nanomedicine

Nanomedicine: Nanotechnology, Biology, and Medicine
13 (2017) 1715-1723

CrossMark

Nanotechnologu. Biology, and Medicine

ELSEVIER

nanomedjournal.com

A new opportunity for nanomedicines: Micellar cytochrome P450
inhibitors to improve drug efficacy in a cancer therapy model

Marion Paolini®®*, Laurence Poul, PhD?, Audrey Darmon®, Matthieu Germain, PhD?,
Agnés Pottier, PhD?, Laurent Levy, PhD?, Eric Vibert, MD, PhD"

Nanobiotix, France
SUMR-S 1193 Inserm/University Paris Sud, Centre Hépato-Biliaire, Hopital Paul Brousse, Villejuif, France
Received 30 August 2016; accepted 17 March 2017

Abstract

Nanomedicines are mainly used as drug delivery systems; here we evaluate a new application - to inhibit a drug’s metabolism
thereby enhancing its effective dose. Micelles containing the natural furanocoumarin 6’,7’-dihydroxybergamottin (DHB), a known
CYP450 inhibitor, were developed to transiently block hepatic CYP450-mediated drug metabolism and increase the bioavailability of the
oncology drug docetaxel. Administered in mice 24 h prior to the drug, DHB-micelles enhanced antitumor efficacy in the tumor
xenograft models HT-29 and MDA-MB-231, when compared to the drug alone. These DHB-micelles have similar composition to marketed
docetaxel-micelles for human use. Despite not being optimized in terms of targeting hepatocytes, they do represent the first injectable
example of nanosized metabolism-blocking agents and open the way for further work on such nanomedicines in man.
©2017 NANOBIOTIX. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Key words: Pharmacoenhancer; Hepatic CYP450; Polysorbate 80; Furanocoumarin

Phase I metabolic enzymes play a key role in the fate of the
majority of drugs.' Most of phase I drug metabolism is carried
out by the hepatic cytochrome P450 (CYP450) enzymes, which
due to genetic polymorphisms leads to high inter-individual
variability.” This inter-patient variability causes either drug
under-dosing, with a lack of efficacy - or drug over-dosing,
frequently generating side effects. Many major drugs are
effective in only 50% to 75% of patients® and more than
2 million cases of adverse drug reactions occur annually in the
United States.”

In this context, the use of pharmacoenhancers blocking the
metabolism of pharmaceutical agents appears relevant to control
their bioavailability. Better bioavailability can lead to higher
efficiency and optimized drug administration schedules.’
Additionally, these metabolism-blocking agents could prevent
the formation of toxic metabolites.

Furanocoumarins from grapefruit juice®’ can be considered
as natural pharmacoenhancers: they interact with CYP450
(CYP3A4, CYPIA2, CYPIBI, CYP2C9, CYP2C19 and
CYP2D6"®) and attempts have been made to remove them

Abbreviations: CMC, critical micelle concentration; CYP450, cytochrome P450; DBOMEF, di(benzyloxymethoxy)fluorescein; DHB, 6’,7’-dihydrox-
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from grapefruit juice’ because they cause well known food-drug
interactions and variations in drug bioavailabilities.”-'*"!

Conversely, we wondered if we might enhance the effective
dose of a drug by sequential intravenous administration of a
nanocarrier encapsulating furanocoumarin aiming at addressing
hepatocytes, followed by the drug.

Here, we chose to exemplify this approach using a very
simple nanocarrier system: micelles encapsulating furanocou-
marin 6’,7’'-dihydroxybergamottin (DHB) and docetaxel as the
drug. The DHB molecule was chosen because of its potent
inhibition of CYP3A4 (K; reported as 0.7 uM in human
intestinal microsomes’ to 3.26 uM on CYP3A4 recombinant
enzymes'?), plus its absence of reported toxicity'® and
commercial availability. Docetaxel was chosen because of its
narrow therapeutic window and extensive metabolism by
CYP3A4.'*'6 The first generation of nanocarriers encapsulat-
ing the DHB, used for this study, were of the same composition
as docetaxel’s formulation Taxotere® (polysorbate 80-ethanol
based micelles), i.e. “docetaxel-micelles”. This preparation is
straightforward and allows the injection of hydrophobic
compounds. /n vitro, on recombinant CYP450 and on HepaRG
cells, a human hepatocyte cell line expressing active CYP3A4,
we confirmed the CYP3A4 inhibition potency (ICsp) of
DHB-micelles and determined a schedule for optimum inhibi-
tion. We further proved the ability of DHB-micelles to enhance
the antitumor efficacy of docetaxel in mice xenografts using both
the human colorectal HT-29 cancer cell line and the human
MDA-MB-231 breast cancer cell line. These results are
considered as an early proof-of-concept in vitro and in vivo
and open the way for further work on this new opportunity
for nanomedicine.

