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BACKGROUND: An impermeable blood–brain barrier and drug efflux via ATP-binding
cassette (ABC) transporters such as p-glycoprotein may contribute to underwhelming
efficacy of peripherally delivered agents to treat diffuse intrinsic pontine glioma (DIPG).
OBJECTIVE: To explore the pharmacological augmentation of convection-enhanced
delivery (CED) infusate for DIPG.
METHODS: The efficacy of CED dasatinib, a tyrosine kinase inhibitor, in a transgenic
H3.3K27Mmutantmurinemodelwas assessed.mRNAexpressionofABCB1 (p-glycoprotein)
was analyzed in 14 tumor types in 274 children. In Vitro viability studies of dasatinib, the
p-glycoprotein inhibitor, tariquidar, and dexamethasone were performed in 2 H3.3K27M
mutant cell lines. Magnetic resonance imaging (MRI) was used to evaluate CED infusate
(gadolinium/dasatinib) distribution in animals pretreated with tariquidar and dexam-
ethasone. Histological assessment of apoptosis was performed.
RESULTS: Continuous delivery CED dasatinib improved median overall survival (OS) of
animals harboring DIPG in comparison to vehicle (39.5 and 28.5 d, respectively; P = .0139).
Mean ABCB1 expression was highest in K27M gliomas. In Vitro, the addition of tariq-
uidar and dexamethasone further enhanced the efficacy of dasatinib (P < .001). In Vivo,
MRI demonstrated no difference in infusion dispersion between animals pretreated with
dexamethasone plus tariquidar prior to CED dasatinib compared to the CED dasatinib.
However, tumor apoptosis was the highest in the pretreatment group (P < .001). Corre-
spondingly, median OS was longer in the pretreatment group (49 d) than the dasatinib
alone group (39 d) and no treatment controls (31.5 d, P = .0305).
CONCLUSION: ABC transporter inhibition plus dexamethasone enhances the efficacy of
CED dasatinib, resulting in enhanced tumor cellular apoptosis and improved survival in
H3.3K27Mmutant DIPG.

KEY WORDS: Diffuse intrinsic pontine glioma, Convection-enhanced delivery, Dasatinib, p-Glycoprotein,
Dexamethasone, MRI, Apoptosis
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D iffuse intrinsic pontine glioma (DIPG) is
an inoperable malignancy that accounts
for nearly 10% of all childhood central

nervous system tumors, and is the leading cause

ABBREVIATIONS: ABC, ATP-binding cassette; ANOVA, analysis of variance; BBB, blood–brain barrier; CED,
convection-enhanced delivery; DIPG, diffuse intrinsic pontine glioma; DMSO, dimethylsulfoxide; FOV, field of
view; GSEA, Gene Set Enrichment Analysis; HGG, high-grade glioma; IACUC, Institutional Animal Care and Use
Committee; IP, intraperitoneal; MRI, magnetic resonance imaging; OS, overall survival; PDGFR, platelet-derived
growth factor receptor; SD, standard deviation; TE, echo time; TR, repetition time
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of brain–tumor-related death in children.1
Despite intensive clinical and translational
efforts, the median overall survival (OS)
remains only 9 mo,2 and clinical trials of
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systemic therapies have largely failed to improve
outcomes.1-3

One explanation for the failure of peripherally delivered
chemotherapeutic agents to provide survival benefit in children
with DIPG is the heterogeneous pontine blood–brain barrier
(BBB).4,5 A tenacious BBB likely contributes to the lack of
promising in Vitro studies translating into in Vivo and clinical
efficacy. The BBB of DIPG and DIPG cells, themselves, also
contains ATP-binding cassette (ABC) transporters, such as
ABCC1 (MRP1),2 that act as chemotherapeutic drug efflux
pumps and may further limit therapeutic efficacy. Our group
previously found that ABC knockout mice harboring DIPGs
had elevated concentrations of the intraperitoneally delivered
receptor tyrosine kinase inhibitor, dasatinib, in both normal
brain and tumor compared to wild-type mice.6 Furthermore,
ABC transporter inhibition with tariquidar, a third generation
p-glycoprotein inhibitor,7 in combination with small molecules
has been well tolerated in children with refractory systemic solid
tumors and resulted in increased intratumoral drug accumu-
lation.8 Tariquidar has been shown to inhibit p-glycoprotein
in multiple tumor types, resulting in increased small molecule
concentrations and enhanced tumor cell death.9-12
Convection-enhanced delivery (CED) of therapeutics is a

