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Background. There is an unmet need in the treatment of pediatric brain tumors for chemotherapy that is efficacious, avoids dam-
age to the developing brain, and crosses the blood-brain barrier. These experiments evaluated the efficacy of cabazitaxel in mouse
models of pediatric brain tumors.

Methods. The antitumor activity of cabazitaxel and docetaxel were compared in flank and orthotopic xenograft models of patient-
derived atypical teratoid rhabdoid tumor (ATRT), medulloblastoma, and central nervous system primitive neuroectodermal tumor
(CNS-PNET). Efficacy of cabazitaxel and docetaxel were also assessed in the Smo/Smo spontaneous mouse medulloblastoma
tumor model.

Results. This study observed significant tumor growth inhibition in pediatric patient-derived flank xenograft tumor models of ATRT,
medulloblastoma, and CNS-PNET after treatment with either cabazitaxel or docetaxel. Cabazitaxel, but not docetaxel, treatment
resulted in sustained tumor growth inhibition in the ATRTand medulloblastoma flank xenograft models. Patient-derived orthotopic
xenograft models of ATRT, medulloblastoma, and CNS-PNET showed significantly improved survival with treatment of cabazitaxel.

Conclusion. These data support further testing of cabazitaxel as a therapy for treating human pediatric brain tumors.

Keywords: animals/in vivo models for carcinogenesis, brain/central nervous system cancers, pediatric cancers.

Malignancies of the central nervous system are the most com-
mon type of solid tumor affecting children.1 The outcome for
children diagnosed with central nervous system tumors such
as medulloblastoma has improved in recent years, largely
due to aggressive surgical resection and craniospinal radia-
tion.2,3 Poor outcomes in young patients are often attributed
to incomplete resection and the avoidance of radiation therapy
due to concerns about neurocognitive toxicities.2 Despite im-
provements in prolonged survival, the treatment of these tu-
mors often results in significant long-term disabilities.4 There
is a great need for therapies with both fewer neurotoxic side ef-
fects and improved event-free survival in pediatric patients with
central nervous system tumors.

The blood-brain barrier (BBB) presents a challenge in deliver-
ing therapeutics to tumors of the central nervous system. The
capillary endothelial cells of the brain differ from endothelial
cells of other tissues in that they lack fenestrations and are
joined by tight junctions that prevent the passive diffusion of
therapeutics into the brain.5,6 Additionally, capillary endothelial
cells express efflux transporters such as P-glycoprotein (Pgp),

which actively eliminate therapeutics that penetrate the lumi-
nal membrane.7 This physiology creates a privileged environ-
ment in the brain that protects neurons from potential toxins.
Approximately 98% of all small molecule therapeutics fail to
penetrate the BBB.8 Most small molecules that do cross the
BBB do so at a fraction of their plasma concentration.9

Selectively penetrating the BBB is important when treating
tumors that cannot be resected. It could also benefit very
young patients, in which radiation therapy is avoided or delayed
due to neural, endocrine, and cognitive disabilities that may re-
sult from craniospinal radiation.10 Although bulky primary brain
tumors often show disruption of the BBB, as evidenced by gad-
olinium contrast staining during MRI, cells at the leading edge
of the infiltrating tumor and tumor cells remaining after surgery
and radiation may be sequestered behind a restored BBB and
become inaccessible to secondary treatments.11

Taxane therapies are widely used and effective in the
treatment of adult solid tumors.12 The first generation taxanes
(paclitaxel and docetaxel) are not without limitations.
Paclitaxel and docetaxel are high-affinity substrates for
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multidrug-resistant pumps, in particular the ATP-dependent
Pgp pump.13 The affinity of Pgp pumps to paclitaxel and doce-
taxel may direct the innate and acquired resistance to taxanes.
The affinity of Pgp pumps for paclitaxel and docetaxel also pre-
vents these compounds from penetrating the BBB because
their rate of influx into endothelial cells is matched by their
rate of efflux.13 In the pediatric setting, paclitaxel and doce-
taxel have undergone preclinical evaluation in models of sar-
coma and leukemia but have failed to progress beyond phase
II clinical trials.14 – 16