Methods
Materials

Anhydrous docetaxel (Interchim) was used for the first
in vivo study (HT-29), formulated in polysorbate 80 (PS80) and
ethanol (1:1 v/v) at 20 g/L and diluted by ten (1:9 v/v) to 2 g/L
in NaCl 1% just prior to injection. Otherwise, polysorbate-based
one vial formulation docetaxel purchased from Accord (London,
UK) was diluted by ten (1:9 v/v) in NaCl 1% prior to injection.
Docetaxel’s metabolites M1 and M3 (Mixture of diasterecomers)
were bought from Toronto Research Chemicals (Canada).
6’,7'-dihydroxybergamottin (DHB) was purchased from Interchim
(Montlugon, France). Di(benzyloxymethoxy)fluorescein (DBOMF)
and recombinant CYP3A4 enzymes (CYP3A4 BACULOSOMES
Plus reagent) were purchased from Thermo Fisher Scientific
(Waltham, MA). All other and reagents were purchased from
Sigma Aldrich unless otherwise specified.

Nano-object preparation

Micelles of DHB (i.e. DHB-micelles) were formed by
self-assembly. The surfactant (PS80) and anhydrous ethanol
were mixed 1:1 (v/v) to form a PS80-ethanol solution. DHB was
then weighted and dissolved in the PS80-ethanol (1:1, v/v)
solution to either 25 mM (for batch 1) or up to the DHB

solubility limit (i.e. 35.7 mM, for batch 2). Once the dissolution
was complete, micelles were formed by addition of NaCl 1% (w/w)
in a ratio equal to 9:1 (v/v) to the PS80-ethanol (1:1 v/v) solution
containing DHB. Under these conditions, the resulting final
concentration of DHB in micelles was 2.5 mM for batch 1 and
3.57 mM for batch 2.

Encapsulation efficiency was evaluated by filtration on
VIVASPIN, with 10¢ Da molecular weight cut-off (Sartorius,
Germany). Micelles pass through the membrane pores, whereas
insoluble DHB, at the same concentration, in aqueous solution
with 0.5% ethanol, does not. DHB presence was monitored by
fluorescence (290 nm/475 nm). Fluorescence was read at 700 V
on a Cary Eclipse fluorimeter (Agilent, Santa Clara, CA).

Nano-object characterization

The diameter and size dispersity of the micelles was
determined by Dynamic Light Scattering (DLS). Measurements
were performed on a Zetasizer Nano-ZS device (Malvern
Instruments Inc., UK) with a laser operating at 633 nm and a
photodiode detector at an angle of 173°. Transmission electron
microscopy images were acquired with a JEOL JEM 100CX.

Cell culture

Cryopreserved HepaRG cells were purchased from Thermo
Fisher Scientific (Carlsbad, CA). A vial of 10 x 10° cells was
thawed in Williams E medium + Glutamax supplemented with
10% fetal calf serum, 5 pg/ml bovine insulin, 50 uM hydrocor-
tisone 21-hemisuccinate, 50 U/ml penicillin, and 50 pg/ml
streptomycin and spun at 200 g for 5 min. The cell pellet was
resuspended in 20 mL of the same culture medium and allowed
to grow in a T75 flask for a week in an incubator (37 °C, 5%
CO,). Cells were then detached with Trypsin 0.05% purchased
from Thermo Fisher Scientific (Carlsbad, CA) and counted by
Trypan blue exclusion. Cell viability greater than 80% was
considered adequate. Cells were resuspended in the same culture
medium and seeded on collagen-coated 96-well plates at a
density of 33,000 cells per well (0.22 x 10 cells/mL) and
allowed to grow in an incubator (37 °C, 5% CO,). Cells were
allowed to reach full confluence for two weeks and cultivated
two more weeks in the presence of a final concentration of 2%
DMSO. Cells were used for experiments from passages 2 to 14.
Culture medium was renewed every 2—3 days.

The human colorectal adenocarcinoma HT-29 cell line and
the human breast adenocarcinoma MDA-MB-231 cell line were
purchased at the ATCC (Manassas, VA).

HT-29 cells were cultured in McCoy’s 5A medium
supplemented with 10% fetal bovine serum. MDA-MB-231
were cultured in minimum essential media with Earle’s salts
supplemented with Glutamax, 10% fetal bovine serum, 1%
non-essential amino acids, 1% penicillin—streptomycin and 1%
sodium pyruvate.