method to bypass the BBB. The feasibility of CED for DIPG has
been shown in small numbers of children.13-16 However, CED
for the treatment of malignant gliomas has previously had limited
success, and therapeutic infusate has typically not targeted specific
genetic tumor drivers. Platelet-derived growth factor (PDGFR),
a receptor tyrosine kinase, is the most commonly overexpressed
oncogene in DIPG17-23 and is therefore a rational therapeutic
target. Dasatinib has significant effects against PDGFR, has
shown in efficacy against DIPG in Vitro,22-24 and demonstrated
feasibility in an early clinical study of DIPG.25 Furthermore,
we have previously shown that dasatinib is a substrate of
the multidrug resistance ABC transporter, p-glycoprotein.6 The
purpose of this study was to elucidate a putative relationship
between ABC transporter inhibition and CED of small molecules
in DIPG. We hypothesized that inhibition of p-glycoprotein
in DIPG will enhance the efficacy of CED infusate containing
dasatinib.

METHODS

Patient ABC Transporter Gene Expression
The R2 Genomics Analysis and Visualization Platform (http://

r2.amc.nl) was used to investigate ABCB1 (p-glycoprotein) mRNA
expression across pediatric brain and pediatric systemic solid tumors
using a publicly available dataset.26 Pathological diagnosis in that dataset
was determined using whole genome sequencing.26 Gene expression
profiling of ABC transporters of 2 publicly available DIPG datasets27,28
was performed using the “KEGG_ABC_TRANSPORTERS” gene set
in Gene Set Enrichment Analysis (GSEA) software (Broad Institute) to
determine if differences in gene ABC transporter expression exist between
H3.3K27M mutant and wild-type tumors.

Cell Viability Assays
Two DIPG H3.3K27M mutant cell lines were used, SF7761 and

HSJD-DIPG-007. For determination of cell viability effects of dasatinib
and tariquidar, tumor cells were seeded in 96-well plates, at 2500
cells per well, and cultured in the presence of dasatinib and/or tariq-
uidar and dexamethasone, with triplicate samples for each incubation
condition. Relative numbers of viable cells were determined by MTS
assay (Promega, Madison, Wisconsin). Inhibitor viability effects at 18,
24, 48, and 72 h were determined by MTS assay in the presence
of IC50 concentrations of dasatinib (SF7761: 0.1 μM concentration,
HSJD-DIPG-007: 2 μM concentration), IC50 concentrations of tariq-
uidar (SF7761: 1 μM concentration, HSJD-DIPG-007: 1 μM concen-
tration), and/or dexamethasone (10 μM concentration), as compared
to treatment with vehicle (dimethylsulfoxide (DMSO)). Dexamethasone
was explored given its widespread use inDIPG at diagnosis, during radio-
therapy, and at recurrence.29 The plots represent absorbance quantifi-
cation (optical density, λ = 490 nm) (each point is an average of cell-
culture replicates, n = 3). Error bars indicate standard deviation (SD).

Mice and RCAS/TVAModel of H3.3K27MDIPG
All animal studies were approved by the Institutional Animal Care

andUse Committee (IACUC). The replication-competent avian leukosis
virus long terminal repeat with splice acceptor tumor virus A (RCAS/TV-
A) system was used to generate a DIPGmodel expressing an H3.3K27M
mutation as previously described.30 Briefly, Nestin TV-A mice were
each crossed with p53fl/fl mice to create NTV-A; p53fl/fl mice. Mice
additionally carried a stop-floxed luciferase gene, allowing for photonic
emission detection as a surrogate for the emergence of clinically signif-
icant tumor burden. DF1 virus-producing cells (chicken fibroblasts)
were transfected with RCAS plasmids (RCAS-PDGF-B, RCAS-Cre,
and RCAS-H3.3K27M). Approximately 1 μL (1 × 105) of DF1 cells
expressing RCAS-PDGF-B, RCAS-Cre, and RCAS-H3.3K27M at a
1:1:1 ratio were stereotactically injected into the brainstem of NTV-A;
p53fl/fl mice as previously described.31 Viruses selectively infect nestin-
producing cells,32 and the resulting tumor is histologically consistent
with high-grade brainstem glioma, with gene expression similar to
human samples.33 Mice were monitored closely for signs of tumor devel-
opment (lethargy, head tilt, and increased head size). Any animal showing
signs of distress or morbidity, including> 25%weight loss, severe neuro-
logical deficit such as hemiparesis, or lethargy, was sacrificed.

