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ABSTRACT

Purpose Free doxorubicin (DXR) is not currently used to treat
brain tumors because (i) the blood-brain barrier limits the drug
deposition into the brain (ii) lethal toxic effects occur when com-
bined with radiation therapy. Since encapsulation of DXR within
liposomal carriers could overcome these drawbacks, the present
study aimed at evaluating the radiosensitizing properties of non-
pegylated (NPL-DXR) and pegylated (PL-DXR) liposomal doxoru-
bicin on orthotopic high-grade glioma xenografts (U87).
Methods DXR accumulation in brain tissues was assessed by a
high-performance liquid chromatography method and antitumor
efficacy was evaluated by mice survival determination.

Results We showed that encapsulation of DXR ensured a pref-
erential deposition of DXR in tumoral tissue in comparison with
normal brain tissue: the best AUC tumor tissue/AUC normal
tissue ratio depended greatly on the schedule. Overall, thanks to
the optimization of the delivery schedule, we demonstrated a
radiosensitizing effect for both liposomal DXR without toxicity of
this combination on the U87 human malignant glioma orthotopic
xenografts.

Conclusion This study shows that the use of nanocarriers,
allowing targeting of intracerebral tumor, renders relevant the
combination of anthracyclin with radiation therapy to treat brain
tumors, opening a new field of therapeutic applications. However,
our results point out that, for each new delivery system, the
administration schedules need to be rigorously optimized.

KEY WORDS brain distribution - high-grade glioma - liposomal
doxorubicin - radiosensitization - radiotherapy

ABBREVIATIONS

AUC Area under the curve

BBB Blood-brain barrier

BTB Blood—tumor barrier

CNS Central nervous system

DXR Doxorubicin

MTD maximal tolerated dose
NPL-DXR  Non-pegylated liposomal doxorubicin
NT Non-tumor brain hemisphere
PL-DXR Pegylated liposomal doxorubicin
RT Radiotherapy

TT Tumor brain hemisphere
INTRODUCTION

Current standard treatment of patients harboring malignant
gliomas consists of surgical removal of the tumor, followed by
concomitant chemotherapy and radiotherapy (RT). Glioblas-
toma patients with the most favorable combination of prog-
nostic factors receiving combined radiochemotherapy have a
median overall survival of 8.3-16.6 months [1]. In these
malignancies, the main challenge concerns the eradication of
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the infiltrative glioma cells that persist after the subtotal sur-
gical resection. Chemotherapy has not consistently demon-
strated favorable results with response rates regularly less than
20%. Poor penetration of most anticancer drugs across the
blood-brain barrier (BBB) into the central nervous system
(CNS), impairing the destruction of residual microscopic tu-
mor cells, is one of the major reasons why improvement of
survival is limited. Moreover, the blood-tumor barrier (BTB),
more permeable than the BBB, still limits the amount of
potent agents that can be delivered to the tumor: the selective
permeability of BTB blocks many antitumor drugs which are
unable to reach therapeutic level in tumor tissue [2].

Doxorubicin is one of the most effective agent  vitro [3, 4]
and m viwo studies have demonstrated that DXR, when deliv-
ered locally, was an effective therapeutic agent against exper-
imental intracranial gliomas [5]. However, because of very
poor penetration across the BBB and BTB, systemic delivery
of DXR has not been used for treatment of brain tumor
patients, whereas a phase I clinical trial evaluating
intralesional administration of doxorubicin in recurrent ma-
lignant gliomas confirmed the efficacy of anthracyclin to treat
brain tumor [6].