Cytotoxicity

Cytotoxicity was measured using an LDH assay according to
the manufacturer’s instructions. UV absorbance was measured
on a UV 96-well plate reader PowerWave 340 (Biotek,
Winooski, VT). Cell sensitization to docetaxel was measured
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using a WST-1 assay according to the manufacturer’s instruc-
tions, after 48 h of co-incubation of DHB (0-5 uM) and
docetaxel (0-25 nM) in cell culture medium.

In vitro CYP450 inhibition assays

Ketoconazole was diluted in ethanol. DHB-micelles were
used as such.

Inhibition assay on CYP3 A4 recombinant enzymes. CYP3A4
BACULOSOMES Plus reagents were used according to the
manufacturer’s instructions. Briefly, in a 96-well plate, 40 pL
per well of inhibitors 2.5X (ketoconazole 2.5 uM, DHB-micelles
12.5 uM or buffer) were mixed with 50 pL of Master Pre-Mix,
consisting in Vivid Regeneration System and 10 nM
BACULOSOMES Plus reagent in 100 mM potassium phosphate
buffer pH 8.0. To initiate the reaction, 10 uL per well of
substrate mix (50 nM docetaxel and NADP+) was added. At the
end of the 6-h incubation period, ten wells per conditions at least
were pooled. All samples were treated per the protocol of
Hendrikx et al.'"* To 1 mL of sample, 2 mL of TMBE were
added. Samples were mixed for 10 s and centrifuged for 5 min at
20,000 g. The aqueous layer was frozen in a bath of ethanol and
dry ice and the organic layer was decanted into a clean glass tube.
The samples were dried under a gentle stream of nitrogen at
40 °C. The residues were reconstituted in 100 mM ammonium
acetate (pH 5)/acetonitrile (1:1 v/v). The chromatographic
conditions were based on previously published work by
Hendrikx et al,'* briefly, an API4000 triple quadrupole with
positive electrospray ionization (ESI) (Sciex, Canada) was
coupled to a binary pump, an autosampler, a mobile phase
degasser and a column oven, all part of an UPLC system
(Waters, Milford, MA). Chromatographic separation was
obtained using an Acquity UPLC BEH C;g (100 x 2.1 mm
i.d., dp = 1.7 um; Waters). The oven was setat 40 °C = 1 °C. A
sample volume of 5 L was injected. A gradient of 10 mM
ammonium hydroxide in water and methanol was used at a flow
rate of 0.4 mL/min. At the start the mobile phase consisted of
10% (v/v) methanol, with a linear gradient, the methanol content
was raised to 60% (v/v) in 9 min, after which the methanol was
reset to 10% (v/v) for 1 min. Mass transitions and MS/MS
settings were optimized for pooled docetaxel, M1 and M3
metabolites in positive ion mode. Respectively, the collision
energies were 15 and 19 V and the precursor ions were set at m/z
808.2 and 839.4. The product ion was set at m/z 527 for both.
Docetaxel and M1 and M3 calibration curves were fitted by
linear regression of the peak area ratio with the internal standard
(paclitaxel). Concentrations were calculated in ng/mL using
calibration curves. The limit of quantitation (LOQ) was set to
2.5 ng/mL.

Inhibition assay on HepaRG cells. In a 96-well plate, 90 pL
per well of inhibitors 1.1X (ketoconazole 1.1 pM, DHB-micelles
5.5 uM or buffer) were incubated on cells 1 h before adding the
substrate (10 uL per well of 0.05 uM docetaxel). At the end of
the 6-h incubation period, sixty wells per conditions at least were
pooled and samples were prepared and analyzed by chromatography
as detailed above. When the fluorogenic substrate DBOMF was used
instead of docetaxel, it was prepared in acetonitrile at a stock
concentration of 2 mM. To be incubated on cells, DBOMF was

diluted at a concentration of 10 uM in a solution of PBS, 10 mM
HEPES, 10 mM glucose with pH adjusted to 7.3. For the 3-h
incubation, 100 pL per well of inhibitors (ketoconazole or
DHB-micelles) were incubated on cells 30 min before adding the
substrate (100 pL per well of 10 uM DBOMF) for 2.5 additional
hours. Similarly, for the 24-h time point, at first, DHB-micelles were
incubated on cells for 3 h, but then they were rinsed and the substrate
was added only 22 h later and incubated for 2.5 h on cells. In both
cases, after the 2.5 h of incubation of the substrate on cells, 75 pL
per well of the substrate incubated on cells were taken and mixed on
a white 96-well plate with 25 pL of enzymatic solution:
beta-glucuronidase/arylsulfatase diluted by 100 and 0.5 M sodium
acetate pH 4.5 (3:2, v/v).'"'® The solution was let to incubate for
one hour at 37 °C. Once the incubation was complete, 100 pL per
well of 2 N sodium hydroxide were added. Fluorescence was read at
a voltage set between 450 V and 550 V on a Cary Eclipse
fluorimeter (Agilent, Santa Clara, CA).