Cabazitaxel is a second-generation taxane currently ap-
proved for the second-line treatment of docetaxel-resistant,
castration-resistant prostate cancer.17 Cabazitaxel has been
shown to have favorable drug properties, similar to docetaxel,
with a high total body clearance (53.5 L/h/m2), a large volume
of distribution (2034 L/m2), and dose-limiting toxicity consist-
ing primarily of neutropenia.12 Cabazitaxel has been shown to
be more active in Pgp-expressing cell lines compared with pac-
litaxel and docetaxel, due to a higher logP leading to better cell
penetration.18 In mouse models, the Pgp pump saturation
threshold for cabazitaxel in normal brain tissue has been
shown to be �11 uM.13 Additionally, it has been shown that
cabazitaxel is distributed throughout the brain parenchyma
once it has been taken up by the endothelial cells of the
BBB.13,18 Though previous taxane therapies have not proven
successful in pediatric or neuro-oncology, these characteristics
may make cabazitaxel an effective therapeutic in this setting.

This study used 3 patient-derived xenograft models (atypical
teratoid rhabdoid tumor [ATRT], medulloblastoma, and central
nervous system primitive neuroectodermal tumor [CNS-PNET])
and a genetic mouse model of medulloblastoma to evaluate
the relative efficacy of cabazitaxel and docetaxel in pediatric
brain tumors. Median survival of mice bearing patient-derived
tumor models of ATRT, medulloblastoma, and CNS-PNET were
evaluated after treatment with each drug. Spontaneously aris-
ing tumors in the Smo/Smo mouse medulloblastoma model
were evaluated for tumor burden in response to treatment
with cabazitaxel or docetaxel in the presence of an intact BBB.

Methods
All mice were maintained in accordance with the NIH Guide for
the Care and Use of Experimental Animals with approval from
the Fred Hutchinson Cancer Research Center Institutional Ani-
mal Care and Use Committee (IR#1457).

Tumor Flank Allografts and Xenografts

For the generation of flank tumor allografts and xenografts, cells
were harvested from symptomatic intracranial tumors in donor
mice and dissociated into a single-cell suspension. Cell count
and viability were determined using a Vi-Cell Cell Viability Analyz-
er (Beckman Coulter). 3–5×106 cells suspended in phosphate-
buffered saline with 50% Matrigel were implanted unilaterally
into the flank of recipient mice. Smo/smo tumors were implant-
ed into 6–8 week old C57BL6 male or female mice, and pediatric
patient-derived tumors were hosted in 6–8 week old female
athymic nude mice. All tumor cells were taken directly from
one mouse to the next without culturing in a dish. Tumors
were allowed to grow to 100–300 mm3 before being assigned

to treatment groups, normalizing for tumor size. Mice were
dosed by i.p. injection on days 1, 3, and 5. The therapeutic vehicle
consisted of (v/v) 5% ethanol + 5% polysorbate-80 + 90% of an
aqueous sucrose (5%) solution. Mouse weight and tumor dimen-
sions were recorded 3 times per week until the tumor reached
2500 mm3 or for 60 days. Tumors were measured with calipers,
and volumes were extrapolated using the formula: tumor vol-
ume (mm3)¼ (length×width2)×0.5. Tumor tissue was collected
after euthanasia by CO2 asphyxiation and preserved in 10%
neutral buffered formalin.