To overcome the high toxicity and increase the penetration
of doxorubicin, investigators have developed liposomal encap-
sulated forms. These liposomal encapsulations using
pegylated forms (PL-DXR) have been shown to significantly
improve the penetration of doxorubicin across the BTB in
animal tumor models compared with free doxorubicin [7, 8].
Clinical trials evaluating intravenous administration of PL-
DXR for patients with recurrent high-grade glioblastoma
demonstrated a potential application in the treatment of glio-
blastomas [9, 10]. Liposomal DXR has also been demonstrat-
ed to enhance the therapeutic effect of RT in several animal
tumor models [11-13] but our previous results in high-grade
glioma were somewhat contradictory, likely due to the lack of
treatment optimization [14]. To evaluate the radiosensitizing
properties of liposomal forms of DXR, we performed a study
comparing for the first time the biodistribution and efficiency
of NPL-DXR and PL-DXR on orthotopic high-grade glioma
xenografts. However, because NPL-DXR and PL-DXR have
very different pharmacokinetics and toxicity profiles in
humans, we designed a study to assess their
radiosensitizing efficiency when used at the maximum
tolerated dose.

MATERIALS AND METHODS
Anticancer Drugs
In the present study, NPL-DXR and PL-DXR were Myocet®

(Cephalon) and Caelyx® (Schering Plough), respectively.
Myocet® and Caelyx® are both commercialized liposomal

forms of doxorubicin usually delivered in clinical practice.
Intravenous route was used to deliver these drugs.

Animals and Tumors

Pathogen-free, 5-7 week-old female athymic NMRI-nu (nu/nu)
mice were purchased from Janvier Laboratories (Le-Genest-St-
Isle, France). Research adhered to the “Principles of Laboratory
Animal Care” (NIH publication #85-23, revised in 1985).
Animals were housed in solid-bottomed plastic cages (6 mice
per cage) with free access to tap water and food ad libidum. All
experiments were performed in accordance with animal care
guidelines (Directive 2010/63/EU) and carried out by compe-
tent and authorized persons (personal authorization number 54—
89 issued by the Department of Vetenary Services) in a registered
establishment (establishment number C-54-547-03 issued by the
Department of Vetenary Services). All surgical and MRI proce-
dures were carried out under general anesthesia obtained by
intraperitoneal (i.p.) injection of xylazine (8 mg/kg) and ketamine
(90 mg/kg). Tumor xenografts were obtained as described earlier
[15]. The U87 model (HTB-14, American Type Culture
Collection, USA) was maintained m vwo by sequential passages
of tumor fragments in nude mice.

Grafts

For the experiments, source tumors were excised, cleaned
from necrotic tissue, cut into small fragments and subcutane-
ously or intracranially implanted into each experimental
mouse. For intracranial graft, a craniotomy flap was made
and raised, after opening the mouse’s skull skin. A 1-mm” graft
was then slid under the meninges and into the brain cortex in
its temporo-occipital area. MRI imaging were conducted on a
Bruker Biospec Avance 24/40NMR spectro-imager (Bruker
Biospin, Ettlingen, Germany) at 2.35 T using a T'1-weighted
spin—echo sequence and gadolinium contrast enhancement,
as previously described [14].

Determination of Equitoxic Doses of NPL-DXR
and PL-DXR

To define the equitoxic dose of NPL-DXR and PL-DXR, we
investigated first the maximal tolerated dose (MTD) for each
drug using escalating doses.

The MTD refers to the highest dose that induced neither
toxic death during the 40 days after treatment onset, nor
weight loss more than 10% of initial body weight. This thresh-
old on weight loss was chosen because in our experience, a
more severe weight loss was life-threatning and could com-
promise the radiosensitization study.

We designed two treatment schedules (Fig. 1): the first
schedule consisted in 2 injections/week X 2 weeks, and the
second one in 3 injections/week X 2 weeks. The first dose level
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Fig. | Experimental protocols for NPL-DXR and PL-DXR brain distribution and radiosensitizing efficacy. When presence of tumor was observed on MRI
examination, mice were randomly assigned into therapeutic groups and treatments started, corresponding to the day (DO). In distribution study, NPL-DXR and
PL-DXR were delivered at equitoxic doses (total doses of 24 and |5 mg/kg, respectively), according to 2 schedules (4 injections or 6 injections over 2 weeks). To
compare DXR accumulation in brain tissues (tumor vs non-tumor tissues), mice were sacrificed and brain tissue were excised at different time: DI, D7 and D1 |
or D12. In the radiosensitization study, tumors were irradiated at the total dose of 20 Gy (10 fractions of 2 Gy, once daily, 5 daysiweek over 2 weeks), as

previously described [ 14].

evaluated for both liposomal doxorubicin was 24 mg/kg (z.e.
total dose) with further dose escalation or de-escalation.

