to determine
POH concentrations in different brain regions (R1-R5; see schematic). B: The second brain was used to determine overall POH
concentrations, as well as concentrations of its metabolite perillic acid.
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FIG. 3. Concentrations of BZM in rat brain. A: Three rats received BZM via bolus tail vein injection. After 1 hour, serum and brains
were collected. Tissue concentrations of BZM were determined as described in Methods. B: Rats with intracranially implanted
RG2 glioma cells were administered with intranasal BZM in the presence or absence of NEO100. At different times thereafter, 3
animals per time point were euthanized. Their brains were collected and separated into tumor tissue and normal tissue (contralat-
eral hemisphere). BZM concentrations were analyzed. Means and SDs (error bars) are shown.

appearance at 60 minutes after drug delivery, consistent
with POH’s known very short in vivo half-life.’ In com-
parison, perillic acid was present for much longer. It could
be detected at each time point investigated, i.e., at 5, 15,
30, and 60 minutes after completion of intranasal delivery
of NEO100 (Fig. 2B). Altogether, these data provide the
first direct evidence that POH is present in the brain after
intranasal application.

Having established that POH is able to enter the brain
after nasal delivery, we next investigated nasal co-delivery
of BZM together with NEO100 in rats with syngeneic, or-
thotopically implanted glioma cells. Rats were implanted
with RG2 cells into the left brain hemisphere, and after
3 weeks nasal drug delivery was performed. Animals re-
ceived BZM alone or BZM formulated in 0.3% NEO100
into their nostrils, and tumor tissue and contralateral nor-
mal brain were collected at different time points thereaf-
ter, from O minutes (immediately after completion of nasal
delivery) up to 60 minutes. For comparison purposes, we
also determined brain entry of BZM after systemic (in-
travenous via tail vein) drug delivery to rats. Figure 3A
shows that BZM concentrations in the brain were more
than 100-fold lower than BZM concentrations in serum,
confirming that BZM indeed crosses the BBB very poorly.
In comparison, brain BZM levels were much higher after
intranasal delivery: As shown in Fig. 3B, BZM was detect-
able both in tumor tissue and in normal brain at all time
points analyzed. At time O (i.e., immediately after intra-
nasal delivery), the amount of BZM in both tissues was
about 3 times greater when BZM was co-delivered with
NEOI100, as compared to nasal BZM administration in the
absence of NEO100. At subsequent time points (5, 15, 30,
and 60 minutes after nasal delivery), co-delivery yielded
higher BZM levels as well, although the difference was
smaller (from 1.0-fold to 2.2-fold). These data indicate
that intranasal delivery, particularly in combination with
NEOI100, can achieve much higher brain concentrations of
BZM, as compared to intravenous delivery.

We next determined whether nasal co-delivery of
BZM with NEO100 would achieve therapeutic outcomes
in an orthotopic mouse xenograft model, where human
U251 cells were implanted into the brains of athymic
nude mice. These animals received nasal delivery of
BZM, with or without NEO100 coformulation, or intra-
venous BZM, also either alone or together with NEO100.
Control mice received vehicle alone. As shown in Fig.
4A, intravenous drug delivery did not result in therapeu-
tic activity, i.e., it did not significantly extend survival of
brain tumor—bearing animals over those that received ve-
hicle alone. This was true for both modes of drug deliv-
ery, BZM alone and BZM combined with NEO100, and
was consistent with reports by others?># that intravenous
BZM is unable to exert significant therapeutic efficacy af-
ter systemic delivery. In contrast, when BZM was formu-
lated with NEO100 and delivered through the nose, there
was a significant extension of survival of treated animals
over those that received vehicle alone, BZM alone, and
NEOI100 alone (Fig. 4B). The median survival of these
groups of mice was 23 (vehicle), 27 (NEO100), 31 (BZM),
and 41 days (NEO100 + BZM). Compared to vehicle, the
4-day extension of survival by NEO100 was not statisti-
cally significant (p = 0.08), whereas the 8-day extension
by BZM (p = 0.037) and 18-day extension by NEO100
+ BZM (p = 0.002) represented significant differences.
As well, in comparison to treatments with the individ-
ual components, the combination treatment of NEO100
+ BZM was superior to BZM alone (p = 0.033) and
NEOI100 alone (p = 0.02). Combined, these results pro-
vide proof of principle that the lack of therapeutic activity
of BZM against brain-localized tumors can be overcome
if BZM is formulated with NEO100 and administered via
the nose.