Dose Determination

The maximum tolerated dose (MTD) was determined for
C57BL6 mice. Four C57BL6 mice bearing Smo/Smo flank allo-
graft tumors were treated with 9, 15, or 25 mg/kg cabazitaxel
or docetaxel IP on days 1, 3, and 5. Blood was collected by
retro-orbital bleeding on days 8 and 15. Tumor volume was
measured to determine the efficacious dose, and a complete
blood chemistry panel (Phoenix Central Laboratory for Veteri-
narians) was conducted to evaluate symptoms of toxicity.
The MTD for docetaxel and cabazitaxel in nude and severe com-
bined immunodeficiency (SCID) background mice has been pre-
viously reported.18,19

Orthotopic Brain Tumor Models

The Smo/Smo transgenic mice were generated and maintained
on a C57BL6 background, as previously described.20,21 Medullo-
blastoma tumors arise spontaneously in mice between 4 and 6
months of age. Male or female mice were enrolled into the
study when they bore cerebellar tumors between 4 and
16 mm2 and maintained an intact BBB. Both tumor volume
and BBB integrity were determined by MRI. At the conclusion
of MRI study initiation scans, 32 mice were found to have tu-
mors eligible for study enrollment. Ten mice were randomly
placed in the vehicle and docetaxel groups, and 12 mice were
randomly placed in the cabazitaxel group. Mice were treated
with 15 mg/kg cabazitaxel, docetaxel, or vehicle by i.p. injection
on days 1, 3, and 5. Mouse weights were recorded 3 times a
week for 9 weeks, and MRI was repeated 3, 5, and 9 weeks
after treatment. Gadolinium contrast agent was included in
scans conducted at enrollment, 5 weeks, and 9 weeks. Mice
were removed from the study if they became moribund or 9
weeks after treatment.

Orthotopic pediatric patient-derived xenograft models were
created by implanting 1×105 tumor cells in suspension
through a 1 mm bur hole in the right frontal region of the cal-
varium (or in the cerebellum for medulloblastoma), �3 mm be-
neath the dura. Tumor cells came from symptomatic
intracranial tumors in donor mice. Male and female NOD:scid
gamma mice between 6 and 8 weeks of age were used in
these experiments. The time between surgical implant of tu-
mors and initiation of treatment was based on historic data
of the typical time between surgery and development of symp-
tomatic tumors for each model. Two weeks before sympto-
matic tumor burden was expected, 2 randomly chosen mice
were given 100 uL (20 uM) i.v. injections of Cy5.5 conjugated
chlorotoxin (CTX:Cy5.5 Tumor Paint [Blaze Bioscience]). Three
hours after administration of CTX:Cy5.5, the mouse brains
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were removed and imaged in the near-infrared spectrum, as
previously described.22,23 After verification of tumor burden in
representative mice, the remaining animals were randomly
placed into treatment groups. Mice were dosed with 15 mg/
kg cabazitaxel or docetaxel on days 1 and 3 to achieve the
MTD of 30 mg/kg in SCID background mice, which has been pre-
viously reported and shown to be efficacious in other preclinical
tumor models.18,19 Published studies on the pharmacokinetics
of cabazitaxel and its accumulation in the brain suggest that
cabazitaxel is more likely to saturate the Pgp efflux threshold
and penetrate the BBB when given less frequently at a higher
dose (twice at 15 mg/kg) than more prolonged dosing (3
times at 10 mg/kg).12,13 Body weight was recorded 3 times
per week for 60 days or until the mouse became moribund.

Magnetic Resonance Imaging

High resolution MRI was performed on a 14T Avance 600 MHz/
89 mm wide-bore vertical MR spectrometer (Bruker BioSpin)
using a 25 mm inner diameter 1H birdcage radiofrequency
(RF) coil (Bruker BioSpin). The 14T MR system was equipped
with actively shielded gradient coils (maximum gradient
strength of 100 G/cm) and a Paravision (version 5.1) console
interface.

