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Convection-Enhanced Delivery of Enhancer of Zeste
Homolog-2 (EZH?2) Inhibitor for the Treatment of
Diffuse Intrinsic Pontine Glioma

BACKGROUND: Diffuse intrinsic pontine glioma (DIPG) is a fatal childhood brain tumor
and the majority of patients die within 2 yr after initial diagnosis. Factors that contribute to
the dismal prognosis of these patients include the infiltrative nature and anatomic location
in an eloquent area of the brain, which precludes total surgical resection, and the presence
of the blood-brain barrier (BBB), which reduces the distribution of systemically adminis-
tered agents. Convection-enhanced delivery (CED) is a direct infusion technique to deliver
therapeutic agents into a target site in the brain and able to deliver a high concentration
drug to the infusion site without systemic toxicities.

OBJECTIVE: To assess the efficacy of enhancer of zeste homolog-2 (EZH2) inhibitor by CED
against human DIPG xenograft models.

METHODS: The concentration of EZH2 inhibitor (EPZ-6438) in the brainstem tumor
was evaluated by liquid chromatography-mass spectrometry (LC/MS). We treated mice-
bearing human DIPG xenografts with EPZ-6438 using systemic (intraperitoneal) or CED
administration. Intracranial tumor growth was monitored by bioluminescence image, and
the therapeutic response was evaluated by animal survival.

RESULTS: LC/MS analysis showed that the concentration of EPZ-6438 in the brainstem
tumor was 3.74% of serum concentration after systemic administration. CED of EPZ-6438
suppressed tumor growth and significantly extended animal survival when compared to
systemic administration of EPZ-6438 (P = .0475).

CONCLUSION: Our results indicate that CED of an EZH2 inhibitor is a promising strategy to
bypass the BBB and to increase the efficacy of an EZH2 inhibitor for the treatment of DIPG.

KEY WORDS: Convection-enhanced delivery, Diffuse intrinsic pontine glioma, EZH2 inhibitor, Patient-derived
xenografts
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iffuse midline glioma (DMG) with
H3K27M mutation, resulting in substi-
tution of lysine 27 with methionine
(K27M) in histone H3 proteins, is a newly
defined entity that comprises all diffusely infil-
trating astrocytic neoplasms affecting midline
structures of the central nervous system (CNS).!

The pontine category of DMG was previously
referred to as diffuse intrinsic pontine glioma
(DIPG), which is one of the most devastating
childhood cancers; almost all DIPG patients
die within 2 yr of diagnosis.”> A fundamental
limitation in the treatment of brain tumors
including DIPG is that many systemically

ABBREVIATIONS: ABC, ATP-binding cassette; ANOVA, analysis of variance; BBB, blood-brain barrier; BLI, biolu-
minescence imaging; CED, convection-enhanced delivery; CNS, central nervous system; DIPG, diffuse intrinsic
pontine glioma; DMEM, Dulbecco’s modified Eagle’s medium; DMG, diffuse midline glioma; DMSO, dimethyl
sulfoxide; EZH2, enhancer of zeste homolog-2; FBS, fetal bovine serum; GBM, glioblastoma; HE, hematoxylin and
eosin; IP, intraperitoneal; LC-MS, liquid chromatography-mass spectrometry; MRI, magnetic resonance imaging;
PRC2, polycomb repressive complex 2; PRC2, polycomb repressive complex 2; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; TBST, Tris-HCl buffered saline with 0.05% tween 20; TSM, tumor stem medium;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; WT, wild-type
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administered therapeutic agents do not cross the blood-brain
barrier (BBB). Although some small lipophilic molecules can be
delivered systemically to the brain by crossing the BBB, high
doses are needed to achieve therapeutic levels, which can lead
to substantial toxicity."® The development of new therapeutic
approaches to bypass the BBB is a potential path to improve
outcomes for DIPG patients.

Convection-enhanced delivery (CED) is a direct drug delivery
system to the CNS and can deliver high concentration drug into a
target site in the brain without systemic toxicities. CED has shown
promising results in both animal models and clinical trials.”"'4 We
have recently demonstrated that CED of nanoliposomal CPT-11
inhibited tumor growth and increased survival of animals with
brainstem tumor xenografts.'”

