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OBJECTIVE Diffuse midline gliomas, including diffuse intrinsic pontine gliomas (DIPGs), are among the most malignant
and devastating childhood brain cancers. Despite aggressive treatment, nearly all children with these tumors succumb
to their disease within 2 years of diagnosis. Due to the anatomical location of the tumors within the pons, surgery is

not a treatment option, and distribution of most systematically administered drugs is limited by the blood-brain barrier
(BBB). New drug delivery systems that bypass the BBB are desperately needed to improve outcomes of DIPG patients.
Intranasal delivery (IND) is a practical and noninvasive drug delivery system that bypasses the BBB and delivers the
drugs to the brain through the olfactory and trigeminal neural pathways. In this study, the authors evaluated the efficacy
of nanoliposomal (LS) irinotecan (CPT-11) and an active metabolite of CPT-11, 7-ethyl-10-hydroxycamptothecin (SN-38),
using IND in DIPG patient-derived xenograft models.

METHODS In vitro responses to LS-CPT-11 and LS-SN-38 in DIPG cells were evaluated with cell viability, colony forma-
tion, and apoptosis assays. The cellular uptakes of rhodamine-PE (Rhod)-labeled LS-CPT-11 and LS-SN-38 were ana-
lyzed with fluorescence microscopy. Mice bearing DIPG patient-derived xenografts were treated with IND of LS-control
(empty liposome), LS-CPT-11, or LS-SN-38 by IND for 4 weeks. In vivo responses were measured for tumor growth by
serial bioluminescence imaging and animal subject survival. The concentration of SN-38 in the brainstem tumor adminis-
tered by IND was determined by liquid chromatography-mass spectrometry (LC-MS). Inmunohistochemical analyses of
the proliferative and apoptotic responses of in vivo tumor cells were performed with Ki-67 and TUNEL staining.
RESULTS LS-SN-38 inhibited DIPG cell growth and colony formation and increased apoptosis, outperforming LS-
CPT-11. Rhod-labeled LS-SN-38 showed intracellular fluorescence signals beginning at 30 minutes and peaking at 24
hours following treatment. LC-MS analysis revealed an SN-38 concentration in the brainstem tumor of 0.66 + 0.25 ng/ml
(5.43% % 0.31% of serum concentration). IND of LS-SN-38 delayed tumor growth and significantly prolonged animal sur-
vival compared with IND of LS-control (p < 0.0001) and LS-CPT-11 (p = 0.003). IND of LS-SN-38 increased the number
of TUNEL-positive cells and decreased the Ki-67-positive cells in the brainstem tumor.

CONCLUSIONS This study demonstrates that IND of LS-SN-38 bypasses the BBB and enables efficient and noninva-
sive drug delivery to the brainstem tumor, providing a promising therapeutic approach for treating DIPG.
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of high-grade gliomas in the midline area of the

brain.! Of these, the most malignant and devas-
tating glioma arising in the pons is diffuse intrinsic pon-
tine glioma (DIPG). DIPG is the most rapidly fatal DMG,
with a median survival of only 9-12 months from diagno-
sis.>? The dismal prognosis of these patient is associated
with an infiltrative growth pattern in a vital area of the
brain (brainstem), which prevents resection and impairs
radiotherapy targeting. Moreover, the presence of the
blood-brain barrier (BBB) impedes effective distribution
of systemically administered chemothrapy.* While some
systemically administered small molecules reach the
brain through the BBB, high doses are required for treat-
ment effects, which can induce substantial toxicity.** Lo-
cal drug delivery to the brain tumor using intraventricular
or intraparenchymal injections (e.g., convection-enhanced
delivery) is invasive, has substantial surgical risks, and is
expensive.-® Additional limitations of these local drug de-
livery methods are insufficient parenchymal penetration
due to slow diffusion from the infusion site and rapid CSF
flow and absorption.’~!' The development of new therapeu-
tic approaches that facilitate drug delivery while bypass-
ing the BBB and eliminating the surgical risks of direct
drug delivery is a great need to improving outcomes for
DIPG patients.