Determination of Intracranial Biodistribution
of NPL-DXR and PL-DXR

Doxorubicin concentrations were measured in tissues of mice
receiving intravenous injection of equitoxic doses of NPL-
DXR and PL-DXR. In order to compare differential accu-
mulation of DXR in brain tissues (tumor us non-tumor tissues)
during the treatment, DXR concentrations were assessed at
different time after drug injection, as presented in Fig. 1.
Hence, brain tissues, .. non-tumor brain hemisphere (NT)
and tumor brain hemisphere (T'T), were excised, washed in
saline and immediately frozen at —20°C until processed.
DXR concentration was determined by a reversed phase high
performance liquid chromatography method after liquid-lig-
uid extraction as described earlier [16]. In brief] tissues were
homogenized in four parts of water. Homogenized tissue
(0.5 ml) was then mixed with 500 ng daunorubicin as an
internal standard, with 20 ml of AgNNOj (33% in water), and
with 8 ml of chloroform/isopropanol (1:1). After shaking for
20 min, the samples were centrifuged at 1,500X%g for 10 min,
and the separated organic phase was evaporated under vacu-
um. Analyses were performed by reversed phase high-
performance liquid chromatography on a C18 column
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(250%4.6 mm 1.D., YMC, Interchim, France), under isocratic
clution conditions with a mobile phase of acetonitrile/
0.01 mol/1 KH2PO4 pH 2.6 (30:70) at a flow rate of 1 ml/
min. DXR and daunorubicin were detected by a fluorescence
detector (RF 10A XL Shimadzu, France) with excitation and
emission wavelengths of 480 and 590 nm, respectively. The
limit of detection of the assay was 2 ng/g of tissue. Areas under
the curves (AUC) in tissues were determined based on median
DXR concentrations using the Kinetica software (version 5.0
Adept Scientific).

Comparison of NPL-DXR and PL-DXR Effects
on Radiotherapy Efficiency

Treatments started when presence of tumor was observed on
MRI examination (Day-3), as previously described [14]. At
DO (corresponding to the first day of treatment), mice were
randomly assigned into six groups. In the control group
(CTRL), mice received injection with saline (0.9% NaCl). In
the radiotherapy (RT) group, tumors were irradiated at the
total dose of 20 Gy (10 fractions of 2 Gy, once daily, 5 days/
week over 2 weeks), as previously described [17]. In the NPL-
DXR and the PL-DXR groups, treatment schedules were
defined according to the results of the distribution study.
Hence, mice received injections of NPL-DXR at 24 mg/kg
using 4 injections over two consecutive weeks. In the PL-DXR
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groups, mice received injections at 15 mg/kg using 6 injec-
tions over two consecutive weeks. In the NPL-DXR + RT and
PL-DXR + RT mice groups, liposomal doxorubicin was
injected according to the earlier schedule during the entire
1onizing radiation treatment.

When possible, MRI examination has been performed at
the end of treatment (on day 14) allowing to assess the impact
of treatments on tumor growth.

For the intracranial model, the mice were observed for
body weight reduction. They were killed by cervical disloca-
tion when they presented signs of neurological disorders or
when their body weight reduction was more than 20% of their
original weight, the time to this moment being referred to as
“survival time”. The percentage of increase in the life span
was calculated as [(T — C)/C] X100, where T and C are the
median survival times of the treated and control animals.