In contrast to adult glioblastoma (GBM), DIPG pathogenesis
is uniquely dependent on H3K27M mutation.!®!” The gain-
of-function mechanism of K27M mutation has been shown to
involve sequestration and inactivation of the polycomb repressive
complex 2 (PRC2) K27 methyltransferase leading to a dramatic
reduction of K27 methylation in all 16 H3 proteins in the
cell.'®19 In addition, allosterically activated PRC2 is particu-
larly sensitive to H3K27M, leading to the failure to spread
H3K27 methylation from PRC2 recruitment sites and conse-
quently abrogating PRC2’s ability to establish H3K27 methy-
lation repressive chromatin domains.?® The global reduction of
H3K27 methylation is believed to modify cellular gene expression
and promote DIPG development. Despite the major loss of
H3K27 methylation, however, PRC2 activity is still detected in
H3K27M DIPG cells, and the residual PRC2 activity maintains
DIPG proliferation by repressing neuronal differentiation and
function.?!"?? The small molecule inhibitor of enhancer of zeste
homolog-2 (EZH2) suppressed DIPG growth by upregulating
genes that are normally repressed by PRC2.2"-?? Thus, targeted
inhibition of EZH2 activity is a potential therapeutic strategy
for the treatment of DIPG. EZH2 inhibitor, EPZ-6438, also
known as tazemetostat, has been studied in a variety of solid
and hematological malignancies,23 -28 though EPZ-6438 has not
been successful in the treatment of brain tumors. One of the
major challenges of EPZ-6438 in treating brain tumors is that the
brain penetration of EPZ-6438 upon systemic administration was
restricted by ATP-binding cassette (ABC) transporters in Vivo.”’

In this study, we tested the anti-tumor activity of EZH2
inhibitor EPZ-6438 using CED and systemic administration in
mice-bearing human DIPG xenografts.

METHODS

Cell Lines and Culture

The human H3K27M DIPG cell lines SF8628 and SF7761, and
H3 wild-type (WT) SF9427 GBM cells were obtained from surgical
biopsies of tumors from patients admitted to UCSF Medical Center in
accordance with an institutionally approved protocol. Establishment of
the SF8628 and SF7761 cell cultures and modification for expression
of firefly luciferase for in Vivo bioluminescence imaging (BLI) have
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been described previously.?'"*°3% The DIPGO007 cell line was kindly
provided by Dr Angel Montero Carcaboso (Hospital Sant Joan de Déu,
Barcelona, Spain). All DIPG cell lines were confirmed to harboring
a H3F34 K27M mutation using DNA sequencing as previously
described.!®:21:30:34 SF8628 cells were propagated as monolayers in
complete medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM, 11965092) supplemented with 10% fetal bovine serum
(FBS, A31604-02) and nonessential amino acids (11140-050) from
Thermo Fisher. SF7761 cells were grown as neurosphere cells in tumor
stem medium (TSM) base medium prepared using neurobasal-
A medium (10888-022), DMEM/F-12 medium (11330-032),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (15630-
080), sodium pyruvate (11360-070), minimum essential medium
nonessential amino acids (11140-050), GlutaMAX-I supplement
(35050-061), antibiotic-antimycotic (15240-096), B-27 supplement
minus vitamin A (12587-010) from Thermo Fisher, EGF and FGF
(Shenandoah Biotech, 100-26 and 100-146), PDGF-A and PDGEF-
B (Shenandoah Biotech, 100-16 and 100-18), and 0.2% heparin
(STEMCELL Technologies, 07980). DIPG007 and SF9427 cells were
grown adherently in TSM base medium with 5% FBS. DNA finger-
prints were obtained using Powerplex16HS System (Promega DC2101)
to confirm the identities of the cell lines. All cells were cultured in an
incubator at 37°C with a humidified atmosphere containing 95% O,
and 5% CO,, and were found to be Mycoplasma-free at the time of
testing with Mycoplasma Detection Kit (Invitrogen).