Intranasal delivery (IND) is a practical and noninva-
sive method of drug delivery to the brain that bypasses
the BBB through the unique anatomical connections
between the nasal mucosa and brain.*!>-!> Drugs admin-
istered by IND are distributed within minutes to the su-
pratentorial brain along with the olfactory nerve and to
the infratentorial brain along with the trigeminal nerve.
These extracellular pathways through perineural and peri-
vascular channels deliver the drugs to the brain without
using any receptors or relying on axonal transportation.'
Other benefits of IND are the avoidance of drug metabo-
lism in the liver, which reduces unwanted systemic toxic-
ity, and convenient self-administration for patients, which
is important when multiple doses are required in treating
a brain tumor. IND is a potential alternative to systemic
(intravenous) or direct invasive (intraventricular, convec-
tion-enhanced delivery) drug delivery for the treatment
of brain tumors.""'>!* This technique has been used for
delivering many chemotherapeutic agents and has shown
promising results in the treatment of human brain disor-
ders and rodent brain tumor without systemic toxicity.
IND of temozolomide (NCT04091503) and perillyl alco-
hol (POH; NCT02704858)'°-'® has been tested in clinical
trials for adult patients with glioblastoma. We have pre-
viously shown that IND of GRNI163, an oligonucleotide
telomerase inhibitor, inhibited intracranial tumor growth
and prolonged the survival of rats bearing orthotopic hu-
man brain tumors without harming the healthy normal
brain tissues.!*2°

The effectiveness of IND for certain therapeutic roles
can be increased by using nanoliposomal (LS) drug car-
riers, which provide stable encapsulation for the agents,
improving solubility and bioavailability.?"->* LS formula-
tions provide greater brain penetration due to the lipo-
some-mediated protection of the entrapped agents from
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enzymatic degradation and clearance from the brain.?*»
We have recently shown the antitumor activity of an LS
formulation of irinotecan (CPT-11), an inhibitor of DNA
topoisomerase I, by IND in human brainstem xenograft
models.?® IND of LS-CPT-11 had an increased survival
benefit relative to IND of LS-control (empty liposome).
However, IND of LS-CPT-11 showed only modest activ-
ity in vivo due to the limitation of hepatic metabolism
of CPT-11 to its active metabolite SN-38 (7-ethyl-10-hy-
droxycamptothecin), which exerts 1000 times stronger
cytotoxic activity than CPT-11.272% LS-SN-38 largely in-
creases the solubility of SN-38, of which the low solubility
is one of the major hurdles to its clinical application. In
addition, compared with its prodrug version LS-CPT-11,
LS-SN-38 has an improved pharmacodynamic profile, in
parallel with safety and efficacy profiles.>* In the present
study, we utilized LS-SN-38 as a model drug to establish
an efficient and noninvasive drug delivery approach, IND,
for treating DIPG using an intracranial patient-derived xe-
nograft (PDX) model.

Methods

Cell Sources

The primary human DIPG cell line SF8628 was ob-
tained from the University of California, San Francisco
(UCSF) Medical Center. The SF8628 cell line was es-
tablished from a surgical specimen and modified to ex-
press firefly luciferase for in vivo bioluminescence imag-
ing.$263132 The HSJD-DIPG-007 cell line (DIPG-007) was
a kind gift from Dr. Angel Montero Carcaboso (Hospital
Sant Joan de Déu, Barcelona, Spain). SF8628 cells were
cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) and nonessential amino acids (11140-050)
from Thermo Fisher. DIPG-007 cells were grown adher-
ently in tumor stem medium base consisting of neurobasal-
A medium, DMEM/F-12 medium, HEPES buffer, sodium
pyruvate, MEM nonessential amino acids, GlutaMAX-I
supplement, antibiotic-antimycotic, B-27 supplement mi-
nus vitamin A from Thermo Fisher, epidermal growth
factor and fibroblast growth factor (Shenandoah Biotech),
platelet-derived growth factors A and B (Shenandoah Bio-
tech), 0.2% heparin (STEMCELL Technologies), and 5%
FBS. Cell sources were authenticated by short tandem
repeat profiling using the Powerplex 16HS system (Pro-
mega). Freedom from Mycoplasma infection was verified
with the Mycoplasma detection kit (Invitrogen).