Statistical Analysis

Kaplan—Meier curve analysis was performed using the
Gehan-Breslow-Wilcoxon test. Statistical analysis was per-
formed using GraphPad 5.0 software (GraphPad Prism 5.0
Software). Differences were considered significant at p values
<0.05.

RESULTS

Our objective was to evaluate if liposomal doxorubicin
(pegylated or not) could enhance the efficacy of a fractionated
irradiation to treat high-grade glioma xenografts. To achieve
the best radiosensitizing effect with liposomal DXR, the chal-
lenge was to identify the best therapeutic schedule allowing to
(1) provide the best tumor exposure to DXR all along the
radiation treatment course, () avoid DXR accumulation in
normal brain tissue. In the present study, NPL-DXR and PL-
DXR have been evaluated and compared at their maximal
tolerated dose (MTD). Two therapeutic schedules were
assessed due to the difference in their circulation lifetime [18].

NPL-DXR and PL-DXR Equitoxicity

We first designed a dose ranging study to determine the
maximal tolerated dose of each liposomal form in mice.
We found that the MTD was 15 mg/kg for PL-DXR
and 24 mg/kg for NPL-DXR, whatever the schedule
(Table I). At these doses, neither weight loss more than
10% of initial body weight, nor toxic death occurred,
avoiding the risk of failure for studies dealing with
radiosensitizing potential.

NPL-DXR and PL-DXR Distribution in Brain Tissues

Based on these respective MTD, we attempted to determine
the best profile of DXR exposure taking into account DXR
accumulation in both non-tumor brain tissue (N'T) and tumor
brain tissue (T'T). Evolution of DXR concentration in non-
tumor and tumor hemispheres according to the therapeutic
schedule (PL-DXR 4; PL-DXR 6; NPL-DXR 4; NPL-DXR
6) 1s reported in Fig. 2.

Median DXR concentrations were always higher in the
tumor as compared to the normal cerebral tissue (Fig. 2a and
b), even though the differences between both compartments
were not constant all along the treatment sequence. This
indicates a preferential liposomal DXR accumulation in tu-
mor as compared to the normal brain tissue. At the end of the
first week of treatment (Fig. 2c), differences between both
tissues were maximal and the mean DXR concentration was
about 5 times higher in tumor brain hemisphere than in the
normal brain tissues. These differences were statistically sig-
nificant, except for the PL-DXR form delivered in 4 injections
(PL-DXR 4). For this last group, the calculated AUC after
2 weeks of treatments were 2,154 and 2,636 ng.g_".h™" in the
non-tumor brain tissue and the tumor brain tissue (ratio
AUGr1/AUCNT=0.82), respectively (Table II), indicating
that this schedule was not suitable for following experiments.
When PL-DXR was fractionated into 6 injections (PL-DRX
6), the ratio AUC1/AUCNT has reached 2.56 which was
more clinically acceptable: this more favorable ratio was due
to differential accumulation of DXR in the normal brain
tissue.

For the NPL-DXR-treated mice, the calculated AUC in
tumor brain hemispheres were similar whatever the therapeu-
tic schedule used (NPL-DXR 6: 7,173 ng.g '.h™" us NPL-
DXR 4: 6,779 ng.g ".h™"). By contrast, the AUC in non-
tumor brain hemispheres was increased in case of NPL-
DXR 6 (NPL-DXR 6: 1,415 ng.g”".h™" 25 NPL-DXR 4:
862 ng.g”'.h™"). Hence, the ratios have raised 7.86 and 5.07
for NPL-DXR 4 and NPL-DXR 6, respectively.

A statistically significant difference in DXR concentration
in tumor hemisphere between NPL-DXR4 and PL-DXR6
groups was observed at the end of the first week of treatment
(p=0.019).

According to these results, we have chosen to study the
effects of NPL-DXR 4 and PL-DXR 6 on radiotherapy
efficiency, which corresponded to the best potential accumu-
lation of DXR within the tumor hemisphere during the treat-
ment course.