Antitumor efficacy studies

All in vivo manipulation was performed on adult female mice
(NMRI-Fox Inu/Foxnlnu) (Janvier, France) at the Ecole Natio-
nale Veterinaire d’Alfort (Maisons-Alfort, France), according to
its ethic committee policy, following approval. Animals received
good care and humane treatments.

Mice were xenografted with HT-29 cells or MDA-MB-231
cells: respectively 5 million and 4 million cells in 50 uL were
injected subcutaneously in the lower right flank. Tumor volume
(mm?*) was measured with a digital caliper and calculated with
the formula: tumor volume = length*width?/2.

Mice were randomized on the day of experiment, when the
mean tumor volume was equal to 100 mm® (S.D. 25%) and
200 mm? (S.D. 20%) respectively for the HT-29 studies and the
MDA-MB-231 study. Groups were treated as shown in
Supplementary Table S4.

Mice were followed up for clinical signs, body weight and
tumor size at least twice a week. The treatment efficacy was
determined using the optimal percent T/C value (%T/C), ratio of
the mean tumor volume of treated groups versus control group.

Biodistribution

6—7 weeks NMRI female nude mice were xenografted with
MDA-MB-231 cells and randomized as described above in two
groups, according to the first injection: NaCl 0.9% or
DHB-micelles 13.3 mg/kg. 24 h later, docetaxel 10 mg/kg was
injected intravenously and mice were sacrificed 5 min, 1 h, 8 h
and 24 h after docetaxel injection. Tumors were removed; three
tumors per group and timepoint were analyzed. Tumors were
homogenized by mechanical grinding for 10 min (Ultra Turrax,
IKA, Germany) in 2 mL PBS and TBME (1:1 v/v). Homoge-
nates were extracted and analyzed by LC/MS/MS as described
above for in vitro samples.

Data analysis

Data were analyzed and plotted on Excel (Microsoft 2013).
Analysis for in vivo studies was performed with GraphPad Prism
5 (GraphPad Software, La Jolla, CA): statistical analyses were
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Figure 1. Relative concentration of (A) docetaxel and (B) pooled docetaxel’s metabolites M1 + M3 detected by LC/MS/MS analysis after 6-h incubation on
human recombinant CYP3A4 enzymes. Bars are the mean of three independent experiments (points shown on the figure), each normalized on the reference value
before averaging. Values were set to zero when <LOQ (A) reference value: docetaxel concentration in sample blank (B) reference value: M1 + M3

concentration in sample “no inhibitor”.

obtained with a 1-way ANOVA followed by Bonferroni’s
multiple comparison test.

Results
DHB-micelles

Polysorbate 80 (PS80) was used here to solubilize hydro-
phobic DHB for intravenous injection, forming DHB-micelles.
Two different batches of DHB in PS80-ethanol (1:1 v/v) were
made, with final content in DHB of 2.5 mM, or 0.93 g/L (batch
1) and 3.57 mM, or 1.33 g/L (batch 2). Characterizations can be
found in Supplementary Information (Table S1 and Figure S1).
The DHB concentration did not change size measurements or
encapsulation efficiency. The hydrodynamic diameters of the
micelles were centered on 10 nm.

We stayed above PS80’s critical micelle concentration
(CMC) (13-15 mg/L'%) in subsequent in vitro and in vivo
experiments, considering micelles’ dilution factor in blood, even
though the stability of the objects is questionable in plasma.*’

The effect of DHB-micelles and empty micelles on
hepatocytes’ viability was measured in vitro on the hepatocyte
cell line HepaRG@, after 3 h of incubation, using the LDH release
assay. No toxicity was observed under the conditions of the
inhibition assay. (Supplementary Table S2).