A rapid acquisition with refocused echoes sequence was
used to acquire 2-dimensional (2D) multislice images covering
the entire mouse. Respiration was monitored throughout the
MRI acquisition using a pressure sensor located on the back
of a mouse (SA Instrument). To examine the BBB, baseline pre-
contrast imaging was conducted by obtaining 5 T1-weighted
images prior to i.p. gadolinium DTPA (Gd-DTPA) injection
(0.1 mM/kg gadopentetate dimeglumine; 3-4×dilute; Magnev-
ist; Berlex Laboratories). Injection volume for the i.p. adminis-
tration was �500 mL for each mouse to achieve a dose of 2–
2.5 mM/kg. Immediately after the Gd-DTPA injection,
T1-weighted images were serially acquired over 12 minutes.
T2-weighted images were used to identify tumor from normal
brain tissue. Multislice 2D images covering the brain were re-
constructed to create a 3-dimensional image using Amira soft-
ware (version 5.4, Visualization Sciences Group). To calculate
tumor volume, hyperintense tumor regions were segmented
from the 2D imaging slices covering a tumor. The areas of
each segmented tumor region were added and multiplied by
the slice thickness to compute the tumor volume. Volumes of
both the entire brain and tumor were calculated to monitor
tumor growth and enlargement of ventricles.

Statistical Analysis

Statistical analysis for changes in tumor volume and mouse
survival consisted of ANOVA (survival) or RM-ANOVA (tumor vol-
ume) with Bonferroni test for significance.

Results

Determination of the Maximum Tolerated Dose for
C57BL6 Mice

This study treated medulloblastoma allograft-bearing C57BL6
mice with 9, 15, or 25 mg/kg cabazitaxel or docetaxel to

establish the MTD. Mice experienced weight loss with both
treatments at all 3 dosing levels, the greatest average weight
loss being 6.62%+4.54% as shown in Fig. 1. The 25 mg/kg dos-
ing groups exhibited the greatest and most sustained average
weight loss of 8%+3.56% for docetaxel and 4.75%+3.30% for
cabazitaxel. All mice recovered from the weight loss and re-
turned to their starting weight by day 20. One mouse from
both of the 25 mg/kg treatment groups died on day 8 of the
study. Complete blood counts (CBC) on day 8 indicated that
mice experienced transient thrombocytosis with normal
blood counts restored by day 15 (Fig. 1). The CBC panel also in-
dicated that mice may have experienced neutropenia on day 8
from treatment with cabazitaxel or docetaxel, but there was
not sufficient statistical power to make the observation signifi-
cant. Based on the observed deaths in the 25 mg/kg treat-
ments, 15 mg/kg was selected as the dose for subsequent
studies in mice with the C57BL6 background. This dosing
scheme of 15 mg/kg on days 1, 3, and 5 is similar, though
not identical, to what has been reported as efficacious in
other mouse tumor models.18,19

Cabazitaxel Causes Regression of Flank Tumors

Flank allograft and xenograft tumors were treated with cabazi-
taxel or docetaxel and evaluated by caliper measurement to
determine the relative efficacy of the 2 therapeutics in the ab-
sence of the BBB. The Smo/Smo mouse medulloblastoma allo-
grafts showed a partial response in tumor growth at 15 mg/kg,
as illustrated in Fig. 1. Three of 4 cabazitaxel-treated tumors re-
gressed to the point of no palpable tumor; one of 4 was not im-
pacted by the treatment. All 5 docetaxel-treated tumors
showed no change on tumor growth as compared with the
vehicle-treated mice. Tumor regression was not observed in
any of the tumors treated with 9 mg/kg cabazitaxel or
docetaxel.

All 3 pediatric patient-derived tumor flank xenograft models
responded to cabazitaxel treatment (Fig. 2). In each of the 3
models, cabazitaxel and docetaxel both showed significant
tumor growth inhibition, between 75% and 95%, when com-
pared with vehicle at the time the vehicle group reached the
maximum allowable tumor volume (2500 mm3). At this time
point (day 36 for ATRT-310FH, day 22 for MED-211FH, and
day 32 for PNET-109FH), the tumor volume was not signifi-
cantly different between the cabazitaxel and docetaxel groups.
Cabazitaxel and docetaxel treatment groups were allowed to
continue growing after removal of the vehicle groups until the
maximum allowable tumor volume was reached or to day 60.
In both the ATRT-310FH and MED-211FH flank xenograft mod-
els (Fig. 2A and B), the cabazitaxel and docetaxel groups were
significantly different from the vehicle, but not from each other
(P , .001), at the time the vehicle group was removed from the
study. The Med-211FH model continued to day 33 when the
docetaxel-treated group reached the maximum allowable
tumor volume. On day 33, the tumors of the cabazitaxel-
treated mice were significantly smaller than those of the
docetaxel-treated mice (P , .0001). When the ATRT-310FH
study was terminated on day 60, cabazitaxel-treated tumors
were significantly smaller than those of the docetaxel group
(P , .0001). No palpable tumor was observed after day 3
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(cabazitaxel) or day 5 (docetaxel) in any of the mice bearing the
PNET-109FH tumor model (Fig. 2C).