Cell Proliferation and Colony Formation Assay

A total of 30 000 cells were plated in 60-mm dishes and treated with
either 0.05% dimethyl sulfoxide (DMSO; Sigma D2650) or with 5 uM
of EPZ-6438 (Selleck Chemicals, S7128) as previously described.?!**
Cells were incubated with EPZ-6438 for 16 d, and cell proliferation
was assessed by counting viable cells on day 3, 4, 6, 8, 9, 12, and 16.
Trypsinized cell suspensions were stained with trypan blue, and viable
cells, which were not stained with trypan blue, were counted using a
hemocytometer. The colony formation assay was performed by plating
5000 cells in 60-mm dishes, treating the cells with DMSO or 5 uM of
EPZ-6438, and incubating them at 37°C for 2 to 3 wk. Then, colonies
were stained with 0.05% crystal violet and counted.

Immunoblot Analysis

Cells were cultured as described above and treated with DMSO or 5
uM of EPZ-6438 for 7 d. Asynchronously proliferating cells were lysed
in radioimmunoprecipitation assay lysis and extraction buffer (Thermo
Fisher 89900) supplemented with 1% protease inhibitor (Thermo
Fisher 78430) and 1% phosphatase inhibitor (Thermo Fisher 78420) to
obtain total cell lysates. Histone proteins were extracted using Histone
Extraction Kit (Abcam, ab13476) and resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The transfer
was performed using the Trans-Blot" Turbo™ Transfer System and
Midi polyvinylidene difluoride Transfer Packs (Bio-Rad, #1704157).
Membranes were blocked in 5% skim milk in Tris-HCI buffered saline
with 0.05% tween 20 (TBST) for 1 h at room temperature, probed with
primary antibodies (1:1000 dilution) overnight at 4°C, washed 3 times
with TBST, incubated with horseradish peroxidase-conjugated secondary
antibody (1:2000 dilution), washed with TBST, and visualized using the
Pierce ECL western blotting substrate. The primary antibodies histone
H3 (#9715), histone H3K27M mutant specific (D3B5T, #74 829),
tri-methyl-histone H3 (Lys27, C36B11, #9733), and B-actin (13E5,
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#4970) and the secondary antibodies (anti-rabbit IgG, #7074P2
and anti-mouse IgG, #7076) were obtained from Cell Signaling
Technologies. Anti-CDKN2A/p16INK4a antibody (abl108349) was
obtained from Abcam. Purified mouse anti-EZH?2 antibody (#612666)
was obtained from BD Bioscience.

Xenograft Models

Six-week-old female athymic mice (rnu/rnu genotype, BALB/c
background) were purchased from Envigo and housed under aseptic
conditions. Pontine injection of tumor cells was performed as previously
described.?!%3 Briefly, each mouse was injected with 1 pL of a cell
suspension (10 000 cells/iL) into the pontine tegmentum at 1.5 mm to
the right of the midline, posterior to the lambdoid suture, and at a depth
of 5 mm from the inner base of skull using free hand technique with
26-gauge Hamilton syringe (Hamilton Company, #80300). All proce-
dures were carried out under sterile conditions.

Convection-Enhanced Delivery

CED of therapeutics was performed by infusing a volume of 10 uL
as described previously.">*?> Briefly, the infusion cannula with a 1-mm
stepped design was placed through the existing hole for cell implantation
in the skull. EPZ-6438 (1 mM) was infused at a rate of 1 wL/min for
10 min using a microinfusion pump (BeeHive, Bioanalytical Systems).
The cannula was removed 2 min after completion of the infusion to
prevent reflux.

Magnetic Resonance Imaging

To confirm the distribution of the infused agent in the brain, magnetic
resonance imaging (MRI) was performed immediately after CED of
gadolinium (0.1 mM, 15 uL, Gadoteridol, MedchemExpress) into naive
mice. Two mice were imaged using a Bruker Siemens Clinscan 7T MRI
under anesthesia by 1.5% to 2.0% isoflurane inhalation (1.0 L O,/min).