LS Agents

LS-control (empty liposome), LS-CPT-11, and LS-
SN-38 were generated using a thin film rehydration
method at a dose of 1 mg/ml for each drug. Briefly,
1,2-dioleoyl-sn-glycero-3-phosphocholine,  1',3"-bis[1,2-
dioleoyl-sn-glycero-3-phospho]-glycerol, cholesterol, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] were mixed in chlo-
roform at a molar ratio of 55:10:30:5. Drugs dissolved in
chloroform/methanol (4:1) were added into the mixture of
lipids at a lipid/drug molar ratio of 10:1. To track the dis-
tribution of liposomes, LS formulations contained 1,2-di-
oleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
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rhodamine B sulfonyl)-phospholipid phosphatidylethanol-
amine (Rhod) at a molar ratio of 0.5%. Chloroform was
evaporated using a rotary evaporator (Buchi), and dried by
vacuum for 4 hours. Dulbecco’s phosphate-buffered saline
was added to the formed thin film for 4 hours for hydra-
tion. The thin film was suspended by vortex to obtain an
opaque solution. The solution was further homogenized
using an ultrasonic homogenizer (BioLogics) on ice.

Cell Viability and Colony Formation Assays

Cell viability was analyzed using the CellTiter 96
AQ,...s One Solution cell proliferation assay (Promega).
Tumor cells were seeded in 96-well plates, at 2000 cells
per well, and cultured in the presence of 0-2.0 uM free
drugs and LS-CPT-11 or LS-SN-38 for 72 hours, with
quadruplicate samples for each incubation condition. The
50% growth inhibition concentration (ICs,) values were
calculated using nonlinear least-squares curve fitting. In-
hibitor proliferation effects were determined using a cell
viability assay on days 1, 2, 3, 4, and 5 in the presence of
LS-control or LS-CPT-11 (5 nM) and LS-SN-38 (5 nM),
with triplicate samples for each incubation condition. For
colony formation assays, 300—1000 cells were seeded in
60-mm plates (or 6-well plates) and then treated with ad-
ministration of LS-control or ICs, values of LS-CPT-11 or
LS-SN-38 for 72 hours. After 2 weeks, cells were stained
with 0.05% crystal violet and colonies were counted. Val-
ues shown are the averages (means + standard deviations)
from triplicate samples for each condition.

Apoptosis Assay

To evaluate whether treatments induced apoptosis, tu-
mor cells were treated with LS-control, LS-CPT-11, or
LS-SN-38 for 72 hours. Cells were stained with propid-
ium iodide (PI) staining solution and fluorescein isothio-
cyanate (FITC)—annexin V by use of the BD Pharmingen
FITC Annexin V Apoptosis Detection Kit I (BD Biosci-
ences) and sorted using flow cytometry (BD LSRFortessa
Analyzer cytometer). The ratio of apoptotic cells (annexin
V positive and annexin V+PI double positive) was calcu-
lated using FlowJo software (version 10.5).

In Vitro Cellular Uptake and Distribution

SF8628 cells were treated with Rhod-labeled LS-SN-38
and LS-CPT-11 in 6-well plates. The cells were imaged
with a fluorescent microscope at 0.5, 3, 6, and 24 hours
after treatment for the evaluation of cellular uptake and
intracellular localization.

Xenograft Models

Six-week-old female athymic mice (rnu/rnu genotype,
BALB/c background) were obtained from Envigo and
maintained under pathogen-free conditions. Luciferase-
modified SF8628 cells were implanted into the pons of
athymic mice as described previously.®26332 Briefly, a
100,000-cell/ul suspension was injected into the pontine
tegmentum at a depth of 5 mm from the inner base of
the skull using a 26-gauge Hamilton syringe (Hamilton
Company). All procedures were performed under sterile
conditions.
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All animal experiments were approved by the North-
western University Institutional Animal Care and Use
Committee (IACUC).