Rodent Bioluminescent Imaging
Photonic emission detection using an IVIS Imaging System 100 Series

(Xenogen, Alameda, California) was completed twice weekly after initial
injection. 10 mg/mL of luciferin (3 mg/mL, Gold Biotechnology, St
Louis, Missouri) in sterile PBS was administered by intraperitoneal (IP)
injection, and imaging was completed 5 min later 25 cm from the
photon detector. Bioluminescence from a predefined region of interest
surrounding the head of each mouse was recorded in photons per
min. Images were analyzed using Living Image software, version 4.50
(Xenogen, Alameda, California). Only animals with confirmed tumors
(≥1 × 105 p/s/cm2/sr radiance on 2 consecutive scans) were included.

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) experiments were performed

on a 7.0-T small-animal MRI scanner (Bruker BioSpin MRI GmbH,
Ettlingen, Germany) with a 72-mm quadrature volume coil. The scanner
was operated using Paravision 5.1 software (Bruker). During scanning,
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animals were anesthetized using 1.5% isoflurane with 40% oxygen and
60% nitrogen, delivered via custom nose cone. The animals’ core body
temperatures were maintained at 37◦C ± 0.5◦C by a circulating water
bath, and respiratory rates were maintained at 50 to 70 respirations per
second. A T2-weighted fast spin-echo rapid acquisition with refocused
echoes sequence was completed using the following parameters: field of
view (FOV) = 2 × 2; matrix = 128 × 128; echo time (TE)/repetition
time (TR) = 12/4200 ms; slices = 16; slice thickness = 0.5; scan
time = 6 min 43 s. For CED infusate measurements, T1-weighted
FLASH sequences were performed with the following parameters:
FOV = 2 × 2; matrix = 128 × 128; TE/TR = 3/133 ms; excitation
pulse angle = 60 degree; slice thickness = 0.5 mm; averages = 8;
scan time = 2 min 16 s. The T1-weighted imaging parameters were
as follows: TR/TE = 160 ms/1.6 ms, field of view = 3.2 × 3.2 cm2,
slice thickness = 1 mm, matrix = 256 × 256. Coronal images T1-
weighted images were acquired 10 min following CED infusion and
approximately every 10 min for 1 h. Time to peak T1-weighted signal
intensity of gadoteridol was determined in the region of interest adjacent
to the CED catheter tip using the DCE tool plugin (Kyung Sung, Los
Angeles, California) for Horos (v2.0.0).

Convection-Enhanced Delivery
Animals were anesthetized by isoflurane inhalation and placed in

a stereotactic frame (Model 900; David Kopf Instruments, Tujunga,
California). A midline scalp incision was made to expose the lambdoid
and sagittal sutures. A burr hole adequate for CED catheter entry was
made 2 mm lateral to the lambda. For animals treated by continuous
CED pump, the incision was extended posteriorly to accommodate
subcutaneous insertion of the delivery pump (Model No. 2002, ALZET,
Cupertino, California) capable of delivering 100 μL of infusate at
0.5 μL/h over 14 d, for a total 2 μM infusion. Pumps were filled with
infusate, coupled to a right angle catheter, and primed as per manufac-
turer’s instructions 24 h prior to implantation. Catheters were mounted
to a custom stereotactic insertion arm by the connecting bracket, and
lowered using the stereotactic frame to a final depth of 4.5 mm beyond
the outer table of the skull. Themounting bracket was secured to the skull
with veterinary glue, disconnected from the stereotactic arm, and the skin
was closed using 4-0 nylon suture. For the continuous CED infusion,
animals received either CED 2 μM dasatinib at 0.5 μL/h over 14 d or
CED vehicle (0.9 NaCl with 1% DMSO at 0.5 μL/h). Of note, because
dasatinib is not FDA approved for delivery via CED, it is considered off
label.