In vitro CYP450 inhibition assays using recombinant enzymes

The inhibition of docetaxel-micelles metabolism into its
metabolites by DHB-micelles - inter alia two of its major
characterized metabolites M1 and M3 - was confirmed in vitro
on human recombinant CYP3A4 enzymes by LC/MS/MS
detection of docetaxel and M1 and M3'*2° (Figure 1,
Supplementary Table S3). In the absence of DHB-micelles,
after a 6-h incubation (see Methods), docetaxel-micelles were
extensively metabolized by CYP3A4 enzymes by about 94%,
with formation of M1 and M3 metabolites. In parallel, enzymes’
activity was verified by incubation of the appropriate fluorogenic

substrate given in the enzymes’ kit: DBOMF instead of
docetaxel (Supplementary Figure S2). DBOMEF is metabolized
by CYP3A4 and becomes fluorescent only when metabolized.
DHB-micelles (5 pM) co-incubated with docetaxel-micelles
inhibited docetaxel metabolism with approximately all the initial
docetaxel dose recovered (Supplementary Table S3) and pooled
M1 + M3 metabolites below the limit of quantitation in two out
of three experiments (Figure 1, B). These results were
comparable when ketoconazole (1 pM) was co-incubated with
docetaxel-micelles, in place of DHB-micelles, as positive
control for CYP3A4 inhibition.?'

In vitro CYP450 inhibition assays using HepaRG cells

The inhibition of docetaxel-micelles metabolism was then
evaluated on HepaRG cells (Figure 2). The quantity of pooled
M1 + M3 metabolites produced was inhibited by about 90% and
85% respectively with 1 uM ketoconazole and 5 puM
DHB-micelles, similarly to results obtained with recombinant
enzymes, under the experimental conditions (see Methods). In
parallel to docetaxel’s incubation on cells, CYP3A4 activity was
verified by incubation of the fluorogenic CYP3A4 substrate
DBOMF, instead of docetaxel (Supplementary Figure S3).

DHB-micelles inhibited more efficiently CYP450 after
24 h, than directly after the 3-h incubation period
(Supplementary Figure S5). Therefore, in vivo experiments
were conducted with injections of DHB-micelles 24 h prior to
the injection of docetaxel.

As a control, in vitro inhibition of CYP3A activity by free
DHB (in ethanol) was also evaluated on HepaRG cells, after a
3-h incubation. Similar CYP3A inhibition was found compared
to DHB-micelles (data not shown).

Antitumor efficacy studies

Docetaxel-micelles were previously used in different tumor
models xenografted in nude mice.”> We chose the human
colorectal HT-29 cell line and the human breast adenocarcinoma
MDA-MB-231 cell line to assess the association of DHB-micelles
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Bars are the mean of two independent experiments (points shown on the figure), each normalized on the reference value sample “no inhibitor” before averaging.
Values were set to zero when <LOQ.

>

1200

1000

800

600

—
—_ ——
—_

—_—

400

— ———
—

Mean tumor volume (mm?3)
——F A

AP

200

0
0 10 20 30 40 50
T T T Days after first injection

—o—NaCl Docetaxel 10mg/kg DHB-micelle + docetaxel 10mg/kg

100 « PR

=T

80
: [
60
50
40
30
20
10

0 2 2
0 10 20 30 40 50 60 70 80 90
T T T Days after first injection

Percent of surviving animals per group 0D

—o—NaCl Docetaxel 10 mg/kg DHB micelles + docetaxel 10 mg/kg

Figure 3. Antitumor efficacy study on HT-29 comparing DHB-micelles and docetaxel-micelles versus docetaxel-micelles alone. Filled black diamonds: NaCl
0.9% IV injected on days 0, 1, 2, 5, 8 and 9 (3 mice); filled gray triangles: Docetaxel 10 mg/kg IV injected on days 1, 5, 9 (5 mice); gray cross: DHB-micelles
5 mg/kg IV injected on days 0, 2, and 8 and docetaxel 10 mg/kg IV injected on days 1, 5 and 9 (5 mice). (A) Mean tumor volume (+ S.E.M.) (B) Kaplan—Meier
diagram. Arrows: injections (gray arrow DHB-micelles injection and black arrow docetaxel injection).



1720 M. Paolini et al / Nanomedicine: Nanotechnology, Biology, and Medicine 13 (2017) 1715-1723

1400
1200
E
£ 1000
[0
g
S 800
>
S
5 600
C
8 400
=
200 _
0
0 5 10 15
—+—NaCl
DHB-micelles + docetaxel 10 mg/kg
B
= 100
3 90
> 80
g 70
[2]
s 60
50
©
> 40
C
= 30
S 20
%]
s 10
T 0
g 0 10 20 30
o
e
—o—NaCl