Intranasal Delivery

IND was conducted as previously described.'2® Briefly,
mice were anesthetized with 2.5% isoflurane and placed
in a supine position in an anesthesia chamber. Drops (3
ul) containing LS-control, LS-CPT-11, and LS-SN-38
were administered with a pl0 pipette tip every 2 minutes
into each naris for a total volume of 30 uL (30 ug) of an
LS drug each session. Mice were kept in a supine position
during the administration and remained in this position
for 10 minutes postadministration to optimize absorption
through the nasal mucosa. This administration method
can deposit the agents consistently into the olfactory epi-
thelium without respiratory distress.

Analysis of Drug Concentration in the Brainstem Tumor

Athymic mice bearing orthotopic (i.e., brainstem)
DIPG xenografts were treated with IND of LS-CPT-11
or LS-SN-38 for 5 days,'*?¢ and the brains were resected
after the mice were euthanized, within 3 hours following
completion of the treatment. The brainstem tumors and
the normal brains were dissected, and serum samples
were collected by cardiac puncture and snap frozen in the
liquid nitrogen. CPT-11 and SN-38 were extracted from
homogenized tissue and serum, and the drug concentra-
tions were determined by liquid chromatography—mass
spectrometry (LC-MS) analysis (Shimadzu VP Series 10
System, Integrated Analytical Systems).

In Vivo Therapy Response Study

SF8628 cells (100,000 cells/ul) were implanted into the
pons as described above (day 0). Mice were randomly as-
signed to three treatment groups: 1) IND LS-control (n =
8), 2) IND LS-CPT-11 (n = 8), and 3) IND LS-SN-38 (n
= 8), and the treatment was initiated on day 23 and con-
tinued for 5 days a week for 4 weeks. Tumor growth and
response to therapy were monitored weekly by biolumi-
nescence imaging. Mice were observed daily and eutha-
nized when in a moribund condition, which was defined
by an irreversible neurological deficit or a body condition
score less than 2.

Immunohistochemistry

Mice were euthanized at 3 hours following completion
of the last treatment. Resected brains from mice (n = 3)
were processed for paraformaldehyde-fixed and paraffin-
embedded sections (10 wm) for immunohistochemical
analysis. These sections were stained with H&E, anti—Ki-
67 (2 ng/ml; Ventana Inc.), TUNEL (DeadEnd Colori-
metric TUNEL system, Promega), and anticleaved—poly
(ADP-ribose) (PARP) and anticleaved—caspase 3 (2 ng/
ml; Cell Signaling).

Statistical Analysis

Animal survival rates were analyzed using the Kap-
lan-Meier method (GraphPad Prism software version 7.0)
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SN-38. Left: Cell viability was determined by MTS assay after 72 hours.
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FIG. 1. (continued) —
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FIG. 1. Cytotoxic activity of LS-CPT-11 and LS-SN-38 in vitro. A: DIPG cells (upper: SF8628, lower: DIPG-007) are treated with LS-CPT-11 and LS-
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FIG. 1. Values shown are the average (mean * SD) from quadruplicate samples for each condition. Center: Cell growth plot showing OD 490 values
as the proliferation response to LS-CPT-11 and LS-SN-38 treatment of DIPG cells at each time point. Values shown are the average (mean + SD) from
duplicate or triplicate samples for each condition. Right: Dot plot representation of OD 490 values on day 5. Statistical analysis was performed using a
two-tailed unpaired t-test: ****p < 0.0001; SF8628, **p = 0.0014. B: Colony-forming effect on SF8627 (upper) and DIPG-007 (lower) cells treated with
LS-control (empty liposomes), LS-CPT-11, and LS-SN-38. Right: Bar graph representation of colony numbers in each cell line. Values shown are the

average (mean * SD) from triplicate samples for each condition. Unpaired t-test values for comparisons between each treatment group: ****p < 0.0001;

DIPG-007, ***p = 0.0005, **p = 0.0015. C: Annexin V flow cytometry analysis of apoptosis effects. SF8628 (upper) and DIPG-007 (lower) cells were
treated with LS-control, LS-CPT-11 (10 nM, 100 nM), or LS-SN-38 (10 nM, 100 nM). The cells were collected and treated with Alexa Fluor 488 annexin
V and flow sorted. Right: Bar graph representation of annexin V—positive cell numbers. Values shown are the average (mean + SD) from quadruplicate
samples for each incubation condition. One-way ANOVA values for comparisons of each treatment: ****p < 0.0001.

and estimated by use of a log-rank test. For other analyses,
a two-tailed unpaired Student t-test and one-way ANOVA
with Tukey’s multiple comparisons were applied using
Prism software.