Analysis of the Drug Concentration in the Brainstem
Tumor

Mice-bearing human DIPG xenografts received 350 mg/kg of EPZ-
6438 for 3 d by intraperitoneal (IP) injection, and euthanized 3 h after
the third administration. Brainstem tumors and contralateral normal
cerebral hemispheres were dissected, and serums were collected by cardiac
puncture, snap frozen, and stored at —80°C. EPZ-6438 was extracted
from homogenized tissue using Bullet Blender (Next Advance Inc).
Homogenates were extracted with organic solvent and transferred to
autosampler for liquid chromatography-mass spectrometry (LC/MS)
analysis (Shimadzu VP Series 10 System) for determination of EPZ-6438
contents (Integrated Analytical Systems).

In Vivo Therapy Response Study

SE8628 DIPG cells (10 000 cells/ L) were implanted into the pontine
tegmentum of athymic mice (day 0). Animals were randomized into 4
treatment groups: (1) CED of DMSO control (1% DMSO, n = 7), 2)
IP injection of DMSO control (100% DMSO, n = 6), (3) CED of EPZ-
6438 (10 nL at 286.37 pug/kg of EPZ-6438, n = 7), and (4) IP injection
of EPZ-6438 (350 mg/kg of EPZ-6438 3 days a week for 2 wk, n = 6).
EPZ-6428 treatment by CED or IP administration was initiated on day
23. Biweekly BLI was used to monitor tumor growth and the response
to therapy as described previously.?!:**-3* Mice were monitored daily and
euthanized at the endpoint, which was defined by an irreversible neuro-
logical deficit or a body condition score less than 2.
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Immunohistochemistry

Brains were collected from mice (n = 2) at 3 h after completion
of the treatment. Resected brains were fixed in paraformaldehyde,
paraffin-embedded, and sectioned (10 pm) for hematoxylin and eosin
(HE), anti-Ki67 antibody (Ventana Inc), anti-H3K27 trimethylation
(K27me3) (#9733, Cell Signaling), and anti-CDKN2A/p16INK4a
(ab54210, Abcam) staining. To assay the apoptotic response to treatment,
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining was performed using the DeadEnd Colorimetric TUNEL system
(Promega) according to the manufacturer’s protocol.

Statistics

Survival plots were generated and analyzed using the Kaplan-Meier
method and GraphPad Prism v7.0 software. Differences between survival
plots were estimated using a log-rank test. For other analyses, a 2-tailed
unpaired #test and analysis of variance (ANOVA) with Tukey’s multiple
comparison were applied using Prism software.

Study Approval

All animal protocols were approved by Institutional Animal Care and
Use Committee.

RESULTS

Effects of EPZ-6438 on Cell Growth and H3K27
Methylation in DIPG Cells

We and others have shown that inhibition of EZH2 activity
reduces proliferation of DIPG cells.?!"?> We first evaluated
cytotoxicity of EPZ-6438 in 3 H3K27M DIPG cell lines
(SF8628, DIPG007, and SF7761). Cells were treated with 5 uM
of EPZ-6438, and the effect on proliferation was determined
by counting cells on day 3, 4, 6, 8, 9, 12, and 16. EPZ-
6438 inhibited the growth of all H3K27M DIPG cell lines
(Figure 1A, left, SF8628: DMSO 2.10 x 10° 4+ 3.61 x 10° vs
EPZ-6438 6.33 x 10° £ 2.08 x 10°, P = .0073 on day
12, DIPG007: DMSO 1.97 x 10° £ 1.53 x 10° vs EPZ-
6438 3.70 x 10° 4 8.72 x 10°, P = .0004 on day 16,
SF7761: DMSO 1.47 x 10° 4+ 2.52 x 10° vs EPZ-6438:
4.10 x 10° £ 1.40 x 10°, P = .0069 on day 16), which is
consistent with the results described previously.?!"** Treatment
with EPZ-6438 also reduced colony formation in H3K27M
DIPG cells (Figure 1A, right). Next, we analyzed the effects of
EPZ-6438 on H3K27 methylation and p16 expression in DIPG
cells using immunoblot analysis. H3K27me3 expression was
detected in H3K27M DIPG cell lines with a long exposure time
(120 s), whereas the basal level of K27me3 in H3K27M DIPG
cells was lower than that in H3 WT SF9427 GBM cells (Figure,
Supplemental Digital Content 1). EPZ-6438 treatment reduced
expression of H3K27me3 and increased expression of p16, when
compared to the DMSO control (Figure 1B).