DHB-micelles + docetaxel 10 mg/kg

TT
IHf |
I
7 L JT
T
20‘A25 30 35 40

Days after 1st injection

Docetaxel 10 mg/kg
Docetaxel 15 mg/kg

50 60 70 80 90

Days after first injection

Docetaxel 10 mg/kg
Docetaxel 15 mg/kg

Figure 4. Antitumor efficacy study on MDA-MB-231 comparing DHB-micelles and docetaxel-micelles versus docetaxel-micelles alone. Filled black
diamonds: NaCl 0.9% IV injected on days 0, 1, 4, 5, 8 and 9 (6 mice); filled gray squares: Docetaxel 10 mg/kg IV injected on days 1, 5, 9 (8 mice); filled gray
triangles: DHB-micelles 13.3 mg/kg IV injected on days 0, 4, and 8 and docetaxel 10 mg/kg IV injected on day 1, 5 and 9 (8 mice); gray cross: docetaxel 15 mg/kg IV
injected on days 1, 5, 9 (8 mice). (A) Mean tumor volume (+ S.E.M.) (B) Kaplan—Meier diagram. Arrows: injections (gray arrow DHB micelles injection and black

arrow docetaxel injection).

and docetaxel-micelles versus docetaxel-micelles alone in terms
of tumor response expressed as the optimum percent test versus
control (%T/C) and overall survival (OS). Schedules and doses of
docetaxel were set based on existing non-clinical data.*?

On HT-29, the first study was conducted using DHB-micelles
batch 1 (0.93 g/L), 5 mg/kg and docetaxel-micelles 10 mg/kg
(Figure 3).

A second study was conducted using DHB-micelles batch 2
(1.33 g/L), 13.3 mg/kg and docetaxel-micelles 10 mg/kg
(Supplementary Figure S6). In both studies, animal mean body
weight varied between +5% and —12% in the first weeks of the
experiments, when toxicity could have occurred (Supplementary
Figure S7). Moreover, no clinical sign of toxicity was observed.
One animal in the first study, receiving docetaxel-micelles
alone, was found dead on day 19. The cause of death was not

established. In the first study, the optimum %T/C at day 19 was
equal to 11.0 for DHB-micelles in association with docetaxel—
micelles and 16.6 and for docetaxel-micelles alone, which
represents a 1.5-fold decrease. In the second study, the optimum
%T/C at day 19 was equal to 22.4 for DHB-micelles in
association with docetaxel-micelles and 27.6 and for docetaxel—
micelles alone, so a 1.2-fold decrease. For both studies, a marked
difference of 19 days in overall survival was observed between
DHB-micelles in association with docetaxel-micelles and
docetaxel-micelles alone. These results suggest the good
tolerance to the combined treatment DHB-micelles and
docetaxel-micelles with extended overall survival when compared
to docetaxel micelles alone.

On MDA-MB-231, the study was conducted using
DHB-micelles batch 2 (1.33 g/L) at a dose of 13.3 mg/kg. Two
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doses of docetaxel-micelles, 10 mg/kg and 15 mg/kg, the latest
corresponding to the established maximal tolerated dose (MTD) on
mice,”* were tested (Figure 4).

The optimum %T/C was observed on day 12 and equal to
18.5, 9.3 and 9.5 respectively for docetaxel-micelles 10 mg/kg,
docetaxel-micelles 15 mg/kg and DHB-micelles in association
with docetaxel-micelles 10 mg/kg. The optimum %T/C was
decreased by a factor of 2 with the association of DHB-micelles
to 10 mg/kg docetaxel-micelles, compared to 10 mg/kg doce-
taxel-micelles alone. A statistical difference was observed in
tumor growth between the two groups docetaxel-micelles
10 mg/kg and DHB-micelles + docetaxel-micelles 10 mg/kg
from day 15 to 24 (Supplementary Figure S8). DHB-micelles +
docetaxel-micelles 10 mg/kg behaved statistically similarly to
docetaxel-micelles 15 mg/kg for the period. Day 24 corresponds
to the time of tumor relapse, which triggered an expected large
heterogeneity within groups. At day 50, 50% or more of the
animal were still alive in the two groups, docetaxel-micelles 15 mg/kg
and DHB-micelles in association with docetaxel-micelles 10 mg/kg,
versus 12.5% in the group docetaxel-micelles 10 mg/kg. The overall
survival was prolonged by almost 15 days for DHB-micelles in
association with docetaxel-micelles 10 mg/kg when compared to
docetaxel-micelles 10 mg/kg alone.

Biodistribution

To understand the mechanisms of this increased anti-tumor
efficacy, docetaxel concentration in the tumor was measured at four
timepoints after the injection of docetaxel 10 mg/kg in two groups: a
group pre-treated 24 h before with DHB-micelles at 13.3 mg/kg and
a control group without pre-treatment (NaCl 0.9%) (Figure 5).

Discussion

To avoid the consequences of drug under-dosing or
over-dosing, it is of paramount importance to maximize the

effective therapeutic dose of pharmaceutical agents while
decreasing the fraction of the dose responsible for toxicity.