Results

Effects of LS-SN-38 on Cell Proliferation and Apoptosis in
DIPG Cells

We first examined in vitro responses to free CPT-11
and free SN-38 and to LS-CPT-11 and LS-SN-38 in two
DIPG cell lines (SF8628 and DIPG-007). LS-CPT-11 and
LS-SN-38 showed greater inhibition of DIPG cell growth

A LS-SN-38 (nM)

than free drugs (ICs, values of LS drugs vs free drugs:
1.06 vs 2.00 uM for CPT-11 and 0.145 vs 0.388 uM for
SN-38 in SF8628 cells; 0.79 vs 1.31 uM for CPT-11 and
0.227 vs 0.515 uM for SN-38 in DIPG-007 cells; Supple-
mentary Fig. S1). These results suggest that the liposomal
formulation improves drug delivery into the cell, resulting
in increased cytotoxicity compared with the nonliposomal
formulation. LS-SN-38 inhibited the growth of DIPG cells
in a dose-dependent manner, outperforming LS-CPT-11
(ICs, values of LS-SN-38 vs LS-CPT-11: 5 nM vs 1 uM in
SF8628 cells and 4 nM vs 0.7 uM in DIPG-007 cells; Fig.
1A). At the IC,, value, LS-SN-38 significantly reduced
DIPG cell growth relative to the LS-control (p < 0.0001

LS-SN-38 5nM (day)

0 1

SN-38
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FIG. 2. Effects of LS-SN-38 on the expression of apoptosis and DNA damage markers and cellular uptake. A: Western blotting
results showing expression of PARP, cleaved PARP, H2AX, cleaved caspase 3, and GAPDH in SF8628 DIPG cells treated with
LS-SN-38. B: Fluorescent microscopic evaluation of cellular uptake and intracellular localization of LS-SN-38 in DIPG cells. Single
cells of SF8628 were seeded into 6-well plates and were treated with Rhod-labeled LS-SN-38. DIPG cells were imaged with a
fluorescent microscope at 30 minutes and 3, 6, and 24 hours after treatment.
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TABLE 1. SN-38 concentration in serum and brainstem tumor
after IND of LS-CPT-11 and LS-SN-38

SN-38 Concentration (ng/ml)

LS-CPT-11 LS-SN-38
Serum 30.3+10.9 12.8+3.3
Brainstem tumor 0.34+0.12 0.66 £ 0.25

Values are reported as mean + SD.

in both SF8628 and DIPG-007 cells on day 5) and LS-
CPT-11 (p = 0.0014 vs p < 0.0001 for SF8628 vs DIPG-
007 on day 5; Fig. 1A). LS-SN-38 also inhibited colony
formation relative to both the LS-control (p < 0.0001 vs p
= 0.0005 for SF8628 vs DIPG-007 cells) and LS-CPT-11
(p < 0.0001 vs p = 0.0015 for DIPG-007 cells; Fig. 1B).
LS-SN-38 increased apoptosis (annexin V—positive cells:
8.4% with LS-control vs 8.5% with 100 nM LS-CPT-11 vs
44.3% with 100 nM LS-SN-38 in SF8628 cells and 4.9%
with LS-control vs 5.5% with 100 nM LS-CPT-11 vs 60.2%
with 100 nM LS-SN-38 in DIPG-700 cells; Fig. 1C). LS-
SN-38 also increased the expression of apoptosis mark-
ers (cleaved PARP, caspase 3) and DNA damage marker
YH2AX in a dose- and time-dependent manner (Fig. 2A).
To determine the cellular distribution of LS-SN-38, we
treated DIPG cells with Rhod-labeled LS-SN-38 and per-
formed imaging with a fluorescent microscope at 30 min-
utes and 3, 6, and 24 hours after treatment. Fluorescence
intensity in SF8628 cells was detected at 30 minutes and
largely increased in a time-dependent manner, reaching a
peak at 24 hours following treatment (Fig. 2B).