A separate single-dose CED infusion study was completed to allow
for the MRI analysis of infusate. For animals treated with single-dose
infusion, a 33-gauge needle gas-lock Hamilton syringe was secured to
an UltraMicroPump III (World Precision Instruments, Sarasota, Florida)
and mounted onto the stereotactic frame. A total of 2 μM dasatinib and
100 μM gadoteridol solution were preloaded into the Hamilton syringe.
The needle was lowered to a final depth of 4.5 mm beyond the outer
table of the skull. The infusate was delivered at 0.5 μL/min for 10 min
for a total infusate volume of 5 μL. The needle was slowly retracted
5 min after completion of the infusion, and the skin was closed with
4-0 nylon suture. The animal was removed from the frame and immedi-
ately taken to MRI under anesthesia. The molecular weight of dasatinib
is 488 D; comparably, gadoteridol is 558 D, which reasonably corre-
lates with comparably sizedmolecules forMRI assessment of distribution
volume.34 For the single-dose CED study, animals received one of the
following: (1) CED dasatinib (2 + 100 μM gadoteridol at 0.5 μL/min,

total infusate volume 5 μL); (2) IP dexamethasone (0.5 mg/kg) plus IP
tariquidar (Selleckchem, Houston, Texas) (5 mg/kg), followed 45 min
later by CED dasatinib (2 + 100 μM gadoteridol at 0.5 μL/min, total
infusate volume 5 μL); or (3) no treatment. A study of CED infusion of
dasatinib, dexamethasone, and tariquidar was not performed given the
small volume of the mouse pons.

Immunohistochemistry
All experimental animals were sacrificed in accordance with IACUC

standards of care. After harvest, brains were further fixed in 10% formalin
at room temperature for 1 wk before being processed and embedded in
paraffin. Sections were cut at a thickness of 5 μm, and stained with
standard hematoxylin and eosin staining to confirm tumor. Specimens
are deparaffinized and underwent antigen retrieval at pH 6.1 at 100◦C
for 20 min. Specimens were stained for cleaved caspase 3, a marker of
cellular apoptosis35 (CC3; Cell Signaling Technology 9664S, Danver,
Massachusetts) at 1:800 dilution, and Ki67, a marker of cellular prolif-
eration (Thermo Fisher Scientific RM9106, Waltham, Massachusetts) at
1:300 dilution. Secondary antibody was VECTASTAIN ABC (Vector
Laboratories PK-7100, Burlingame, California). Images were acquired
at 10x using an Olympus (Tokyo, Japan) CKX41 microscope and
DP25 camera (Carl Zeiss, Jena, Germany). Positive-staining cells were
quantified using FIJI (NIH, Bethesda, Maryland).

Statistical Analysis
Kaplan–Meier curves graphically described the survival of mice treated

with and without various treatments. The generalized Wilcoxon test
compared treatment groups with respect to OS using SAS (Cary,
North Carolina). mRNA expression was compared using analysis of
variance (ANOVA) with Tukey’s multiple comparisons using SAS. Using
GraphPad Prism v5.0 software (La Jolla, California), ANOVA with
Tukey’s multiple comparisons was used to explore the impact of adding
tariquidar and dexamethasone to dasatinib on in Vitro viability. ANOVA
compared treatment groups with respect to the number of CC3 and
Ki67 positive cells per high-power field. P values ≤ .05 were considered
significant.
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FIGURE 1. Kaplan–Meier curve of tumor-bearing mice treated with continuous
CED infusion of dasatinib or continuous CED infusion of vehicle. CED dasatinib
significantly improved survival compared to controls. The generalizedWilcoxon test
compared the survival of mice treated with and without dasatinib (P = .0139).
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Comparisons significant at the 0.05 level are indicated by ***.

Simultaneous 95%
Confidence Limits

FIGURE 2. ABCB1 (p-glycoprotein) expression is highest in K27M high-grade gliomas (HGG) in a cohort of 274 pediatric tumors. The mean
expression level for each of the 11 pediatric tumor types is displayed with 95% confidence interval. The overall F-test comparing expression levels
was statistically significant (P< .0001). Tukey confidence intervals for all pairwise comparisons with K27M are provided. Confidence intervals
for all other non-K27M tumor comparisons can be found in Table, Supplemental Digital Content 2. Patient numbers in parentheses.
ATRT = atypical teratoid rhaboid tumor; ETMR = embryonal tumors with multilayered rosettes; MB = medulloblastoma; PA = pilocytics
astrocytoma.