Here, we wondered if we could enhance the therapeutic
advantage of the drug docetaxel by modulating its main
metabolism pathway using a prior intravenous administration
of a natural metabolism-blocking agent, encapsulated in a
nanocarrier aiming at addressing hepatocytes.

While some furanocoumarins, such as 5-methoxypsoralen,
are phototoxic, an absence of toxicity has been reported for
DHB.'? The cytotoxicity of micelles was evaluated in vitro by
LDH assays and no toxicity was observed up to 10 pM in DHB.
In vivo, monitoring of micelles’ toxicity was performed by
following weight changes and observing the general behavior of
animals. Good tolerance of treatment was observed with no
obvious clinical sign of toxicity for the two doses of
DHB-micelles tested.

PS80-based micelles were selected as our first nanocarriers to
entrap the DHB, because they present a straightforward way to
inject hydrophobic drugs. They are used in the clinic for
docetaxel administration, despite their reported lack of in vivo
stability?** and potential to cause infusion reactions. Micelles
were always injected at a concentration in PS80 equal to 5% of
the injected volume (v/v). The lowest volume of micelle solution
injected was 150 pL and the largest 300 pL. In a plasma volume
of 1.5 mL in mice, it makes a final concentration in PS80 of
respectively 0.5% and 1%, well above the CMC value. Despite
being above the CMC value, it is known that PS80 micelles are
not stable in plasma.?*** Therefore, PS80-based micelles should
be seen as a first nanocarrier prototype to establish a
proof-of-concept, which will be used to benchmark any new
generation of biocompatible nanocarriers, with enhanced
stability to target the hepatocytes.

In vitro, on recombinant enzymes and on a human hepatocyte
HepaRG cell line, we proved efficient docetaxel metabolism
inhibition by DHB-micelles, showing a decrease in pooled
M1 + M3 metabolites production up to 90%. CYP450 inhibitors
can cause reversible, irreversible or mixed inhibition. DHB is a
mixed inhibitor with predominance of irreversible inhibition,’
whereas ketoconazole, a common CYP3A4 inhibitor, is a
reversible, substrate-dependent inhibitor.?! Therefore, inhibition
of CYP450 by DHB is substrate independent: CYP450-mediated
metabolism is inhibited at a constant K;, regardless of the
substrate. This makes it possible to replace docetaxel by
another substrate, for instance the fluorogenic substrate
DBOMF to monitor CYP3A4 inhibition by fluorescence instead
of LC/MS/MS. Besides, the irreversible inhibition due to DHB
relies on time constants,>* for instance on the time the inhibitor
takes to bind covalently to the CYP450. Consequently, while the
inhibition efficiency of ketoconazole is maximal when it is
co-incubated with the substrate, in the case of furanocoumarins,
inhibition keeps increasing as long as they interact with active
CYP450. Twenty-four hours was thus chosen as an optimal
time-lapse in vivo between the injection of DHB-micelles and
the injection of docetaxel-micelles.

We showed marked antitumor efficacy of the combination in
two human tumor models xenografted in nude mice. The usual
murine model was used for these studies because of its reported
relevance in CYP3A4 inhibition.”>*® The two tumor models
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HT-29 and MDA-MB-231 were chosen because of their relative
sensitivity to docetaxel.”>*” The breast tumor cell line
MDA-MB-231 is the standard model to study docetaxel’s
efficiency and the colorectal tumor cell line HT-29 is more resistant
to the molecule, which emphasizes substantial differences
between groups.

For a dose of docetaxel of 10 mg/kg, a minimum of 1.2-fold
decrease and a 2-fold decrease of the optimum %T/C were
observed for docetaxel-micelles treatment in association with
DHB-micelles when compared to docetaxel-micelles alone, in
the HT-29 and MDA-MB-231 tumor model respectively.
Moreover, overall survivals were markedly prolonged in all
tested models using DHB-micelles and docetaxel-micelles
versus docetaxel-micelles alone. Specifically, for the
MDA-MB-231 model, docetaxel-micelles 10 mg/kg combined
with DHB-micelles was significantly as efficient as the higher
dose docetaxel-micelles 15 mg/kg, which corresponds to the
MTD found by Desai et al** in terms of tumor shrinkage until
tumor relapse (day 29). The overall survivals in the two groups
were comparable.

In the HT-29 studies, the first experiment was conducted with
DHB-micelle batch 1 (0.93 g/L) and a DHB dose of 5 mg/kg
whereas in the second experiment we used DHB-micelle batch 2
(1.33 g/L) and a DHB dose of 13.3 mg/kg. Despite an increase
in DHB dose of 2.7 folds, the antitumor efficacy improvement
between the two studies was comparable. This may come from a
saturation of CYP450 in DHB, the dose of 5 mg/kg being
enough to reach a plateau.

