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Abstract

We determined whether the method used to encapsulate irinotecan into 1,2-distearoyl-sn-glycero-phosphocholine/cholesterol (DSPC/
Chol; 55:45 mol%) liposomes influenced: (i) irinotecan release rate and (ii) therapeutic efficacy. DSPC/Chol (55:45 mol%) liposomes were
prepared with: (i) unbuffered CuSOy; (ii) buffered (pH 7.5) CuSOy; (iii) unbuffered MnSO,4 and the ionophore A23187 (exchanges internal
metal®" with external 2H™ to establish and maintain a transmembrane pH gradient); and (iv) unbuffered CuSO, and ionophore A23187.
All formulations exhibited >98% irinotecan encapsulation (0.2 drug-to-lipid molar ratio; 10 min incubation at 50 °C). Following a single
intravenous injection (100 mg/kg irinotecan) into Balb/c mice, the unbuffered CuSO, plus A23187 formulation mediated a half-life of
irinotecan release of 44.4 h; a >4-fold increase compared to the other liposome formulations. This surprising observation demonstrated
that the CuSO4 plus A23187 formulation enhanced irinotecan retention compared to the MnSO,4 plus A23187 formulation, indicating the
importance of the divalent metal. A single dose of the CuSO,4 plus A23187 formulation (50 mg/kg irinotecan) mediated an 18-fold
increase in median 7 — C (the difference in days for treated and control subcutaneous human LS 180 adenocarcinoma xenografts to
increase their initial volume by 400%) when compared to a comparable dose of Camptosar®. Improved irinotecan retention was asso-
ciated with increased therapeutic activity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Irinotecan (CPT-11) is a water-soluble camptothecin
derivative that has demonstrated clinical activity against
colorectal [1,2] and small cell lung cancers [3], as well as
showing promising activity in other cancer indications
[4,5]. Camptothecins promote apoptosis by stabilising the

* Corresponding author. Department of Advanced Therapeutics, BC
Cancer Agency, 675 W 10th Avenue, Vancouver, BC, Canada V5Z 1L3.
Tel.: +1 604 675 8000x7029; fax: +1 604 675 8183.

E-mail address: eramsay@bccre.ca (E. Ramsay).

0939-6411/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2007.08.011

cleavable complex formed between topoisomerase I (topo
I) and DNA [6]. This mechanism is dependent on the integ-
rity of the lactone ring common to all camptothecins; how-
ever, the lactone ring undergoes a pH-dependent reversible
hydrolysis that favours the carboxy derivative at physio-
logical pH [7]. Consequently, drug delivery technologies,
including liposomes, have been investigated as a means to
stabilise the lactone ring. Liposome formulations of topo-
tecan and irinotecan, the two approved water-soluble
camptothecins, which trap the drug in the acidic aqueous
core of the liposome, have been reported [§-22]. Further,
liposomes have been used to solubilise hydrophobic
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camptothecins such as SN-38 (the active metabolite of
CPT-11) [23-25] and 9-nitrocamptothecin (9-NC) [13,26].
Parental formulations of liposomal lurotecan (NX211/
OSI-211) [27] and an aerosol preparation of liposomal
9-NC have been tested clinically [28,29].

Weakly basic drugs such as irinotecan can be loaded
into preformed liposomes that exhibit a transmembrane
pH gradient (acidic inside) [30]. This approach traps the
drug in an acidic environment as well as achieving efficient
(>98%) loading [9] using a method that is suitable for phar-
maceutical development [31]. Transmembrane pH gradi-
ents can be created directly by preparing liposomes in a
well-buffered acidic solution [32]. Alternatively, “self-gen-
erating/self-maintaining” systems can generate a pH gradi-
ent by the presence of a transmembrane ammonium sulfate
gradient [33], or by the intravesicular entrapment of a
monovalent, or divalent, metal ion coupled with an appro-
priately selected ionophore [34]. As an alternative to these
methods, we have recently described an encapsulation
method that relies on formation of a copper ion/campto-
thecin complex, which can facilitate encapsulation of irino-
tecan or topotecan in the presence or absence of a
transmembrane pH gradient [15,35].