RESULTS

CED Dasatinib Extends Survival
First, we determined that dasatinib had efficacy in H3.3K27M

mutant DIPG. Animals with CED catheters attached to
continuous delivery pumps infusing dasatinib (n= 8) lived signif-
icantly longer than animals with continuous CED delivery of
vehicle (n = 6; P = .0139; Figure 1) with median OS of 39.5
and 28.5 d, respectively. Histologically, the treatment group had

greater cellular proliferation as determined by Ki67 compared to
the vehicle group (Figure, Supplemental Digital Content 1).
However, there was no difference in cellular apoptosis as deter-
mined by CC3 amongst the groups (P > .05; Figure, Supple-
mental Digital Content 1).

ABC Transporter Expression in Human DIPG
Using a dataset of 274 pediatric brain and systemic solid

tumors,26 ABCB1, the gene encoding p-glycoprotein, was found
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FIGURE 3. In Vitro activity of dasatinib, dexamethasone, and tariquidar in 2
H3.327 M mutant DIPG cell lines, SF7761 and HSJD-DIPG-007. MTS assays
A and B show cellular viability decrease with dasatinib. The effect of dasatinib
is further enhanced by adding tariquidar (tar) and dexamethasone (dex). Values
shown are the average (mean ± SD) from triplicate samples for each incubation
condition.C, For each separate assay, an ANOVA with Tukey multiple comparison
test compared mean levels of cell viability at day 3.

to have the highest mean expression in K27M mutant high-
grade gliomas (HGG), followed closely by wild-type HGG and
pilocytic astrocytoma (Figure 2; Table; Supplemental Digital
Content 2). This expression was significantly higher (P < .05)

than all nongliomas. In comparing wild-type to K27M mutant
DIPG samples across 2 independent DIPG datasets of 23 and
21 patients,27,28 no clear associations across all ABC trans-
porter expression were found (Figure, Supplemental Digital
Content 3).

Dasatinib Plus Dexamethasone and Tariquidar Decrease
Cellular Survival In Vitro
Next, we sought to determine the putative effects of adding

the p-glycoprotein inhibitor, tariquidar, and dexamethasone
to dasatinib in Vitro. Two H3.3K27M mutant DIPG cell
lines (SF7761 and HSJD-DIPG-007) were grown over 3 d
in vehicle, dasatinib, tariquidar, tariquidar plus dasatinib, and
dexamethasone plus tariquidar plus dasatinib. In both cell lines,
dasatinib significantly decreased viability in all cell lines compared
to vehicle (P < .05; Figure 3). The addition of tariquidar
and dexamethasone to dasatinib further decreased cell viability
compared to vehicle and dasatinib alone (P < .001, and P < .05,
respectively; Figure 3).

PretreatmentWith Dexamethasone and Tariquidar
Extends Survival
We next validated our in Vitro findings in Vivo. Given our

in Vitro results of progressively greater therapeutic efficacy of
adding dexamethasone and tariquidar to dasatinib, we selected
3 treatment groups to undergo serial MRI following CED to
assess rate of infusate distribution to compare in Vivo: (1) control,
(2) CED dasatinib alone, and (3) pretreatment with tariquidar
and dexamethasone plus CED dasatinib. This was completed to
determine if tariquidar and dexamethasone affected CED infusate
clearance. Given the incompatibility of continuous CED pumps
with MRI, this was completed as a single-dose CED study.
MRI following CED infusion typically yielded a T1-weighted
hypointense contrast bolus surrounding the infusion site encom-
passed by a halo of T1-weighted hyperintense enhancement
where contrast was less concentrated (Figure 4A and 4B). We
did not identify any differences in infusate dispersion in the
pretreatment vs nonpretreatment groups (Figure 4C and 4D).
Following euthanasia, brains were harvested and analyzed