Comparison of NPL-DXR and PL-DXR Effects
on Radiotherapy Efficiency

The endpoint of this study was the overall survival analyzed by
the Kaplan—Meier method (Table III; Iig. 3). In the untreated

@ Springer



162

Chastagner et al.

Table I Evaluation of the Maximum Tolerated Dose (MTD) to Define the Equitoxicity of PL-DXR and NPL-DXR

Treatment groups Toxic deaths Initial mice Weight loss (%)
weight (g) during the
treatment
Drug Total doses and schedules Number of deaths/ Day of death Mean Range Mean Range Mice general Conclusion
Number of mice status

PL-DXR 24 mgkg 13 D38 N/A  N/A N/A  N/A altered Toxicity
3 injections/week X 2 weeks
24 mg/kg 13 D34 N/A  N/A N/A  N/A altered Toxicity
2 injections/week X 2 weeks
18 mg/kg /11 D32 289 27.8-300 6.5% 1-10.I  good Toxicity
3 injections/week X 2 weeks
18 mg/kg /11 D20 293 28.0-30.3 82% 0-125 good Toxicity
2 injections/week X 2 weeks
I'5 mg/kg 077 269 256-275 47% 0-6.0 good MTD
3 injections/fweek X 2 weeks
I'5 mg/kg 077 284 26.7-30.5 3.5% 0-6.7 good MTD
2 injections/week X 2 weeks
12 mg/kg 077 269 260-286 1.4% 0-40 good well-tolerated
3 injections/week X 2 weeks
12 mg/kg 0/7 274 254-304 2.0% 0-56 good well-tolerated
2 injectionsfweek X 2 weeks

NPL-DXR 36 mg/kg 2/4 D17 and D24 289 254-333 21.0% 9.5-28.7 aftered Toxicity
3 injectionsfweek X 2 weeks
36 mg/kg 3/4 DI3,D20and D22 30.0 27.7-32.7 20.7% 11.3-38 altered Toxicity
2 injections/week X 2 weeks
30 mg/kg 2/10 D7and D18 292 289-309 9.6% 0-225 good Toxicity
3 injections/week X 2 weeks
30 mg/kg 3/10 D7, DI5and D18 294 265-323 193% 7.6-31.3 good Toxicity
2 injections/week X 2 weeks
24 mg/kg 0/7 260 248-269 1.7% 0-5.0 good MTD
3 injections/week X 2 weeks
24 mg/kg 0/7 263 247-288 6.0% 094 good MTD

2 injections/week X 2 weeks

CTRL group, the median survival was 27 days. Administered
alone, both NPL-DXR and PL-DXR improved mice survival to
36 days and 40 days, respectively. This corresponds to an in-
crease in life span of 25 and 32%, respectively, but the difference
with the C'TRL group reaches the level of statistical significance
only for PL-DXR (»=0.032). Overall survival was slightly de-
creased (18%) when mice received RT alone (22 days) as com-
pared with C'TRL group without clear explanation.

Median survival was 47 days for the NPL-DXR 4 + RT
group and 48 days for the PL-DXR 6 +RT group. These results
highlight a synergistic interaction between liposomal DXR and
ionising radiation, even though the statistical significance was
only raised for NPL-DXR (p=0.042 as compared to RT alone).
The improvement in overall survival probably resulted from a
slowing of the tumor growth, as shown in Fig 3c.