Concentration of SN-38 in the Brainstem Tumor Following
IND of LS-CPT-11 and LS-SN-38

To evaluate whether liposomal encapsulation provides
increased nasal penetration and brain distribution of the
anticancer agents, we performed 5 days of IND adminis-
tration of LS-CPT-11 and LS-SN-38 into the mice bearing
orthotopic DIPG xenografts and then euthanized the mice
3 hours after completion of the IND treatment. LC-MS
analysis of tissue extracts revealed higher concentrations
of SN-38 in brainstem tumors in the mice treated with
LS-SN-38 (0.66 + 0.25 ng/ml, 5.43% + 0.31% serum con-
centration) than in the mice treated with LS-CPT-11 (0.34
+ 0.12 ng/ml, 1.24% =+ 0.67% serum concentration; Table
1). These results may indicate that the drug distribution
profile of LS-SN-38 in the brainstem tumor with IND ad-
ministration was more favorable than that for LS-CPT-11.

IND of LS-CPT-11 and LS-SN-38 in DIPG PDX Models

The promising biological effects of LS-SN-38 in vi-
tro encouraged us to further evaluate the potency of LS-
SN-38 by IND to suppress tumor growth and increase sur-
vival of mice bearing orthotopic DIPG PDX models. We
first assessed in vivo toxicity by monitoring weight loss
(> 15% of initial weight), body condition, and inability
to move in the mice treated with LS-control, LS-CPT-11,
and LS-SN-38. We found that the mean body weight of
all the treatment groups increased following completion
of treatments, results comparable to those of the control
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FIG. 3. Effect of IND of LS-CPT-11 and LS-SN-38 on body weights of
mice. Three mice were treated with IND of LS-CPT-11 or LS-SN-38 for
5 days (orange area). The mean (symbols) and standard deviation (error
bars) values of normalized body weights at day 0 before treatment are
shown.

group (Fig. 3). No treatment-related toxicity was detected.
To evaluate the in vivo antitumor activity of LS-SN-38,
we treated mice bearing orthotopic DIPG xenografts with
IND of LS-CPT-11 or LS-SN-38 for 20 days. IND of LS-
SN-38 inhibited tumor growth (p = 0.004; Fig. 4A) and
significantly increased survival of the mice with DIPG
xenograft compared with the mice treated with LS-con-
trol (p <0.0001) and LS-CPT-11 (p = 0.003; Fig. 4B). Two
mice in each treatment group were euthanized following
completion of treatment. Brainstem tumors from the mice
were analyzed for tumor cell proliferation (Ki-67 stain-
ing) and apoptosis (TUNEL, cleaved PARP, and cleaved
caspase 3 staining). Immunohistochemical analysis of
brainstem tumors by Ki-67 staining revealed that IND
of LS-SN-38 decreased the number of Ki-67—positive
cells compared with IND of LS-control (p = 0.0006) and
LS-CPT-11 (p = 0.015; Fig. 4C). Staining with TUNEL,
cleaved PARP, and cleaved caspase 3 showed that IND of
LS-SN-38 increased positive cells compared with IND of
LS-control (TUNEL: p =0.0002, Fig. 4C; cleaved PARP:
p = 0.0048; cleaved caspase 3: p = 0.0127, Supplemen-
tary Fig. S2) or LS-CPT-11 (TUNEL: p = 0.0023, Fig. 4C;
cleaved PARP: p = 0.0106, cleaved caspase 3: p = 0.0182,
Supplementary Fig. S2).