histologically. Animals pretreated with tariquidar and dexam-
ethasone had the highest number of CC3 positive, apoptotic
cells, per high-power field (mean ± SD) 1050 ± 410, followed
by dasatinib alone (785 ± 160), then controls (334.2 ± 109,
Figure 5). There was no difference in Ki67 amongst the groups
(P > .05). Increasing amount of tumor cell apoptosis (CC3)
corresponded to increased survival. In comparison to control
animals (n = 6), animals treated with dasatinib delivered by
single-dose CED infusion (n = 7) had longer survival with
median OS of 31.5 and 39 d, respectively. Pretreatment with IP
dexamethasone and tariquidar prior to single-dose CED infusion
of dasatinib (n = 9) further enhanced survival, extending median
OS to 49 d (P = .0092, Figure 6). OS results from both
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FIGURE 4. Pretreatment with dexamethasone/tariquidar does not significantly affect CED infusate distribution. Representative serial MRI at multiple
time points of A, an animal that had CED of dasatinib/gadoteridol and B, an animal pretreated with dexamethasone and tariquidar prior to CED of
dasatinib/gadoteridol. C, There were no differences in the MRI signal intensity curves of animals pretreated with dexamethasone and tariquidar (dex/tar, gray
lines) and those not pretreated (black lines). D, A random coefficient model with an unstructured covariance structure showed no difference in the mean slope
of signal intensity within each treatment group, indicating comparable infusate dispersion rates. White circle = region of interest of MRI signal intensity.
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A B C

FIGURE5. A, Representative photos taken at×10 of murine DIPG stained for hematoxylin/eosin, cleaved caspase 3 (CC3), and Ki67. The greatest amount of intratumoral
apoptosis (CC3) was found in the dexamethasone/tariquidar (dex/tar) plus dasatinib group, followed by the dasatinib group, compared to controls. There was no difference
in Ki67 amongst groups. Quantification of number of positive-staining CC3 B and Ki67 C cells per high-power field. ANOVA with Tukey post hoc pairwise comparisons
was conducted. White bar = 100 μm.
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FIGURE 6. Kaplan–Meier curve of tumor-bearing mice treated with the
following: (1) single-dose CED dasatinib; (2) pretreatment of dexamethasone (dex)
and tariquidar (tar), followed by single-dose CED dasatinib; or (3) controls. The
survival benefit of dasatinib was further enhanced with the pretreatment admin-
istration of dexamethasone and tariquidar. The generalized Wilcoxon test survival
was observed in each group (P = .0092).

continuous delivery and single-dose CED studies can be found
in Table 1.

DISCUSSION

Despite aggressive investigation, systemic therapies have, to
date, failed to meaningfully advance survival for DIPG. As we and
other groups have observed, this may be due to failure of adequate
drug penetration into the tumor. Although it is possible that
DIPG cells are simply resistant to chemotherapy, the efficacy of in

Vitro preclinical models2 contrasted to the poor outcomes seen in
clinical trials suggests the possibility of inadequate drug delivery
to the tumor. Our group previously showed that BMS754807, a
potent multikinase inhibitor, had excellent efficacy against DIPG
in Vitro, but the drug did not reach therapeutic levels in Vivo.30
In clinical studies of dasatinib and VEGFR-2 inhibitor, vande-
tanib, against DIPG, the CSF: plasma ratio of drug at maximum
tolerated doses was approximately 2%;25 in contrast, the CSF:
plasma ratio of temozolomide approaches 20% in adult malignant
gliomas.36
The lack of a definitive systemic therapy for DIPG has

generated considerable interest in CED. The safety of infusing
drug into the brainstem has been shown in a variety of animal
models37-43 and in small numbers of children.13-16 However, in
addition to the observation that the BBB of brainstem gliomas
is less permeable than genetically identical gliomas in other
CNS sites,44 there is the problem of rapid drug efflux by ABC
transporters in DIPG.6 ABC transporters may also be impli-
cated in drug resistance in nonbrainstem gliomas.45 We found
ABCB1 expression in K27M mutant tumors was not signifi-
cantly different than other HGGs and pilocytic astrocytomas.
These results are in accord with a previous study in which
ABCB1 expression was higher in low and high-grade gliomas
than medulloblastoma and ependymoma.46 Implications for this
finding include the putative use of p-glycoprotein inhibition as a
chemotherapy adjunct for not only DIPG, but also other gliomas.
In this work, we first established that dasatinib is effective

via CED in prolonging survival in a murine H3.3K27M
mutant DIPG model. We then demonstrated robust ABCB1
(p-glycoprotein) expression in K27M mutant tumors in a large
patient cohort. We next demonstrated that the combination of
dexamethasone plus ABC transporter inhibition plus tyrosine
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TABLE 1. Overall Survival by Treatment Group