DISCUSSION

Due to their dose-limiting cardiotoxicity, vectorization of
anthracyclins remains a major challenge in oncology. In this
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context, many articles are published each year to report new
anthracyclin-loaded nano-carriers or new vectorization strat-
egies [19-21]. While the free doxorubicin freely distributes in
the body, drug-loaded nano-carriers accumulate in tissues
with functionally porous vasculature such as liver and spleen
and with leaky vasculature such as tumors. In preclinical
studies, an increased concentration of DXR has been obtain-
ed in intracerebral tumor models [7, 8, 14], and was linked to
an improved therapeutic efficacy for PL-DXR in intracranial
glial tumor models [7, 22]. In this context, recent works have
demonstrated the interest of combining liposomal doxorubi-
cin with ultrasound-induced disruption of blood-tumor and
blood-brain barrier to improve outcome in glioma-bearing
rats [23, 24]. However, these promising results have not been
translated into clinical benefit: PL-DXR only produced a
modest increase in survival when administered alone in pa-
tients with recurrent high grade gliomas [9, 10], despite en-
hanced tumor exposure to doxorubicin [25]. Based on these
conclusions and the well-established role of concomitant
radio-chemotherapy in the treatment of glioblastoma, liposo-
mal doxorubicin was assessed In a concomitant association
with fractionated irradiation in our model of malignant
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Fig. 2 Determination of DXR concentration in brain tissues. Doxorubicin concentrations were measured in both tumor brain hemisphere (TT) and non-tumor
hemisphere (NT) of mice after intravenous injection of liposomal doxorubicin. Median DXR concentrations were determined ondays DI, D7 and DI | or D12
after (@) NPL-DXR or (b) PL-DXR administration. NPL-DXR and PL-DXR were injected at the maximal tolerated dose, i.e. 24 and |5 mg/kg, respectively,
fractionated in 4 or 6 injections over 2 weeks. DXR concentrations were determined by a reversed phase high performance liquid chromatography method after
liquid—liquid extraction as described earlier [ 14]. (€) Comparison of mean DXR concentrations in tumor and non-tumor brain tissues at the end of the first week of
treatment (D7).

glioma xenografts. Moreover, the ability of liposomal formsto ~ U87) when subcutaneously xenografted: for U87 tumor

act as a depot preparation for sustained intratumoral doxoru-  bearing-mice, an increase of about 37% in life span has been
bicin release was expected beneficial in case of daily fraction-  observed for U87 tumor bearing-mice, as compared to those
ation of the radiation therapy: each fraction of irradiation receiving RT alone. However, these results could not be
would be delivered while the drug is present in the tumor. reproduced on the U87 intracranial model, likely due to the
While doxorubicin has been demonstrated to enhance the  lack of therapeutic schedule optimization.

therapeutic effect of RT on different models of cancers Hence, to provide radiosensitization at best, the challenge
[11-13, 26], we have previously showed that the vectorization  is to select the more suitable anthracyclin-loaded carrier with
1s absolutely necessary to allow the combination of doxorubi-  the best therapeutic schedule. Unfortunately, few studies were
cin and radiation therapy in high grade gliomas i viwo [14]:  designed to compare different drug-loaded carriers
indeed, concomitant association of free DXR with fractionat- concerning their distribution abilities, their tumor accumula-
ed irradiation has led into toxic death in 100% of mice. . By  tion profile or their antitumor efficacy alone or in combination
contrast, when administered in combination with fractionated [18, 27, 28].

irradiation, NPL-DXR was shown to significantly The present study was designed to evaluate the efficiency of

radiosensitize two models of malignant glioma (TCG4 and  conventional or pegylated liposomal doxorubicin combined

Table Il Brain Tissues Exposure to Doxorubicin Expressed Through Areas Under the Curve (AUC)

NPL-DXR 4 NPL-DXR 6 PL-DXR 4 PL-DXR 6
Non-tumor brain hemisphere (NT) 862 [,415 2,636 1,031
Tumor brain hemisphere (TT) 6,779 7,173 2,154 2,637
Ratio AUCGTH/AUCKT 7.86 5.07 0.82 2.56

NPL-DXR at the maximal tolerated dose (total dose = 24 mg/kg) fractionated into 4 or 6 injections; PL-DXR at the maximal tolerated dose (total
dose = |5 mg/kg) fractionated into 4 or 6 injections. The AUC were determined based on median DXR concentrations using the Kinetica software
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Table Il Median Overall Survival According to Treatment Groups