The ideal drug delivery system would retain its therapeu-
tic payload until it reaches the target site whereupon the drug
would be released. Resultantly, research has focused on
strategies to engineer drug retention and controlled release
[36]. This study investigated the influence of transition
metal-based drug encapsulation technology on irinotecan
retention by a generic liposomal formulation (DSPC/Chol
(55:45 mol%)). The therapeutic activity of simple liposomal
anti-cancer drug formulations is dependent on the rate of
release of the encapsulated drug from the liposomes follow-
ing intravenous administration [37-39]. For example,
increased drug retention of the vinca alkaloid vincristine
was associated with increased therapeutic effects [40]; how-
ever, if vincristine retention exceeded a certain limit, a
decrease in therapeutic effect was noted [41]. Similarly, lipo-
somal formulations of the anthraquinone mitoxantrone that
achieved optimal drug delivery to sites of tumour growth
(e.g., formulations that retain the drug well) exhibited less
therapeutic activity when compared to formulations that
released the drug more rapidly and were less efficient in medi-
ating tumour-specific drug delivery [42,43].

The studies reported herein demonstrated that the
method of irinotecan encapsulation by DSPC/Chol lipo-
somes can have surprising effects on drug retention follow-
ing in vivo administration and that better irinotecan
retention was associated with significant improvements in
therapeutic efficacy.

2. Materials and methods
2.1. Materials

Irinotecan hydrochloride trihydrate (Camptosar®, Pfizer
Canada Inc., Kirkland, QC) was purchased from the BC

Cancer Agency Pharmacy. 1,2-Distearoyl-sn-glycero-phos-
phocholine (DSPC) and cholesterol (Chol) were obtained
from Avanti Polar Lipids (Alabaster, AL). *H-cholesteryl
hexadecyl ether (*H-CHE) and '*C-CHE were purchased
from Perkin-Elmer Life Sciences (Boston, MA). *H-irino-
tecan (*H-CPT-11) was manufactured by Moravek Bio-
chemicals and Radiochemicals (Brea, CA). A23187
(calcimycin) was sourced from Sigma (Oakville, ON, Can-
ada). All other chemicals used were of analytical or HPLC
grade. The human colorectal adenocarcinoma cell line LS
180 was purchased from the American Type Culture Col-
lection (Manassas, VA).

2.2. Liposome preparation

DSPC/Chol (55:45mol%) large unilamellar vesicles
(LUVs) were prepared as previously described [44]. Briefly,
lipids were dissolved in chloroform at the required molar
ratio, labelled with the non-exchangeable, non-metabolisa-
ble lipid marker *H-CHE (or '*C-CHE) (5 pCi/100 pmol
total lipid) and dried to a thin film under a stream of nitro-
gen gas. Subsequently, the lipid was placed in a high vac-
uum for >3 h to remove any residual solvent. The lipid
films were hydrated at 65 °C by mixing with the appropri-
ate metal sulfate solution prior to five cycles of freeze-and-
thaw (frozen for 5 min in liquid nitrogen then thawed for
5 min at 65 °C). The multilamellar vesicle (MLV) suspen-
sions were then extruded 10 times through stacked polycar-
bonate filters of 0.08 and 0.1 pm pore size at 65°C
(Extruder™, Northern lipids, Vancouver, BC, Canada).
The resultant LUVs typically possessed mean vesicular
diameters in the range 110 £ 30 nm as determined using
Phase Analysis Light Scattering (ZetaPALS, Brookhaven
Instruments Corp., Holtsville, NY). The LUVs external
buffer was exchanged, using Sephadex G-50 size exclusion
chromatography, with SHE buffer pH 7.5 (300 mM
sucrose, 20 mM HEPES, 15mM EDTA) or HBS buffer
pH 7.5 (20 mM HEPES, 150 mM NaCl).