Smo/Smo Brain Tumor Progression was Independent of
Treatment

The efficacy of cabazitaxel was tested against spontaneously
arising, hedgehog-driven, Smo/Smo medulloblastoma.

Enrollment criteria for this study were tumor dimensions be-
tween 2 mm and 4 mm (tumor volume between 4 and
16 mm2). Mice were stratified into treatment groups to normal-
ize for initial tumor volume, mouse age at enrollment, sex, and
body weight. Ten mice were enrolled in each of the vehicle and
docetaxel treatment groups, and 12 mice were enrolled in the
cabazitaxel group. Four vehicle-, 5 docetaxel-, and 7
cabazitaxel-treated mice survived the 9-week study duration

Fig. 1. Dose response of smo/smo flank tumor allografts in C57BL6 mice. Spontaneously arising hedgehog-driven Smo/Smo mouse
medulloblastoma tumors were transplanted as flank allografts into C57BL6 mice. Mice were randomly placed into treatment groups when
tumors measured 150–300 mm3 and dosed with 9, 15, or 25 mg/kg on days 1, 3, and 5 after group placement (n¼ 4). Blood was collected
on days 8 and 15 for assessment of toxicity. (A) Mean tumor volume (mm3)+SEM for 9 mg/kg, 15 mg/kg, or 25 mg/kg dosing groups. (B)
Tumor volume for individual mice in each dosing group. (C) Average mouse weight as a percent of the starting weight for each dosing group+
SEM. (D) Tumor regression analysis of each dosing group. Tumor regression defined as a tumor that dropped below 60 mm3 after exceeding
150 mm3. Blood was collected by retro-orbital bleed 8 days or 15 days after initiation of treatment. (E) Platelet count (mean+SEM) for each
treatment and dosing group. (F) Neutrophil count (mean+SEM) for each treatment and dosing group.
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without succumbing to tumor burden. The effect of treatment
on tumor growth was considered in a number of ways including
tumor volume, time of death, tumor volume in all mice that
survived 3, 5, or 9 weeks, and change in volume from enroll-
ment. No difference in tumor volume between treatment
groups was observed at any time point (Fig. 3A). As in the treat-
ment of flank xenografts, a pattern of weight loss during treat-
ment, which resolved by day 20, was observed in mice receiving
cabazitaxel or docetaxel (Fig. 3B). Hydrocephalus is an observed
feature in this model and was noted in some mice, as evi-
denced by an increase in total brain volume that was attributed
to an increase in ventricle size, but not tumor volume by MRI
scan (data not shown). Neither cabazitaxel nor docetaxel treat-
ment was observed to promote or protect from the develop-
ment of hydrocephalus. The mice that succumbed to disease
at 5 weeks, regardless of treatment group, had significantly
greater brain volume (ie, hydrocephalus) than mice that sur-
vived to 9 weeks. No significant difference in survival was ob-
served for either of the treatments within the 9-week study
(Fig. 3C).