CTRL NPL-DXR 4 PL-DXR 6 RT RT + NPL-DXR 4 RT + PL-DXR 6
Median survival (days) 27 36 22 47 48
Long survivors (> 180 days) 0/7 0/7 0/7 2/7 2/7

NPL-DXR at the maximal tolerated dose (total dose = 24 mg/kg) fractionated into 4 injections; PL-DXR at the maximal tolerated dose (total dose = |5 mg/kg)
fractionated into 6 injections; Radiotherapy was delivered at the dose of 2 Gy/fraction/day over 5 days. All the treatments were delivered on two consecutive

weeks

with radiotherapy in orthotopic high-grade glioma xenografts.
The pegylated liposomal doxorubicin (PL-DXR, Caeclyx®)
approved in the US is coated with surface-bound
methoxypolyethylene glycol while the non pegylated form
(NPL-DXR, Myocet®), approved in Europe, is encapsulated
in liposomal membrane of phosphatidylcholine and cholester-
ol. Their described sizes were ~100 and ~160 nm, respective-
ly [29, 30]. The major difference between pegylated- and
conventional liposomes is the reduced uptake by the reticulo-
endothelial system of pegylated liposomes, involving distinct
blood circulation lifetime [31]. However, little is known about
their respective distribution in normal brain and brain tumors
as no comparison of these two agents have already been made
on a same intracerebral tumor model. Hence, to compare
their radiosensitizing effect, it was first necessary to determine
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the optimal schedule and dosing of drug delivery for each
liposomal form. Given that these two formulations have dis-
tinct pharmacokinetic and toxicity profiles [18, 32], the distri-
bution in normal and tumor brain tissues needs to be assessed
at equitoxic total dose using different schedules, as previously
reported [27].

Our MTD study using two schedules of both PL-DXR and
NPL-DXR showed that to obtain the same profile of toxicity,
the maximum tolerated dose of NPL-DXR is about 37%
higher than those of the pegylated form. This preclinical
observation is in agreement with reported results of clinical
trials wherein the well tolerated dose is about 45 and 60 mg/
m” respectively for Caelyx® and Myocet®. It should be
noticed that the schedule had no influence on the MTD,
whatever the liposomal formulation.

115224 NPLDXR4 + RT

115224 _PL-DXR6 + RT

V14/Vi=3.6 V14/Vi=2.4

Fig. 3 Response of U87 intracranial xenografts to antitumoral treatments. Intracranial U87 tumor-bearing mice were randomly assigned into four groups when
tumors were observed on MRI examination: control (CTRL) (0= 6), NPL-DXR (n=7), PL-DXR (n =7), radiation therapy (RT) (n=7), NPL-DXR + RT (n=7),
and PL-DXR +RT (n =7). Tumors were irradiated at the total dose of 20 Gy (10 fractions of 2 Gy, once daily, 5 daysiweek over 2 weeks). NPL-DXR was injected
at the maximal tolerated dose of 24 mg/kg fractionated in 4 injections over 2 weeks. PL-DXR was injected at the maximal tolerated dose of | 5 mg/kg fractionated
in 6 injections over 2 weeks. The effects of treatments on overall survival are represented as Kaplan—-Meier plots. Kaplan-Meier curves were plotted for mice
treated (@) by injection of liposomal DXR as compared to saline (CTRL); (b) by irradiation in combination with liposomal DXR, as compared to RT alone. (c)
Representative images obtained by MRI examination for intracerebral U87 xenografts before treatment onset (Day-3) and at the end of treatment (Day 14). The
ratio between final tumor volume (V14) and initial tumor volume (Vi) were calculated to assess the tumor growth.
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As external beam irradiation is a non-selective treatment
for brain tumor, it is necessary to determine the best compro-
mise between high tumor drug accumulation and low normal
brain exposure. Doxorubicin concentrations were always
higher in the tumor brain hemisphere than in the normal
tissue, except for the PL-DXR4 group (herein, concentrations
were unexpectedly similar and need further histological inves-
tigations). These results confirm the preferential DXR accu-
mulation in tumor tissue, in accordance with the previously
published results [7, 33]. The leaky vasculature that charac-
terizes high-grade gliomas allows the liposomes deposit in
tumor tissue, in contrast to the blood brain barrier perfectly
sealed in normal brain. These results were confirmed in
clinical studies. Koukourakis ¢ al. have used planar and
SPECT scintigraphy to investigate the relative accumulation
of the radiolabelled PL-DXR in tumor and normal brain
areas in 5 patients with glioblastoma [25]. The PL-DXR
accumulation was 7—13 times higher in the glioblastoma as
compared to the normal brain tissue.