www.neurosurgery-online.com
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FIGURE 1. Effects of EPZ-6438 on cell proliferation and expression of H3K27 methylation and p16. A, Lef: Cells were plated then
treated with 5 WM of EPZ-6438 or 0.05% DMSO control, then were collected and counted after 3 to 16 d of incubation. Results for
each time point are based on triplicate samples. Note that y-axes are log scale, and mean and upper standard deviation (SD) are shown.
Statistical analysis was performed using a 2-tailed unpaired t-test: SF8628, **P = .0073 (day 12); DIPG007, *** P = .0004 (dayl16);
SE7761, " P=.0069 (day16). The results showing in (A) are consistent with previously published results. 2122 Right: Colony-formation
assay in DIPG cell lines treated with 5 WM of EPZ-6438 or DMSO control. B, Western blot results showing the effects of 5 WM of

EPZ-6438 on expression of H3K27me3 and p16 in DIPG cell lines.

TABLE. EPZ-6438 Concentration in Serum, Normal Brain, and
Brainstem Tumor

EPZ-6438 concentration (xg/mL)

Serum 1278 +£3.20
Normal brain 024 £0.22
Brainstem tumor 0.50 + 0.27
EPZ-6438 brain penetration ratio (%)

Normal brain/serum 152 £ 1.16

Tumor/serum 374 +170

Concentration of EPZ-6438 in the Brainstem Tumor
Upon Systemic Administration

The brain penetration of EZH2 inhibitors upon systemic
administration is restricted by ABC transporters in Vivo.? We
analyzed the concentration of EPZ-6438 in DIPG xenografts
after systemic administration. EPZ-6438 was IP injected into
tumor-bearing mice, and the mice were euthanized 3 h after the
treatment was completed. The normal brain tissues and brainstem
tumors were immediately resected, and serums were collected by
cardiac puncture. LC/MS analysis of tissue extracts and serums
showed a low concentration of EPZ-6438 in normal brain tissues
(0.24 £ 0.22 pg/mL, 1.52 £ 1.16%) and brainstem tumors
(0.50 £ 0.27 ug/mL, 3.74 £ 1.70%) relative to the concen-
tration in serums (12.78 £ 3.20 ug/mL; Table). These data
indicate limited distribution of EPZ-6438 in the brain upon
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systemic administration. To increase drug distribution in the
brainstem tumor, we investigated whether EPZ-6438 can be
delivered directly into the brainstem by CED.

CED of EPZ-6438 in Human DIPG Xenografts

We previously performed CED of nanoliposomal irinotecan
into brainstem tumors using a microinfusion pump."> To verify
that the CED system works, we delivered trypan blue (15 pL)
and gadolinium (0.1 mM, 15uL) into the brainstems of naive
mice using CED. Trypan blue staining was observed along the
needle tract and in the brainstem 2 h following CED (Figure 2A,
upper right). Gadolinium was detected in the right pons of the
mouse brain by MRI 1 h following CED (Figure 2A, red arrow).
To evaluate in Vivo anti-tumor activity of EPZ-6438, we treated
DIPG xenografted mice with EPZ-6438 by CED or IP injection.
The treatment schedule is depicted in Figure 2B. CED of EPZ-
6438 (1 mM) inhibited tumor growth (Figure 3A) and prolonged
survival of the DIPG xenografted mice when compared to DMSO
control (P = .0006, Figure 3B). However, IP injection of EPZ-
6438 (350 mg/kg) had no effect on tumor growth (Figure 3A)
and survival of the DIPG xenografted mice (Figure 3B).