The Blood-brain Barrier Is Maintained in the Majority of
Smo/Smo Spontaneous Brain Tumors

The integrity of the BBB was evaluated as a criterion for enroll-
ment of the Smo/Smo spontaneous medulloblastoma mice into
treatment groups. MR imaging with gadolinium contrast staining

at 5 and 9 weeks after treatment monitored the maintenance of
the BBB throughout the study. Control regions in eye orbits and
ears confirmed gadolinium uptake and lack of signal enhance-
ment in the tumor-verified BBB integrity. At initial MR imaging,
35 mice bore tumors of the appropriate size for study enroll-
ment. Three mice with acceptably sized tumors were excluded
from the study due to gadolinium contrast staining that indicat-
ed a compromised BBB. Five of the 32 enrolled mice showed BBB
disruption at the time they were removed from the study. Of the
5 mice exhibiting BBB disruption, 3 were observed at the 9-week
MRI session, one from each group. One mouse from the vehicle
group and one from the cabazitaxel group showed BBB disrup-
tion at 5 weeks and had to be removed from the study prema-
turely due to tumor burden. Twenty-seven mice completed the
study without BBB disruption. The results of their MR scans were
used to determine progression in tumor burden between the
3 treatment groups.

Cabazitaxel Treatment Significantly Extends Survival of
Mice With Orthotopic, Patient-derived Brain Tumor
Xenografts

The survival benefit of cabazitaxel or docetaxel treatment was
tested in orthotopic pediatric patient-derived tumor xenografts.
In all 3 models (ATRT-310FH, MED-211FH, and PNET-109FH),
median survival was significantly improved with cabazitaxel
treatment compared with vehicle (Fig. 4B). Mean survival of

Fig. 2. Antitumor activity of cabazitaxel and docetaxel in pediatric patient-derived flank xenografts. Patient-derived models of ATRT,
medulloblastoma, and CNS-PNET were transplanted as subcutaneous flank xenografts into female nude mice. Treatment groups were
randomly assigned when tumors reached 150–300 mm3. Cabazitaxel or docetaxel were administered on days 1, 3, and 5 by i.p. injection at
15 mg/kg. Data are reported as mean tumor volume+SEM. Statistical analysis of tumor growth was performed comparing tumor volume of
the vehicle with the cabazitaxel and docetaxel treatment groups at the time the vehicle group was removed due to tumor size. Cabazitaxel
and docetaxel treatment groups were allowed to continue for 60 days or until the tumor volume limit was reached. Statistical analysis
comparing cabazitaxel to docetaxel was performed at the termination of the study. (A) ATRT-310FH; (B) MED-211FH; (C) PNET-109FH.
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mice with ATRT-310FH tumors was 14.5 days with vehicle (v),
22 days with docetaxel (d), and 34.1 days with cabazitaxel (c)
treatment. Mean survival of the cabazitaxel group was signifi-
cantly different from both the vehicle (P , .0001) and docetaxel
(P¼ .0025) groups. Survival was not significantly different be-
tween the vehicle and docetaxel groups (P¼ .0833) (Fig. 4C).
Mice with the Med-211FH orthotopic tumors had a median sur-
vival of 15.11 (v), 17.33 (d), and 26.78 (c) days. Survival of the
cabazitaxel-treated mice was significantly longer than the
vehicle-treated group (P¼ .0028) but was not significantly dif-
ferent from the docetaxel group (P¼ .0953), nor was the doce-
taxel group significantly different from the vehicle-treated
group (P . .9999) (Fig. 4D). Median survival of the PNET-109FH
tumor model was 10.33 (v), 20.78 (d), and 30.83 (c) days. Sur-
vival was improved for both the cabazitaxel- and docetaxel-
treated groups compared with vehicle (P , .0001). Additionally,
survival of the cabazitaxel group was significantly longer than
the docetaxel group (P , .0001) (Fig. 4E).

Discussion
The treatment of pediatric brain tumors is a delicate balance
between aggressive elimination of cancer cells, for preserving
the child’s life, and protection of healthy neural tissue, for pre-
serving the child’s normal motor and cognitive function. The
standard of care with the best possibility of long-term survival
(tumor resection and craniospinal radiation) can result in crip-
pling neural toxicity.4,10,24,25 Additionally, there are some brain
tumors that cannot be resected because of their location in the
central nervous system, and radiation therapy is not recom-
mended for children under aged 3 years.26,27 The sought-after
solution for pediatric neuro-oncology patients is a therapeutic
that is able to penetrate into the brain and selectively kill cancer
cells with minimal toxicity to normal neurons.