2.3. Accumulation of irinotecan into preformed DSPC/Chol
liposomes

Where indicated, the divalent metal ionophore A23187
(I mg/mL (1.9 mM) solution in 100% ethanol) was pre-
incubated with liposomes (0.2 nmol/pmol lipid) at 50 °C
for 10 min prior to drug addition, otherwise, Camptosar®
(1 mM) was incubated with preformed liposomes (5 mM)
at 50 °C at a drug-to-lipid ratio of 0.2:1 (mol:mol). Drug
uptake was determined at indicated time points by sam-
pling 100 pL aliquots and separating encapsulated drug
from free drug using 1 mL Sephadex G-50 spin columns
equilibrated with the appropriate buffer [45]. The excluded
fractions, containing the liposomes, were analysed in order
to determine drug-to-lipid ratios. Lipid concentrations
were measured using liquid scintillation counting (Packard
1900TR Liquid Scintillation Analyzer, Perkin-Elmer,
Woodbridge, ON, Canada). Irinotecan concentration was
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determined by measuring absorbance at 370 nm. Briefly, a
portion of the samples collected from the spin columns was
adjusted to a final volume of 100 ul. with HBS. Subse-
quently 900 pL Triton X-100 1% was added and the sam-
ples were heated in a water bath at >90 °C until the
cloud point of the detergent was observed. The samples
were then cooled to room temperature and the absorbance
was determined against a freshly prepared irinotecan stan-
dard curve. (Agilent/Hewlett Packard UV-Vis spectropho-
tometer (model 8453), Agilent Technologies, Mississauga,
ON, Canada). Phase Analysis Light Scattering (ZetaPALS,
Brookhaven Instruments Corp., Holtsville, NY) indicated
that drug-loaded liposomes did not differ in vesicular diam-
eter compared to “‘empty”’ liposome controls.

2.4. Plasma elimination screening studies

Female Balb/c mice (Taconic, Hudson, NY; 20-25 g; 3
per time point) were injected i.v. with a single dose
(100 mg/kg irinotecan; 450 mg/kg total lipid) of the speci-
fied liposomal formulation and the plasma concentrations
of liposomal lipid (**C-CHE) and irinotecan (*H-CPT-11)
were determined over time using dual-labelled liquid scin-
tillation counting. The half-life of irinotecan release from
the liposome formulations following i.v. administration
was estimated by fitting exponential trend lines to the data
plotted as the irinotecan-to-lipid ratio versus time (see
Fig. 2c) and the resultant equations (for Cu pH 7.5,
y=0.1196e%7"7% ;2 =0.9945; for unbuffered Cu, y=
0.2443¢ 00781x ;2 —-09980; for Mn/A23187, y=
0.1623¢ %9531 12 =0.9967; for Cu/A23187, y = 0.2264e 0163
r* =0.9963) were used to calculate the half-life of irinotec-
an release based on the time taken to reach 50% of the ini-
tial drug-to-lipid ratio (SigmaPlot version 10, Systat
Software Inc., San Jose, CA). The Cu®>"/A23187 irinotecan
formulation was selected for further screening and the iri-
notecan (CPT-11) plasma concentration was determined
in female Balb/c mice following a single intravenous dose
(equivalent to 50 mg/kg irinotecan) of Cu”>*/A23187 lipo-
somal irinotecan, or Camptosar® (spiked with *H-CPT-
11). The plasma levels of irinotecan (*H-CPT-11) were
determined at the indicated time points as described above.

2.5. Cryo-transmission electron microscopy

The cryo-TEM images were obtained by Goéran Karls-
son and Katarina Edwards, Department of Physical Chem-
istry, Uppsala University, Sweden. Briefly, radioactive-free
DSPC/Chol liposomes were loaded with irinotecan using
the unbuffered 300 mM CuSO, plus A23187 loading meth-
odology at a drug-to-lipid molar ratio of 0.2 as described
above. In a chamber of controlled temperature (25 °C)
and humidity, 1-2 pL. of liposome sample was deposited
on copper grids coated with a holey cellulose acetate buty-
rate polymer. Excess liquid was then blotted away with fil-
ter paper. The samples were quickly vitrified by plunging
into liquid ethane and transferred to liquid nitrogen keep-

ing the sample below 108 K, therefore minimising sample
perturbation and the formation of ice crystals. The grid
was transferred to a Zeiss EM902 transmission electron
microscope where observations were made in a zero-loss
bright-field mode and an accelerating voltage = 80 kV.

2.6. Thin-layer chromatographic (TLC) analysis of the
lactone and carboxy forms of liposomal irinotecan

Irinotecan controls and liposomal irinotecan prepared
by the Cu®" plus A23187 drug encapsulation technology
were solubilised in CHCl3:MeOH (1:1 v/v) and spotted
on a TLC plate. The lactone and carboxy forms of the drug
were separated by exposing the TLC plate initially to a
mobile phase of CHCl;:MeOH:acetone (9:3:1 v/v/v) for
30 min. The plate was then dried and subjected to a further
4-h exposure to a second mobile phase comprising buta-
nol:acetic acid:water:acetone (4:2:1:1 v/v/v/v). The drug
species were visualised under UV light.