At the end of the treatment, the mice were euthanized to obtain
brainstem tumor samples to analyze tumor cell proliferation (Ki-
67 staining), apoptosis (TUNEL assay), H3K27me3 and pl6
expression. Immunohistochemical analysis of brainstem tumors
revealed that CED of EPZ-6438 reduced the number of Ki-67-
positive cells compared to DMSO control (P < .0001, Figure 4A).
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Cell
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(1mMm)

IP: 350mg/kg of EPZ-6438,
3 injections x 2 cycles

l CED: 10uL of EPZ-6438

Day 0

232527 303234

FIGURE 2. Convection-enhanced delivery (CED) of EPZ-6438 for the treatment of orthotopic human DIPG
xenografis. A, Schematic overview of CED into the brainstem (upper left), tissue distribution of trypan blue by CED
administration (upper right) and MRI following CED of gadolinium to the brainstem (lower left: axial view, lower
right: sagittal view). Red arrows; gadolinium signals at infusion site. B, Experimental design for in Vivo efficacy study
of EZH2 inhibitor (EPZ-6438) using CED or intraperitoneal (IP) administration in SF8628 DIPG xenografied

models.

There was no significant difference in the number of Ki-67-
positive cells in tumors from mice IP injected with DMSO and
EPZ-6438. TUNEL staining showed that the highest proportion
of positive cells in tumors from mice received EPZ-6438 by CED
compared to DMSO control (P < .0001, Figure 4A). There was
no significant difference in the number of TUNEL-positive cells
between the tumors from mice treated with DMSO and EPZ-
6438 by IP injection. No TUNEL positivity was observed in

E684 | VOLUME 87 | NUMBER6 | DECEMBER 2020

normal brain tissues surrounding tumors in mice that received
either of the EPZ-6438 treatments. At the EPZ-6438 CED
infusion sites in the brainstem tumors, we observed inflammatory
cell infiltration (Figure 4B, left: HE), as well as an increase in the
number of TUNEL-positive cells (Figure 4B, right). In addition,
tumor cell H3K27me3 positivity was decreased and p16 positivity
was increased, as a result of EPZ-6438 CED (Figure, Supple-
mental Digital Content 2).

www.neurosurgery-online.com
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FIGURE 3. /n Vivo anti-tumor activity of EPZ-6438 by CED admin-
istration compared to systemic administration in patient-derived DIPG
xenografted models. A, Mice with SF8628 intracranial tumor were
randomized to 4 treatment groups: 1. DMSO intraperitoneal (IP) injection
(N = 6), 2. DMSO CED (N = 7), 3. EPZ-6438 IP (N = 6), 4. EPZ-
6438 CED (N = 7). Tumor growth curve for bioluminescence values in
each treatment group (upper). Tumor bioluminescence values show mean and
upper standard deviation (SD). Representative bioluminescence imaging (BLI)
signals in each treatment group (bottom). B, Corresponding survival analysis
for each experiment. Median survival: DMSO IP, 48 d; DMSO CED, 46 d;
EPZ-6438 IR 48 d; EPZ-6438 CED, 51 d. Statistical analysis was performed
using a log-rank test: DMSO CED vs EPZ-6438 CED, ***P = .0006, EPZ-
6438 IP vs EPZ-6438 CED, *P = .0475.

DISCUSSION

Effects of EPZ-6438 on Cell Proliferation and H3K27
Methylation in DIPG

We and others have recently shown that the K27M mutation
redirects residual EZH2 activity to loci that suppress neural
differentiation in H3K27M DIPG cells. Targeted inhibition of

EZH?2 activity is a potential therapeutic strategy for the treatment
of DIPG.?"?? Indeed, EZH2 inhibitor EPZ-6438 significantly

NEURO
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suppressed cell growth and colony formation of H3K27M DIPG
cells (Figure 1A) and reduced H3K27me3 expression (Figure 1B),
even though the basal level of K27me3 in H3K27M DIPG cells
was lower than that in H3 WT SF9427 GBM cells (Figure,
Supplemental Digital Content 1), which is consistent with
previous reports.?!*??