Vehicle injection can induce a stress,”’ especially as
surfactants such as PS80 are known to have an inherent toxicity.
Natural molecules such as DHB could trigger an antitumor effect
on their own. To investigate the effect of DHB-micelles on tumor
growth, we compared two groups of MDA-MB-231 xenografted
mice injected with NaCl or with 13.3 mg/kg DHB-micelles
(Supplementary Figure S9). Mice were 9 per group and no
significant effect of DHB-micelles was noticed in tumor growth
or in survival compared to untreated animals. No clinical sign of
toxicity was noticed. In the same way, DHB could sensitize cells
to docetaxel, so we co-incubated DHB and docetaxel for 48 h
in vitro on HT-29 and MDA-MB-231, at different doses. No
difference in cell viability as a function of DHB concentration
was noticed by WST-1 assay (Supplementary Figure S10),
suggesting that the enhanced anti-tumor activity does not come
from tumor cell sensitization by DHB.

Docetaxel administration following grapefruit juice
ingestion® or with oral CYP3A4 inhibitors has previously been
described. After grapefruit juice ingestion, the reported increase
in docetaxel’s AUC was of 65%. When administered with
ketoconazole, docetaxel’s exposure was reported to increase by
1.3 to 2.6 folds.?® An oral intake of CYP450 inhibitors is most
likely to inhibit exclusively intestinal CYP450, whereas our aim
by injecting intravenously is to only target hepatic CYP450.
Knowing that docetaxel is injected intravenously, its first pass
metabolism occurs mainly in the liver and we expect a higher
impact of our formulation on docetaxel’s AUC increase and
efficacy. We measured the impact of one injection of
DHB-micelles at 13.3 mg/kg on the concentration of docetaxel
in MDA-MB-231 tumors. Docetaxel concentration in tumors of

DHB-micelles treated mice was higher at all timepoints above
one hour and it was increased by about 30% at long timepoints
(above 8 h) (Figure 5), which is consistent with our antitumor
efficacy results.

There are limits to relating CYP3A4 inhibition to an increase
in efficacy. First, it has been shown with taxanes that the
exposure—efficacy relationship is not proportional.”’ Then,
compensation mechanisms between different CYP450 types
and interactions with other proteins such as transporters should
be considered. Other CYP450s may be involved in metabolism
when one is massively blocked, and more importantly other
proteins such as those involved in influx or efflux from
hepatocytes. P-glycoprotein (or MDRI1) is one of the most
important transporters. This transporter has many common
substrates and inhibitors with CYP3A. It is at the origin of
multidrug resistances as it is expressed, not only on hepatocytes,
but also on some tumor cells. HT-29 and MDA-MB-231 cell
lines do not express MDR1,%*3" although further investigations
on the effect of DHB micelles on MDRI1 activity should be
conducted, especially in hepatocytes.

In conclusion, we aimed to encapsulate in a nanocarrier
natural compounds, known for their metabolism-blocking
capacity and absence of reported toxicity, to be injected
intravenously, so they can inhibit the hepatic metabolism of
drugs to enhance the useful dose and/or reduce the ineffective
proportion of the dose often responsible for the toxicity of the
injected drug. Here, a preliminary proof of concept was obtained
using docetaxel as model drug and DHB as a CYP450 inhibitor,
both prepared with polysorbate 80, as for human intravenous use.
These findings are encouraging in terms of increased efficacy
and prolonged overall survival in xenografted murine models
with good tolerance to treatment. We are currently developing a
second generation of nanocarrier with efficient DHB - or other
natural compounds known to inhibit CYP450 - loading. These
nanocarriers with enhanced plasma stability are designed to
target hepatocytes specifically and avoid the reticuloendothelial
system, where lipid-based and polymeric nanoparticles tend to
accumulate.®> More precisely, such nanocarriers should avoid
the spleen and the Kiipffer cells in the liver and be small enough
to cross the Space of Disse (100 nm fenestrae) to reach
hepatocytes. The size of the nanocarrier remains one of main
driver of clearance by the mononuclear phagocyte system: the
larger the particle’s diameter is, the more readily it is uptaken by
the spleen.’? Nanomedicine allows the design of such
function-oriented objects. Further studies will establish the
preclinical benefit—risk ratio of introducing such a
metabolism-blocking agent in association with drugs with a
narrow therapeutic window or relying too much on the CYP450
status of patients.
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