2.7. Efficacy and tolerability studies

Female RAG2-M mice (129S6/SvEvTac-Rag2™1™,
Taconic, Hudson, NY; 20-25 g; 6 per group) were inocu-
lated with 1 x 10° (50 uL) LS 180 cells subcutaneously on
the back. Once the tumour was established and reached a
size of ~100 mg, a single dose (50 mg/kg) of Camptosar®
or the indicated liposomal irinotecan formulation was
administered via the lateral tail vein (200 pL). Tumour
growth was monitored daily with calipers and the mea-
sured dimensions (mm) converted to tumour weight (mg)
using the equation: length x (width?)+ 2 [46].

All animal studies were conducted in accordance with
the Canadian Council on Animal Care’s Guide to the Care
and Use of Experimental Animals. Mice were housed
under standard conditions with enrichment and had access
to food and water ad libitum. All animals were observed at
least two times per day for morbidity, more if deemed nec-
essary during the pre-treatment and treatment periods.
Signs of ill health were based on body weight loss, change
in appetite, and behavioural changes such as altered gait,
lethargy and gross manifestations of stress. Animals were
terminated (CO, asphyxiation) if signs of severe toxicity
or tumour-related illness were observed and a necropsy
performed to assess other signs of toxicity.

2.8. Statistical analysis

LS 180 efficacy data were analysed using SPSS 13.0
(SPSS Inc, Chicago, IL). The time taken for s.c. LS 180
tumours to increase in volume by 400% was analysed using
Kaplan-Meier curves for survival analysis. This analysis
allows modelling to the time event data (i.e., size increase
by 400%) in the presence of censored cases (i.e., animals
who never reached this end-point because of, for example,
tumour ulceration). Treatment and control groups were
compared using a log-rank test.
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3. Results

3.1. Efficiency of metal ion-mediated irinotecan
encapsulation

We have reported that irinotecan encapsulation by
DSPC/Chol liposomes containing an unbuffered 300 mM
MnSO, solution was dependent on use of the divalent cat-
ion ionophore A23187 [12]. More recently, we have inves-
tigated irinotecan encapsulation into DSPC/Chol
liposomes mediated by entrapped 300 mM CuSOy4 solu-
tions that were unbuffered or buffered to pH 7.5 [35]. In
this present study, we compare these different irinotecan
formulations to DSPC/Chol liposomes containing unbuf-
fered 300 mM CuSO,, where the ionophore A23187 was
added prior to addition of the drug. This loading method
was analogous to the one described previously for irinotec-
an or topotecan encapsulated into Mn>"-containing lipo-
somes [12,15]. A23187 is a divalent metal ionophore that
drives drug encapsulation by generating and maintaining
a transmembrane pH gradient through the electroneutral
exchange of Cu?" or Mn?" from the liposome interior for
2H™" from the external solution. It was assumed that drug
loading or drug release rates would not be influenced by
the choice of the encapsulated divalent metal ion that
was coupled with A23187 to promote irinotecan
encapsulation.

Fig. 1(inset), indicates that irinotecan encapsulation was
comparable (=>98%) for all liposomal formulations tested
when irinotecan (Camptosar®) was incubated (50 °C for
10 min) with the liposomes at a drug-to-lipid ratio of
0.2:1 (mol:mol). The time course data (Fig. 1) demon-
strated that the rate of loading and the stability of the lipo-
somal irinotecan formulations were also comparable over a
1-h incubation period at 50 °C.