We also performed a small-scale pharmacokinetic
study to determine the extent of BZM penetration into the
CNS. We measured the concentration of BZM in CSF and
serum after intranasal delivery of BZM with or without
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FIG. 4. Effect of intranasal BZM plus NEO100 on survival of tumor-bear-
ing mice. Human U251 GBM cells were implanted into the brains of athy-
mic nude mice. Ten days after implantation, the animals were separated
into different groups (5 animals per group) and treated with vehicle or
drugs. Shown here are Kaplan-Meier survival curves. A: Animal survival
in response to intravenous (V) delivery of vehicle, BZM, or BZM plus
NEO100. B: Animal survival in response to intranasal (IN) delivery of
vehicle, BZM, NEO100, or BZM plus NEO100. In all cases, the dosage
of BZM was 1 mg/kg per cycle, and the concentration of NEO100 was
0.3%. Animals were monitored for behavioral signs of neurological toxic-
ity, which is also relevant in view of BZM’s known neurotoxic potential.?
Such signs emerged on occasion in a few animals but were aligned with
late-stage intracranial tumor growth, not with BZM treatment. Figure is
available in color online only.

Percent Survival

NEOI100. As shown in Fig. 5A, at both time points studied
(5 and 60 minutes after intranasal delivery), BZM concen-
trations in CSF were about 10-fold higher when co-deliv-
ered with NEO100 than when delivered without NEO100
(p < 0.0001). In comparison, BZM levels in serum were
approximately the same with or without NEO100. This
obvious differential between the CSF ratio and serum ra-
tio has relevant implications with regard to potential direct
nose-to-brain transport (see Discussion).

Lastly, we addressed the question whether NEO100
would affect the stability of BZM, and this way perhaps
affect the differential readouts and therapeutic outcomes
described above. BZM was incubated at 37°C in the pres-
ence or absence of NEOI100 in vitro, and BZM concentra-
tions were measured at times 0, 4, and 24 hours. As shown
in Fig. 5B, BZM remained stable during this incubation
period, i.e., BZM concentrations at all 3 time points were
fairly similar, indicating that the presence of NEO100 did
not affect BZM stability or turnover.
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Discussion

A large number of potent therapeutic agents are unable
to unfold their benefits against disorders of the brain, be-
cause the BBB minimizes or completely blocks their brain
access from the systemic circulation. While there are many
therapeutics against peripheral diseases, there is a paucity
of effective agents for central disorders. This detrimental
situation is particularly evident in the case of malignant
glioma, for which only one new chemotherapeutic agent,
temozolomide (TMZ), has been added to clinical practice
since the turn of the millennium. And even in this encour-
aging example, the BBB interferes with optimal outcomes:
the ratio of drug concentrations between the cerebrospi-
nal fluid (CSF) and patient plasma is 0.2, meaning that
only a fraction of systemically available TMZ enters the
brain.?®?” Not surprisingly, the ensuing therapeutic ben-
efit is limited; in a landmark phase III clinical trial with
selected, well-performing patients, the addition of TMZ
extended median survival by only 2.5 months, from 12.1
to 14.6 months.’® While this relatively small improvement
was generally considered as a major breakthrough, it also
reflects the low bar of expectations and underscores the
urgent need for greater advancements in this field.

In the current preclinical study, we provide evidence
that nasal delivery can achieve chemotherapeutic drug
concentrations in the brain that are sufficiently high to ex-
ert significant activity of a drug that otherwise crosses the
BBB only poorly. We chose BZM as a model compound
because of indications that it might exert activity against
glioblastoma (GBM), if only it could gain greater access to
the intracranial tumor site. For instance, prior reports had
detailed BZM’s ability to kill GBM cells in vitro,>2!-3742
or in in vivo models where the brain tumor cells were im-
planted subcutaneously,* or in an orthotopic model where
the drug was delivered directly into the tumor by catheter
placement.*’ On the other hand, BZM did not unfold its
therapeutic impact against intracranial GBM when deliv-
ered systemically, i.e., via intravenous delivery,* which is
also observed in our mouse model (Fig. 4A).