The better differential over the treatment course (ratio
AUC1/AUCN1=7.86) and the highest concentrations were
obtained with NPL-DXR 4. However, the difference in DXR
accumulation between both tissues was maximal at the end of
the first week, and decreased at the end of the second week,
that may evoke the activation of resistance mechanisms in-
volving efflux pomp such as P-glycoprotein [34].

Consistently with previous published works [7, 22, 23], the
increased concentrations of DXR in the present study were
linked to an improved therapeutic efficacy in intracranial glial
tumor model. Actually, while administered alone, both NPL-
DXR 4 and PL-DXR 6 slightly improved mice survival, even
though the difference was more marked and significant for
PL-DXR 6. In their phase II clinical trial, Fabel ¢t al. have
reported long-term stabilization in 54% of patients with re-
current malignant glioma after treatment with Caelyx® [9].

As expected, a supra-additive effect was observed when RT
was combined with NPL-DXR 4 and PL-DXR 6: median
overall survival was 2-fold increased for mice treated with
combined therapies, as compared to RT alone. These results
confirm the radiosensitizing potential of NPL-DXR that was
observed on subcutaneous U87 xenografts in our first study.
The present work highlights the importance of using appro-
priate therapeutic schedule and dosing to achieve the best
radiosensitizing effect in intracranial model. In the present
study, the dose of NPL-DXR is twice higher (total cumulative
dose: 24 vs 12 mg/kg) than used in our first study, that may
lead to higher DXR concentrations within the tumor. To our
knowledge, no other study has reported the use of such an
association (NPL-DXR or PL-DXR + RT) in a malignant
glioma orthotopic xenografts model. An increase in RT effect
by PL-DXR on human osteosarcoma, head and neck and
prostate cancer xenograft models have been described
[11-14].

In the clinical study of Koukourakis et al., four complete
and two partial responses were obtained out of 10 patients
harboring brain metastasis (breast, non-small cell lung carci-
nomas) treated with PL-DXR combined with radiotherapy,
but none of five patients treated for a glioblastoma responded
while the drug accumulation was significantly higher in glio-
blastomas [25]. However, the role of DXR encapsulation for
the treatment of brain tumors is running using, in particular,
nanoparticles made up various biodegradable polymers [2,
33].

In conclusion, the present study has shown that both
the pegylated and non pegylated liposomal forms of
DXR allow higher DXR accumulation in brain tumors
as compared to the normal brain tissue providing a
strong background for using their concomitant combi-
nation with radiotherapy. We demonstrated a
radiosensitizing effect without toxicity of this combina-
tion on a human malignant glioma orthotopic xeno-
graft. However, this radiosensitization depends greatly
on the schedule and the dosing of liposomal doxorubi-
cin. This study shows that the use of nanocarriers,
allowing targeting of intracerebral tumor, renders rele-
vant the combination of anthracyclin with radiation
therapy to treat brain tumors, opening a new field of
therapeutic applications. However, our results point out
that, for each new delivery system, the administration
schedules need to be rigorously optimized. These inter-
esting results should encourage the design of phase I
trials of radiochemotherapy using liposomal forms of
DXR for the treatment of malignant brain tumors.
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