3.2. Retention of irinotecan by different liposome
formulations in vivo

The plasma elimination profiles for the four liposomal
irinotecan formulations were compared in a preliminary
in vivo screen to determine whether the rate of irinotecan
release from these liposomes was influenced by the drug
loading method used. For economic and ethical reasons,
our research team uses 3-time points when screening for
differences in the elimination behaviour associated with
formulation changes. The results, summarised in Fig. 2,
were obtained following i.v. administration of the specified
liposomal irinotecan formulation (irinotecan 100 mg/kg;
total lipid 450 mg/kg) to female Balb/c mice. At the indi-
cated time points, the concentrations of liposomal lipid
(Fig. 2a) and irinotecan (Fig. 2b) in the plasma were deter-
mined as described in Section 2. The results have been pre-
sented as % injected dose in plasma, assuming a mouse
plasma volume of 1mL/22 g mouse [47]. As would be
expected for liposomal formulations prepared with identi-
cal lipid composition (DSPC/Chol; 55:45 mol%), the lipo-

1204
1004
c
[*]
.ﬁ 80 3
i 8 3
S g oz
2 S
g s o
o
S 60+ 23 015
38
H 2800
S 40 28
o £ 005
o =
o
E 000
20+ CuSO; CuSO, CusO,  MnSO,
pH 7.5 unbuffered + A23187 + A23187
0 T T T T T )
0 10 20 30 40 50 60

Time (minutes)

Fig. 1. The rate and extent of irinotecan encapsulation by DSPC/Chol
liposomes (55:45 mol%) with entrapped copper ion and manganese ion
solutions. Liposomes (5 mM) were suspended in SHE buffer (300 mM
sucrose, 20 mM HEPES, 15 mM EDTA, pH 7.5) and, where indicated,
were incubated with the ionophore A23187. The rate and percent of
irinotecan encapsulation, at an initial drug-to-lipid ratio (mol:mol) of 0.2
and an incubation temperature of 50 °C, is shown as a function of drug-
loading conditions: 300 mM CuSO,4, 20 mM HEPES, 220 mM TEA, pH
7.5 (@); unbuffered 300mM CuSO,; (m); unbuffered 300 mM
MnSO,4 + A23187 (A); unbuffered 300 mM CuSO,4 + A23187 (V). (Inset)
Drug-to-lipid ratios achieved after an incubation with irinotecan at an
initial drug-to-lipid ratio (mol:mol) of 0.2 at 50 °C for 10 min. The
encapsulation efficiency (irinotecan-to-lipid ratio (mol:mol)) was deter-
mined as described in the Section 2. Data points represent the mean + SD
of at least three independent experiments.

some elimination rates were not substantially different
suggesting that: (i) the different internal environments of
the liposome formulations did not influence the rate of
liposome elimination from the plasma compartment, and
(ii) prior exposure to the ionophore A23187 did not influ-
ence the rate of liposome elimination from the plasma com-
partment (compare filled circles to filled inverted triangles).
Finally, the results suggest that 35% to 40% of the injected
liposomal lipid dose, regardless of the encapsulation
method used, was still within the plasma compartment
24 h after i.v. administration.

In contrast, the plasma elimination rate of irinotecan
was dependent on the drug loading conditions. The slowest
irinotecan elimination rates were obtained when the drug
was encapsulated in liposomes containing unbuffered
CuSO4 and added A23187 (filled inverted triangles). At
the 24-h time point, 25% of the initial irinotecan dose
was detectable in the plasma compartment following injec-
tion of this formulation. Surprisingly, the rate of irinotecan
elimination from the plasma compartment was faster for
formulations prepared using liposomes containing MnSQOy
and added A23187 formulation (filled triangles), where
only 8% of the injected drug dose was obtained in the
plasma compartment at the 24-h time point. A similar
plasma release profile was observed for irinotecan formu-
lated using unbuffered CuSOy (filled squares). In contrast,
liposomes prepared with the buffered CuSO, solution
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Fig. 2. Plasma elimination profiles for different liposomal irinotecan
formulations. Female Balb/c mice were injected intravenously with a
single dose (100 mg/kg irinotecan; 450 mg/kg lipid) of DSPC/Chol
(55:45 mol%) liposomal irinotecan formulations: 300 mM CuSOy,
20 mM HEPES, 220 mM TEA, pH 7.5 (@); unbuffered 300 mM CuSO,4
(m); unbuffered 300 mM MnSO4 + A23187 (A); unbuffered 300 mM
CuSOy4 + A23187 (V). (a) The percentage of the initial dose of liposomal
lipid (**C-CHE) in plasma as a function of time. (b) The percentage of the
initial dose of irinotecan (*H-CPT-11) in plasma as a function of time. (c)
The irinotecan-to-lipid molar ratio in plasma as a function of time. Data
points represent the mean + SD (n = 3).