In stark contrast, we find that switching to intranasal
delivery resulted in significant therapeutic benefit of BZM
for animals with orthotopic GBM (Fig. 4B). While nasal
delivery of BZM alone yielded promising activity in itself,
the greatest effect was achieved when it was formulated
with 0.3% NEOI100. The underlying principle of this en-
hancement is currently under investigation, and there are
at least 2 conceivable scenarios. First, it is possible that
mixing BZM with NEOI0O created a combination effect,
where both agents contributed to the killing of tumor cells.
This model would be consistent with a large number of
reports that demonstrated anticancer activity of POH in a
variety of experimental conditions and the clinical setting
(see detailed references in the 2015 article by Chen et al.).
Second, it is possible that NEO100 acts as a vehicle that
carries along BZM on its way from the nose to the brain.
This co-transport might be facilitated by the amphipathic
nature of POH and the close proximity of the 2 compo-
nents. While the veracity of either of these 2 mechanisms
awaits validation, the fact remains that we have docu-
mented intracranial and CSF presence (Figs. 3 and 5) and
activity (Fig. 4) of BZM after intranasal BZM, which was
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FIG. 5. BZM content in CSF versus serum and stability. A: Six rats per time point were treated with intranasal BZM (3 with co-
administered NEO100, 3 with vehicle). CSF and serum were collected, processed, and analyzed for BZM content. B: BZM was
mixed with 0.3% NEO100, or vehicle only, and incubated at 37°C. Aliquots were removed and processed at different times, as
indicated, to measure BZM content. Starting concentration of BZM was set at 100%. Shown in both figure parts are the means of

the triplicate samples and the standard errors (error bars).

significantly increased when the drug was co-delivered
with NEO100.

The limitations of our study include the model system
used. As is well known,!”!® the anatomy of the nasal cav-
ity of rodents—in particular, the relative surface area of
the olfactory epithelium and vascularization of the nasal
lining—is quite different from that of humans. It therefore
is not entirely clear how well this co-delivery approach
can be translated from our rodent studies to the clinic.
However, an optimistic view will consider that the general
concept of intranasal, brain-targeted delivery is support-
ed by encouraging results obtained in clinical trials with
other agents. For example, intranasal insulin has resulted
in measurable beneficial effects in patients with Alzhei-
mer’s disease.’! A clinical study with healthy volunteers
provided support for direct nose-to-brain transport of oxy-
tocin, independent of blood absorption.?® And, as detailed
further above, perillyl alcohol on its own has revealed
brain-targeted activity after intranasal delivery to patients
with recurrent GBM.3-1° It therefore does not seem unrea-
sonable to opine that the principle of NEO100-mediated
co-delivery could be translatable to humans.

In general, a variety of direct and indirect transport
routes are potentially available to carry intranasal BZM
to the brain.'"'? For instance, BBB-permeable agents that
are administered intranasally by nasal sprays may enter
the systemic circulation via uptake by the vasculature of
the nasal lining or the lung epithelium, or to a lesser extent
through postnasal drip into the stomach and transmission
to the portal vein. Once present in the general circula-
tion, traversing the BBB will constitute the predominant
mechanism of brain entry for such agents. In contrast, in
the case of BZM/NEOIOO intranasal co-delivery, direct
nose-to-brain transport appears to represent the primary
mechanism of drug brain entry. This conclusion is based
on our following observations: 1) Intravenous delivery of
BZM, with or without NEO100, does not result in thera-
peutic impact on brain-localized tumors (Fig. 4A), indicat-
ing lack of sufficient brain entry from the systemic cir-
culation. This is consistent with a BZM brain/serum ratio
of only 1% (Fig. 3A). 2) Intranasal co-delivery of BZM +
POH exerts significant brain-targeted anticancer activity

(Fig. 4B). Importantly, under these treatment conditions,
the presence of NEOI0O creates a 10-fold increase in
BZM concentrations in the CSF, but not in the serum (i.e.,
BZM concentrations in the serum are the same, irrespec-
tive of the presence of NEO100) (Fig. 5A). This latter ob-
servation argues against a model in which serum levels of
BZM are decisive (despite their significant amounts), but
instead poses direct nose-to-brain transport as the critical
component of POH-mediated brain entry of BZM. While
we did not investigate further details of this latter route,
it is likely that neuronal transport mechanisms (olfactory,
trigeminal'”) might be involved.

Conclusions

In summary, we are providing proof of principle that
a pharmacological agent with poor BBB penetration can
effectively be delivered to the brain via intranasal deliv-
ery, and that this effect can be further optimized by us-
ing NEO100 as a component of the formulation. It will be
important to determine whether this noninvasive principle
of nose-to-brain transport can be expanded to enable the
NEOI100-based delivery of other brain-targeted agents
with poor BBB penetration. Further validation of this new
approach will set the stage for broader applications beyond
cancer, potentially addressing other disorders of the brain,
such as neurological diseases or drug abuse conditions.
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