Taxane therapies have a history of effective treatment for
adult solid tumors. Paclitaxel and docetaxel have been ap-
proved for the treatment of breast, ovarian, lung, esophageal,

Fig. 3. Activity of cabazitaxel and docetaxel in hedgehog-driven Smo/Smo spontaneous mouse medulloblastoma. MRI was performed prior to
initiation of treatment to determine tumor volume and BBB integrity. Mice with tumors between 4 mm2 and 16 mm2 that lacked gadolinium
contrast staining in the tumor were randomly enrolled into treatment groups. Enrolled mice received i.p. injections of cabazitaxel or docetaxel
(15 mg/kg) on days 1, 3, and 5. MRI was repeated 3, 5, and 9 weeks after study enrollment with gadolinium contrast staining being included
at weeks 5 and 9. (A) Mean tumor volume for each treatment group+SEM. Tumor volume was calculated by 3-dimensional reconstruction of
MR images. (B) Average mouse weight+SEM as a percentage of the starting weight for each dosing group. (C) Survival of mice (group
average+SEM) from each treatment group.
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bladder, endometrial, cervical, prostate, stomach, and head
and neck cancers.28,29 Cabazitaxel is a taxane derivative select-
ed for clinical development based on its broad spectrum of an-
titumor activity, not only on taxane-sensitive tumor models,
but also on tumor models poorly or not sensitive to taxanes.19

Cabazitaxel is approved in various countries and regions
worldwide for the treatment of patients with metastatic
hormone-refractory prostate cancer who are experiencing dis-
ease progression following docetaxel therapy. In contrast to
docetaxel and paclitaxel, cabazitaxel is able to cross the
BBB.13 Furthermore, there is evidence that cabazitaxel not
only crosses into the neuronal capillary endothelial cells but
also accumulates in the brain parenchyma.13,18 The potent an-
timitotic activity of taxanes with the ability to penetrate
through the BBB makes cabazitaxel an attractive therapeutic
strategy.

The results from this study show that cabazitaxel may be su-
perior to docetaxel in its ability to inhibit tumor progression
when treated systemically against patient-derived models of
ATRT, medulloblastoma, and CNS-PNET. The flank xenograft
models allow us to demonstrate that cabazitaxel inhibits
tumor growth to an equal or greater extent than docetaxel,
but these models lack the important biology of the BBB.

Evaluation of both therapeutics in orthotopic, patient-derived
xenografts shows that cabazitaxel prolongs the survival of
mice when compared with docetaxel.

The cellular mechanisms that result in greater growth inhi-
bition in flank tumors and improved survival of orthotopic xeno-
grafts with cabazitaxel treatment are not explicitly known.
Comparisons of cell cycle arrest, proliferation, and apoptosis
in tumor cell lines in vitro report that cabazitaxel and docetaxel
suppress proliferation, induce G2M arrest, and promote apopto-
sis to a similar degree in taxane-sensitive models.12,18,19,30 – 32

In unpublished data from this study, a small subset of
MED-211FH flank xenograft tumors were dosed once with cab-
azitaxel or docetaxel at 15 mg/kg and harvested 24 hours later.
No difference in induction of markers for apoptosis (cleaved
caspase3) or proliferation (Ki67) were observed between
cabazitaxel and docetaxel. Cabazitaxel has shown superior
inhibition of proliferation and induction of apoptosis in
taxane-resistant tumor cell lines and xenograft mod-
els.12,13,18,19,29,31 Though mechanisms of resistance to taxanes
have not been fully elucidated, in cell lines, overexpression of
ATP-binding transporters, particularly P-glycoprotein, and alter-
ation of microtubule dynamics are the most common mecha-
nisms of taxane resistance.33 These results would suggest that