mediated the fastest rate of irinotecan elimination, where
3% of the injected dose was within the plasma compart-
ment 24 h while after administration. Given comparable

liposome elimination rates (Fig. 2a), the differences in
plasma irinotecan concentrations reflect differences in drug
retention within the liposomes following i.v. administra-
tion. This can be illustrated by using the plasma drug
and liposomal lipid concentrations to calculate the drug-
to-lipid ratio in the plasma as a function of time, which
assumes that the vast majority of irinotecan in the plasma
compartment is associated with circulating liposomes. The
results are shown in Fig. 2c and clearly demonstrate that
optimal drug retention is achieved when the drug is encap-
sulated in liposomes containing CuSO,4 and added A23187
(filled inverted triangles). The initial (prior to administra-
tion) drug-to-lipid ratio (mol:mol) for this formulation
was 0.2 and 24 h after administration the estimated drug-
to-lipid ratio (mol:mol) was 0.15, which equated to a
half-life of irinotecan release from the liposomes of 44.4 h
(see Section 2). In comparison the formulation prepared
using liposomes containing MnSO, and added A23187
exhibited a drug-to-lipid ratio of 0.05 at 24 h post adminis-
tration and an irinotecan release half-life equal to 10.0 h.
These results clearly demonstrated that the drug loading
method influenced irinotecan release rates from the lipo-
somes following i.v. administration. Consequently, the
Cu?"/A23187 liposome formulation of irinotecan was
selected for further investigation.

The plasma concentration of irinotecan following a sin-
gle i.v. dose (equivalent to 50 mg/kg of irinotecan) of the
Cu?*/A23187 liposomes was compared to that of Campto-
sar® over 24 h (Fig. 3). The liposome formulation mediated
a 180-fold increase in irinotecan present in the plasma 1 h
after injection. At the 8 h time point the irinotecan concen-
tration associated with the liposomes was greater than
15,000 times that recorded following Camptosar® adminis-
tration. Irinotecan levels in the plasma of animals injected
with Camptosar® were below detectable levels 24 h after
1.v. administration.
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Fig. 3. Plasma irinotecan (CPT-11) concentration in mice following a
single intravenous dose of Camptosar® or Cu?"/A23187 liposomal
irinotecan. Female Balb/c mice were injected intravenously with a single
dose (equivalent to 50 mg/kg irinotecan) of Camptosar® or DSPC/Chol
(55:45 mol%) Cu®*/A23187 liposomal irinotecan. The plasma concentra-
tion of irinotecan (*H-CPT-11) was determined as a function of time (see
Section 2). Data points represent the mean CPT-11 concentration + SD
(n=23).
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3.3. The intravesicular morphology and conformation of
irinotecan encapsulated in liposomes using the CuSQOy plus
A23187 loading method

Recent studies have suggested that increased liposomal
retention of vinorelbine and ciprofloxacin was achieved
by the formation of intravesicular drug-arylsulfonate
complexes [48]. Cryo-TEM was used to determine
whether greater irinotecan retention could be explained
by formation of an intravesicular precipitate within
DSPC/Chol liposomes prepared using the unbuffered
CuSOy4 plus A23187 drug-loading method. The results
are shown in Fig. 4, with (panel A) representative of typ-
ical liposome morphology in the absence of drug where
the vesicular diameter was comparable to that estimated
using Phase Analysis Light Scattering (see Section 2).
When irinotecan was encapsulated using CuSO, plus
A23187 (panel B), there was evidence of dark intravesic-
ular spots (arrows). The presence of the electron-dense

Fig. 4. Cryo-TEM images of DSPC/Chol liposomes loaded with irino-
tecan using the unbuffered CuSO, plus A23187 loading methodology. (A)
A representative cryo-TEM image of DSPC/Chol liposomes prepared
with unbuffered 300 mM CuSOy in the presence of A23187. (B) The same
liposome conditions as described for (A), except that irinotecan has been
encapsulated at a drug-to-lipid molar ratio of 0.2. The arrows indicate
dark intravesicular spots. The bars in the photomicrographs = 200 nm.

spots was, however, not uniformly seen in all liposomes.
These observations were consistent with previous results
from our laboratory showing similar intravesicular pre-
cipitates in irinotecan formulations prepared using
unbuffered CuSO, alone, and CuSO, buffered to pH
7.5 [35]. This suggested that the presence of the precipi-
tate does not explain differences in drug release rates for
these formulations. The precipitates observed in the iri-
notecan formulations were distinct from those observed
for liposomal formulations of topotecan, which under
similar experimental conditions, exhibit linear ‘“‘needle-
like” precipitates and distinctive “coffee bean” liposome
morphology [15].