Discussion

Developing a new drug delivery system that bypasses
the BBB is a potential strategy for the treatment of chil-
dren with DIPG. IND has been shown to provide effec-
tive and noninvasive drug delivery of chemotherapy to the
brain for treating patients with CNS disorders, including
brain tumor.”® IND has even been shown to deliver ther-
apeutic stem cells to the targeted brain tumor in animal
models. 33 IND of temozolomide (NCT04091503) and
POH (NCT02704858)'¢-'® has been used in clinical trials
for adult glioblastoma. The antitumor activity of POH was
convincingly established in preclinical models.'®'” The ad-
ministration route of POH was switched to IND from the

J Neurosurg Volume 138 « June 2023 1575

DEPARTMENTO ADQ | Unauthenticated | Downloaded 06/19/23 04:42 PM UTC


https://thejns.org/doi/suppl/10.3171/2022.9.JNS22715
https://thejns.org/doi/suppl/10.3171/2022.9.JNS22715
https://thejns.org/doi/suppl/10.3171/2022.9.JNS22715

Sasaki et al.

I\ 8 400" *k
§ 30071 - Ls-control c .
g -+ LS-CPT-11 8 LS-control LS-CPT-11 LS-SN-38
2 -~ LS-SN-38 - e Day 42 |j
. £
-g 200 1 E
3 2 200 3
] ?
& 100+ 2 .
© ] 1
g g 0015 st
[=] H A A
z 2 e et —~
0' o T T :
. -6& &1\’\ 2 I
Days after implantation Poo 6 "og?
VAR
B S 1004— — LS-control
=]
% — LS-CPT-11
Y — LS-SN-38
<
2 60 -
=
) 40 +
5
o 20+
0' : T T ] ] L]
0 40 45 50 55 60 65
Days after implantation
**
C ——
LS-control LS-CPT-11 LS-SN-38 s, —— '
[0 TRt LA T N WL SN S Y : AP0 W X ﬁ
MO NN R e
z ;. -ui_ v o | b %% 330
e g 2 £
)5 SRR £
@ e N R N P 2
"u\o‘ 5 ) MR ¢ e’ W b LI ) :_
X - ﬂ‘.&‘.ﬁ*‘-‘f&h.f".*;g;\, té"‘ % 0
1 £ “:ﬂ"ﬂ: ‘;‘."#‘;5‘@ il ‘r." L0t s "X X '.@\ ‘\::‘ Q
bhe AN P o ihy el 8 N 5 S0 4 &
; T i) sile Ay A MDA T et \3_,’" \3_,5’ &
; ug??g!!"" 0 Pay® > P
Rasy _a‘iﬁ?-f \‘.!I 3“-—1 '_l.-
% L, Pt 1™ —
- & . S 2 N i‘l"‘ %{ 10
1T} 2 A S TR el g
Z . SENE T S her - T D 2
| i 4,_ PO . 8 6
- N 'Y s -
' o) % g ¢
i!:gap . g
w R i
0
g »r P
£ &5
s &

FIG. 4. Antitumor effect of IND of LS-CPT-11 and LS-SN-38 on tumor growth in DIPG xenografts. Mice with SF8628 intracranial tumor were random-
ized to three treatment groups: LS-control, LS-CPT-11, and LS-SN-38. A: Growth plots (left) of tumor bioluminescence in each treatment group. Tumor
bioluminescence values show the mean (symbols) and standard deviation (error bars) values for normalized against bioluminescence values obtained at
day 21 posttumor cell injection. Dot plot (middle) representation of tumor bioluminescence values in mice at day 42 posttumor cell injection. Horizontal
bars indicate the mean value for each treatment group. Representative tumor bioluminescence overlay images (right) showing relative bioluminescence
intensities in each treatment group. B: Corresponding survival analysis for each experiment. C: Immunohistochemical analysis of DIPG xenografts
treated with IND of LS-CPT-11 or LS-SN-38.  FIG. 4. (continued) —
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FIG. 4. Images of representative Ki-67 and TUNEL staining of intracranial tumor from mice euthanized at the end of treatment. The mean and stan-
dard deviation (error bars) values represent the average number of positive cells in three high-powered fields for each tumor. Statistical analysis was
performed with ANOVA with Tukey multiple comparisons. Ki-67: LS-control versus LS-CPT-11, *p = 0.0231; LS-control versus LS-SN-38, ***p = 0.0006;
LS-CPT-11 versus LS-SN-38, *p = 0.0155. TUNEL: LS-control versus LS-CPT-11, *p = 0.0393; LS-control versus LS-SN-38, ***p = 0.0002; LS-CPT-11

versus LS-SN-38, **p = 0.0023.