Brain Distribution of EPZ-6438 Upon Systemic
Administration in DIPG Mice Models

Because of their promising anti-tumor activity, EZH2
inhibitors are being tested in several clinical trials with cancer
patients, including childhood CNS tumors (NCT03213665,
NCT02875548, NCT02601950, NCT03155620). However,
EZH?2 inhibitors have not been successful in the treatment of
brain tumor. Because EZH?2 inhibitors are substrates of efflux
ABC transporters (ABCB1 and ABCB2), their brain penetration
was severely restricted in Vivo.?” Pharmacokinetic study in ABC
transporter knockout mice revealed that brain concentration of
EPZ-6438 administered by intravenous injection was signifi-
cantly higher in ABC transporter knockout mice (Abcb1a/167')
than in WT mice. In addition, the ABC transporter inhibitor
elacridar increased the brain concentration of EPZ-6438 in WT
mice indicating that brain penetration of systemically adminis-
tered EPZ-6438 is restricted by ABC transporters.

Our LC/MS analysis showed that the concentration of EPZ-
6438 in brainstem tumors was 3.74 £ 1.70% of the serum
concentration in mice IP injected with EPZ-6438 (Table),
suggesting limited brain distribution of EPZ-6438 by systemic
administration. The therapeutically effective brain concentration
of temozolomide, a first-line chemotherapy for GBM, was shown
to be ~30% of the plasma concentration.*® Thus, the limited
brain concentration of EPZ-6438 upon systemic administration
could be insufficient to achieve therapeutic levels against to brain
tumor. In fact, IP injection of EPZ-6438 showed no survival
benefit in our DIPG xenografted mice (Figure 3B). To increase
the in Vivo efficacy of systemic administration, high dose of
EPZ-6438 would be required and it would lead to substantial
systemic toxicity. Indeed, serious adverse effects such as hepatic
dysfunction, immunosuppression, and secondary cancer devel-
opment have been observed upon systemic administration of
EPZ-6438 in clinical trials (NCT03010982, NCT03217253).

CED of EPZ-6438 in Patient-Derived DIPG Xenograft
Models

Given this fact, the development of a system that bypasses
the BBB and directly delivers EPZ-6438 to the brain is highly
important for the treatment of DIPG. We evaluated the anti-
tumor activity of EPZ-6438 in DIPG xenografted mice upon
CED and systemic administration. We previously performed
CED to deliver fluorescently labeled nanoliposomes and nanoli-
posomal irinotecan to brains and brain tumors in mice.!>+3%-38
The effective CED of gadolinium into the brainstem was
confirmed by MRIs (Figure 2A). Gadolinium has been used
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inflammatory cell infiltration.

FIGURE 4. Immunohistochemical analysis of DIPG xenografis treated with EPZ-6438. A, Images of representative Ki-67
and TUNEL staining of intracranial tumor from mice euthanized at the end of treatment. Mean and standard deviation
(SD) values represent the average number of positive cells in 3 high-powered fields for each tumor. Statistical analysis was
performed ANOVA with Tukeys multiple comparison. Ki-67: DMSO CED vs EPZ-6438 CED, ***P < .0001, TUNEL:
DMSO CED vs EPZ-6438 CED, **** P < .0001. B, Representative histological changes around the intratumor injection site
upon EPZ-6438 administration by CED (left: hematoxylin and eosin (HE) staining, right: TUNEL staining). Black arrow,

to mix with therapeutic agents in human CED study as using
accurate image tracer and showed similar distribution with the
agents confirmed by MRL.%

We finally found that administration of EPZ-6438 by CED
inhibited tumor growth (Figure 3A) and significantly prolonged
survival of DIPG xenografted mice when compared to mice
that received EPZ-6438 by systemic administration (Figure 3B).
Administration of EPZ-6438 by CED significantly increased
the number of TUNEL-positive cells and decreased the number
of Ki-67-positive cells in brainstem tumors when compared
to the DMSO control, indicating that treatment with EPZ-
6438 by CED promotes apoptosis and cell death (Figure 4A).
Furthermore, CED of EPZ-6438 reduced the expression of
H3K27me3 and increased expression of pl6, which is one
of polycomb target gene products, indicating that CED of
EPZ-6438 inhibits EZH2 activity in DIPG xenografts (Figure,
Supplemental Digital Content 2). To our knowledge, this is the
first report to demonstrate the preclinical activity of EPZ-6438
by CED in patient-derived DIPG xenografted models.