Fig. 5 shows a representative TLC image of irinotec-
an extracted from liposomes prepared using the Cu®"
plus A23187 encapsulation method. The irinotecan con-
trols are on the left-hand side of the TLC plate and
show the differences in migration between the carboxy
(pH 10.0) and lactone (pH 2.0) forms of the drug. Irino-
tecan isolated from the liposomes had a signal equiva-
lent to the pH 2.0 control with no evidence of a
migratory band comparable to the pH 10.0 control. This
indicated that the vast majority of the irinotecan encap-
sulated using Cu®'/A23187 active loading was in the
active lactone form. These results are similar to obtained
when unbuffered Cu®" and Cu®" pH 7.5 solutions were
used to encapsulate irinotecan in DSPC/Chol liposomes
[35].

Controls
Liposome CPT-11

pH 10.0 (Cu**/A23187)

pH 2.0

?

lactone

carboxy

Fig. 5. Thin-layer chromatographic (TLC) analysis of irinotecan confor-
mation following liposomal encapsulation using the Cu**/A23187 loading
method. Irinotecan controls and the liposomal sample were solubilised in
CHCl5:MeOH (1:1 v/v) and spotted on a TLC plate. The lactone and
carboxy forms of the drug were separated by exposing the TLC plate
initially to a mobile phase of CHCl;:MeOH:acetone (9:3:1 v/v/v) followed
by a mobile phase of butanol:acetic acid:water:acetone (4:2:1:1 v/v/v/v).
The drug was visualised under UV light.
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3.4. The relationship between irinotecan retention and
therapeutic efficacy for different copper-based liposomal
irinotecan formulations

We have previously described the therapeutic effects of
liposomal (DSPC/Chol; 55:45 mol%) irinotecan encapsu-
lated in Mn?"-containing liposomes with added A23187
[12], and we have demonstrated here that the rate of drug
release from this liposomal formulation is identical to that
obtained for liposomal (DSPC/Chol; 55:45 mol ratio) iri-
notecan formulations prepared using liposomes containing
unbuffered CuSO, (see Fig. 2). Consequently, we focused
on the three formulations prepared using Cu”"-containing
liposomes, which exhibited three different rates of drug
release (Fig. 2¢), to determine whether systemic irinotecan
release rates influenced anti-tumour activity.

The therapeutic effectiveness of a single intravenous
dose (50 mg/kg CPT-11) of each liposomal irinotecan for-
mulation was compared to that of Camptosar® for the
treatment of female RAG2-M mice bearing subcutaneous
human LS 180 colorectal adenocarcinoma xenografts
(Table 1). The time taken for each treated/control tumour
to increase to 400% (400% TGI) of its initial size (~100 mg)
was used as a measure of efficacy. Table 1 shows that a sin-
gle dose of Camptosar® mediated a mean time to 400%
TGI of 21.8 days, which was comparable to the saline con-
trol group. In contrast, the copper-based liposome formu-
lations delayed tumour growth (time to 400% TGI)
compared to saline control. The longest measured mean
time to 400%TGI was 28.6 days following treatment with
the liposomal irinotecan formulation prepared using the
Cu’" plus A23187 loading procedure (Table 1).

To investigate the relationship between the rate of irino-
tecan release from the different liposome formulations and
anti-tumour efficacy, the values for median 7 — C (the dif-
ference in days for treated and control tumours to increase
in size 400%; Table 1) were plotted against 1/half-life of iri-
notecan release estimated from the curves shown in Fig. 2¢
(see Section 2) [41]. The results are shown in Fig. 6.