Treatment
Single dose CED
dasatinib+dex/tar

Continuous CED
dasatinib

Single-dose CED
dasatinib

Control (no
treatment)

Continuous CED
vehicle

Number of animals 9 8 7 6 6
Median survival (days) 49 39.5 39 31.5 28.5

kinase inhibition significantly decreased cell viability in Vitro, and
resulted in increased tumor cell apoptosis and survival in Vivo.
Notably, our group has previously shown that neither dexam-
ethasone47 nor ABC transporter inhibition48 alone prolongs
survival in rodent models of malignant gliomas. Because we
observed no difference in the OS of single CED dasatinib
group (median OS 39 d) and the continuous CED dasatinib
group (median OS 39.5 d), a direct comparison between
dexamethasone/tariquidar pretreatment with continuous CED
dasatinib vs continuous CED dasatinib alone was not performed.
Interestingly, in both the continuous CED study (Figure,

Supplemental Digital Content 1) and the single-dose CED
study (Figure 5) we found that cellular proliferation as determined
by Ki67 was lowest in the control groups. The exact explanation
behind this is unclear, but it is possible that Ki67 was higher
in the treatment groups because these groups had significantly
increased time for tumor growth as indicated by prolonged OS.
Indeed, there are numerous reports of the lack of linear corre-
lation between Ki67 and World Health Organization Grade or
survival in malignant gliomas.49-51 Thus, the mechanism of this
treatment combination appears to arise not from reduced cellular
proliferation but rather from increased cellular apoptosis.
Given the expression of ABC transporters at the BBB in

DIPG,2,6 it is also possible that inhibiting ABC transporters
at the BBB resulted in higher concentrations of dasatinib at
the tumor. Given the MRI results in this study which demon-
strated no appreciable difference in infusate distribution amongst
the treatment groups, a less likely explanation would be the
putative effect of tariquidar and dexamethasone on slowing
CED infusate clearance to increase drug/tumor cell contact time.
However, it should be noted that the effects of systemic admin-
istration of dexamethasone and tariquidar on CED infusate
may have occurred following the 1-h time window in which
MRIs were obtained. Regardless, the underpinnings behind
the lack of difference in CED infusate distribution between
treatment groups are unclear. Future studies will be conducted to
further elucidate targeting CED clearance mechanisms to prolong
infusate/tumor cell time at delayed time points.

CONCLUSION

Survival of H3.3K27M mutant DIPG-bearing mice treated
with CED of dasatinib is improved by inhibiting the ABC trans-
porter p-glycoprotein. These data identify p-glycoprotein as a

novel and easily translatable target to improve the efficacy of small
molecules delivered via CED for DIPG.
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COMMENT

I n this interesting paper, the authors provide insight to improve the
treatment efficacy with convection-enhanced delivery (CED) in an

animal model of diffuse intrinsic pontine glioma. The methodology and
its development are thoughtful and well presented. Authors found that
the addition of tariquidar (ATP-binding cassette transporter inhibitor)
and dexamethasone to the CED dasatinib increases the overall survival
in H3.3K27M murine model. Interestingly, it does not increase the
diffusion of the drug, as would be expected, so the authors hypoth-
esize that this combination has a synergic effect, enhancing the tumor
cellular apoptosis and subsequently leading to an increase in the overall
survival. As with any situation in which the results do not follow the
initial hypothesis, it opens the horizon for further studies to elucidate

the mechanism underlaying this synergic effect beyond the increase in
apoptosis. It would also be interesting to confirm that there is not a real
effect on the diffusion of dasatinib with intraperitoneal dexamethasone
and tariquidar, which continues CED dasatinib, rather than a single dose.
The authors thoughtfully justify that there was no impact on the overall
survival in prior studies without adjuvant therapy between the groups
single dose vs continued CED dasatinib. However, because CED is a
time-dependent process, continued CED with adjuvant therapy may be
worth considering for future studies. We congratulate the authors for this
well-supported research in one of the most challenging diseases we, who
treat children with brain tumors, all have to face.
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