Fig. 4. Comparison of antitumor activity of cabazitaxel and docetaxel in orthotopic pediatric patient-derived xenografts. Patient-derived models of
ATRT, medulloblastoma, and CNS-PNET were transplanted as orthotopic xenografts into the cerebrum (ATRT-310FH and PNET-109FH) or the
cerebellum (MED-211FH) of male or female NOD:scid gamma mice. Either cabazitaxel or docetaxel was administered on days 1 and 3 by i.p.
injection at 15 mg/kg. (A) To determine readiness of orthotopic xenografts for study enrollment, tumor burden was assessed in 2 randomly
chosen mice. Mice received an i.v. injection of chlorotoxin-Cy5.5, and brains were imaged ex vivo in the near-infrared spectrum 3 hours after
injection. Positive signal, indicating significant, but not symptomatic, tumor burden triggered study initiation. (A1) Nontumor-bearing,
noninjected negative control brain. (A2) Nontumor-bearing, CTX-Cy5.5-injected negative control brain. (A3A and A3B) Representative,
Med-211FH tumor-bearing, CTX-Cy5.5 injected brains ex vivo. (B) Combined mean survival of the ATRT-310FH, MED-211FH, and PNET-109FH
orthotopic models. Mouse survival by treatment group in individual tumor models. (C) ATRT-310FH; (D) MED-211FH; and (E) PNET-109FH.
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the more potent antitumor activity of cabazitaxel might be due
to higher and more sustained drug exposure, when compared
with docetaxel, because cabazitaxel has a greater lipophilicity
than docetaxel. Further investigation is needed to determine
if the higher lipophilicity of cabazitaxel does indeed result in
greater drug exposure in flank tumors and across the BBB, re-
sulting in more potent tumor inhibition.

We also used a hedgehog-driven genetic model of medullo-
blastoma, the Smo/Smo mouse. In this experiment, neither
cabazitaxel nor docetaxel inhibited growth of in situ brain tu-
mors. A dose response study in flank allograft tumors informed
the 15 mg/kg dose regimen in the brain tumor study. 15 mg/kg
given by i.p. injection on days 1, 3, and 5 is similar, though not
identical, to other dosing regimen found to be efficacious
against preclinical models of melanoma, sarcoma, glioblasto-
ma, and colon, breast, pancreatic, prostate, lung, gastric,
head and neck, and renal cancer.18,19 The response of smo/
smo medulloblastoma flank allograft tumors to cabazitaxel
or docetaxel at 15 mg/kg was heterogeneous. While most tu-
mors regressed in response to treatment, at least one tumor
per treatement group continued to grow uninhibited. The het-
erogeneous response of flank tumor xenografts suggests that
the therapeutic window in this model is narrow. In another pre-
clinical therapeutic study using this medulloblastoma model,
an upregulation in expression of Pgp in tumor homogenates
was observed after daily treatment with smo inhibitor Saridegib
for 6 weeks.34 If a similar upregulation of Pgp were to occur in
response to cabazitaxel treatment in this model, it is possible
that a higher saturation threshold could be necessary to
evade Pgp efflux from the endothelial capillaries. Further stud-
ies are needed to explore this possibility. Taken together, the
heterogeneity of flank tumor response and the historic knowl-
edge that this medulloblastoma model can upregulate expres-
sion of Pgp may suggest that the therapeutic window for
cabazitaxel in the Smo/Smo model is narrow and that there
may have been insufficient exposure to cabazitaxel in this
model to effect tumor growth, even with the well-documented
ability of cabazitaxel to cross the BBB.

Finding a treatment that has efficacy against orthotopic
ATRT, medulloblastoma, and CNS-PNET patient-derived brain
xenograft tumors is encouraging and endorses further investi-
gation of cabazitaxel. CNS-PNET and ATRT in particular have
poor long-term survival rates and typically occur in very
young patients with developing brains vulnerable to radiation.
No drug candidate has previously been brought into clinical tri-
als based on preclinical activity against an ATRT tumor model.
These data support the newly initiated phase 1 clinical trial of
cabazitaxel in pediatric brain tumor patients (NCT01751308)
and impart optimism that this therapeutic may enhance the
quantity and quality of life for pediatric neuro-oncology
patients.
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