Current Limitations and Future Development of CED of
EPZ-6438

In this study, we performed single CED treatment, consid-
ering that the multiple CED to the mouse brainstem is highly
invasive. The survival benefit of EZP-6438 was significant by
single CED in compared to systemic administration; however,
we are expecting that survival benefit will further increase using
longer acting method with implantable device such as ALZET
osmotic pumps. In order to increase the therapeutic effect of
CED, we would also use the liposomal encapsulation of EPZ-
6468, as previously described.'®

CED has been tested in clinical trials using nanolipo-
somal irinotecan (NCT03086616), panobinostat nanoparticle
formulation (NCT03566199), and radioactive iodine-labeled
monoclonal antibody 8H9 (NCT01502917) to treat children
with DIPG. Our results demonstrate the promising anti-tumor
activity of EPZ-6438 by CED and support further development
of CED of EZH2 inhibitor as a potential therapeutic approach
for DIPG patients.

CONCLUSION

CED of EPZ-6438 significantly extended animal survival
when compared to systemic administration of EPZ-6438. Our
results indicate that CED of EZH2 inhibitor would provide a

NEUROSURGERY

promising strategy for bypassing the BBB and increasing efficacy
of EZH2 inhibitor for the treatment of DIPG.
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Supplemental Digital Content 1. Figure. Inmunoblotting analysis of H3K27
trimethylation in H3K27M DIPG cell lines. Immunoblotting showing expression
of H3K27 trimethylation (H3K27me3) in H3 wild-type (H3WT) pediatric GBM
cell line (SF9427) and H3K27M DIPG cell lines with different exposure times.
Supplemental Digital Content 2. Figure. Immunohistochemical analysis of
H3K27 trimethylation and p16 in DIPG xenografts treated with EPZ-6438 using
convection-enhanced delivery (CED). Images of representative H3K27 trimethy-
lation (H3K27me3) and p16 staining of intracranial tumor from mice euthanized
at the end of treatment. Mean and standard deviation (SD) values represent the
average number of positive cells in 3 high-powered fields for each tumor. Statis-
tical analysis was performed with a 2-tailed unpaired #test. H3K27me3: DMSO
CED vs EPZ-6438 CED, **P = .002, p16: DMSO CED vs EPZ-6438 CED,
P < .0001.

COMMENT

he authors present an investigation into the efficacy of convection-

enhanced delivery (CED) of an EZH?2 inhibitor (EPZ-6438) in a
patient derived xenograft mouse model of DIPG. They performed in
vitro treatment studies on patient derived DIPG cell lines with EPZ-
6438 and showed that intraperitoneal administration of EPZ-6438 yields
only limited tumor penetration in the xenograft mouse model. They
confirmed the feasibility of their in vivo CED-protocol and showed a
survival benefit for animals treated with CED-based delivery of EPZ-
6438 when compared to intraperitoneal administration.

As detailed by the authors, the unique dependency of DIPG on
the H3K27M mutation should make it an ideal entity to be targeted
with an EZH2 inhibitor. So far, however, the deficient Blood-Brain-
Barrier penetration of EPZ-6438 has limited its impact on intrinsic brain
tumors. With their work, the authors provide promising data that, in the
context of DIPG, CED with EPZ-6438 could effectively circumvent the
BBB.

Given the devastating clinical course of DIPG new therapeutic
approaches are urgently needed and this study is likely to contribute to
the clinical translation of EPZ-6438.
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Kiln, Germany
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