oral route because clinical trials of oral POH failed due to
severe gastrointestinal side effects.!®

CPT-11 is clinically used against brain tumors and
other cancers by intravenous infusion; however, severe
systemic side effects including diarrhea are also common
in patients treated with CPT-11.7*® We have previously
shown that IND of LS-CPT-11 increased the survival ben-
efit without toxicity in human brainstem xenograft mod-
els,”® while IND of LS-CPT-11 has modest activity at best
in vivo due to the limitation of hepatic metabolism to its
active metabolite SN-38.2728 SN-38 has a potent cytotoxic
activity; however, the poor solubility of SN-38 is a problem
for clinical use.?> IND of LS-SN-38 can solve both prob-
lems, the systemic adverse effects and the poor solubil-
ity, in parallel with avoidance of hepatic metabolism when
compared with the prodrug version, LS-CPT-11.

Indeed, our LC-MS analysis revealed higher concentra-
tions of SN-38 at the brainstem tumors in the mice treated
with LS-SN-38 than in the mice treated with LS-CPT-11
(Table 1). To further enhance the drug distribution to a
brainstem tumor mass, an active targeting strategy will be
applied to our liposomal formulation, which depends on
the surface modification of liposomes with ligand motifs
that have high binding affinity with overexpressed recep-
tors on tumor cells.* IND is often facilitated by deposi-
tion of drug in the upper area of the nasal cavity (i.e., the
olfactory region).?! However, in order to target the brain-
stem, it will likely be better to administer the liposomal
formulation to the respiratory epithelium, which is rich in
trigeminal nerve endings.* One preclinical study, for ex-
ample, has shown that a lipid nanoparticle formulation of
the neurotrophin growth differentiation factor 5 resulted
in more efficient delivery to the midbrain, pons, medulla,
and cerebellum, with much lower administration to the ol-
factory epithelium and olfactory bulb.* For that reason,
we will test the nasal spray devices that target delivery to
the respiratory epithelium and most effectively transmit
the agents to the brainstem tumor through the trigeminal
neural pathway. Whenever one adds formulation compo-
nents to therapeutics to be administered with IND, it is
important to consider the possibility that one or more of
the formulation components will also be delivered into the
brain and to assess potential impacts of such components
on the olfactory and trigeminal nerves and brain.

Because IND of liposomal SN-38 does result in signifi-
cant delivery to the bloodstream (Table 1), we intend to as-
sess the use of a nasal vasoconstrictor to reduce systemic
exposure, as this has been shown to work for other intra-
nasal therapeutics.*? While a high concentration of SN-38
was detected in the serum, all mice tolerated IND of LS-
SN-38 (Fig. 3). We previously reported that a liposomal
formulation of CPT-11, administered intranasally, deliv-
ered both the drug and liposomal components to the brain-
stem tumor without any obvious adverse side effects.?s In
addition, histological evaluation after IND showed no ap-
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parent damage of nasal mucosa such as congestion, ede-
ma, epithelial sloughing, necrosis, or hemorrhage associ-
ated with the administration of plain liposomes in human
volunteers® or calcitonin-loaded liposomes in rats.*

Our in vivo efficacy study provides evidence that IND
of LS-SN-38 inhibited tumor growth and increased the
survival benefit in DIPG xenograft models when com-
pared with IND of LS-CPT-11 (Fig. 4). Furthermore, treat-
ment with IND of LS-SN-38 promotes apoptosis and cell
death (Fig. 4). Taking all of the results, our observations
indicate that IND of LS-SN-38 is a promising therapeutic
strategy for treating DIPG in a preclinical model and sup-
port further development of IND of LS-SN-38 as a poten-
tial therapy for DIPG patients.

Conclusions

This study demonstrates that IND of LS-SN-38 enables
noninvasive, therapeutically effective brain delivery of
SN-38 in a DIPG xenograft model and provides preclinical
evidence in support of the use of LS-SN-38 administered
by IND for the treatment of children with this deadly brain
cancer.
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