Table 1

104

MedianT-C

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
1/half-life

release

Fig. 6. The therapeutic efficacy of liposomal irinotecan correlates with
drug retention. The median T — C is plotted as a function of 1/half-
life,erease (h™") for DSPC/Chol (55:45 mol%) liposomal irinotecan formu-
lations: 300 mM CuSO,, 20 mM HEPES, 220 mM TEA, pH 7.5 (@);
unbuffered 300 mM CuSO, (®W); unbuffered 300 mM CuSO, + A23187
(V). The median 7 — C represents the difference in time taken (days) for
drug treated LS 180 tumours to increase in size by 400% of their initial size
compared to saline treated controls (see Table 1). 1/half-lifecicase is
calculated from the half-life of irinotecan release values shown in Fig. 2c
(see also Section 2). There is a positive correlation between median 7' — C
and 1/half-life,qease With an 2 =0.9964. *p < 0.05 compared to Campto-
sar® and CuSO, pH 7.5. **p < 0.08 compared to CuSO, unbuffered. The
dotted line indicates the median T — C associated with Camptosar®.

Analysis of these data demonstrated a positive correla-
tion (solid line; r* = 0.9964) between 1/half-life of irinotec-
an release (as a measure of irinotecan retention) and
median 7 — C (representing therapeutic effectiveness) in a
xenograft model of human colorectal cancer. The CuSOy4
plus A23187 formulation (filled triangle) mediated the
slowest irinotecan release rate (1/half-life of irinotecan
release = 0.02) and promoted the greatest anti-tumour
activity (T'— C =9). The dotted line in Fig. 6 corresponds
to the median 7 — C for Camptosar®, and formulations
with poor drug retention (i.e., 1/half-life.cjcase values
greater than those plotted for the copper-based prepara-
tions) would also demonstrate reduced therapeutic effects.
Therefore, formulations that have minimum effect on the

A single intravenous dose (50 mg/kg CPT-11) of Camptosar® or liposomal irinotecan was used to treat RAG-2M mice bearing established subcutaneous

human LS 180 adenocarcinoma colorectal xenografts

Treatment CPT-11 dose Lipid dose Time to 400% TGI (days)* Max. mean %BWL
(mg/kg) (mg/kg) Mean (A1SEM)  Median  Median 7— ¢®  (FSEM)"

Camptosar® 50 n/a 21.8 (1.4) 20.5 0.5 5.7 (1.1)

Liposomal CPT-11 (CuSOy4 pH 7.5) 50 225 23.0 (1.2) 23 3 2.5(0.8)

Liposomal CPT-11 (CuSOy) 50 225 253 (1.4) 25 5 7.1 (0.8)

Liposomal CPT-11 (CuSO,4 + A23187) 50 225 28.6 (1.3)% 29 9 6.5(2.4)

Saline n/a n/a 21.8 (1.5) 20 n/a 1.6 (1.3)

# The time taken (days) for s.c. LS 180 tumours (~100 mg) to increase 400% in size following a single dose of indicated treatment or control. The results
for six animals are represented as the mean =+ standard error of the mean (parentheses), or as the median.

® The median difference in days for treated (T) tumours to increase in size by 400% compared to saline control tumours (C).

¢ The maximum mean percent body weight loss (%BWL) recorded for each treated/control group (n = 6). The standard error of the mean is included in

parentheses.

4 p <0.05 compared to Camptosar®, CuSO, pH 7.5, saline (see Section 2).

¢ p <0.08 compared to CuSO, unbuffered (see Section 2).
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pharmacokinetics of irinotecan would mediate a T — C
value comparable to that of the unencapsulated drug.

The maximum mean percent body weight loss (YoBWL)
associated with the treatments is shown in Table 1. These
data indicate that gains in efficacy afforded by liposome
encapsulation of irinotecan were not associated with a con-
comitant increase in toxicity as judged by %BWL. In con-
trast to the improvements in efficacy, there was no
correlation between improved irinotecan retention and
%BWL. Further, the treatment-induced losses in body
weight were transient (data not shown).

4. Discussion

The ultimate aim of any drug delivery strategy is to
maximise efficacy while minimising toxicity by limiting
the bioavailability of the drug until it reaches the target
site. Resultantly, efforts have focused on engineering drug
carriers, which can both retain the drug and subsequently
release it at the desired site of action [49]. A number of
technologies have been reported to trigger the release of
payloads from liposomes by incorporating lipid compo-
nents in the liposomal bilayer that react to external stimuli
such as pH [50], light [51] or temperature [52]. In this study,
we focused on methods for the improved liposomal reten-
tion of encapsulated contents following systemic adminis-
tration. We introduce a novel drug encapsulation
technology that was demonstrated to better retain the cyto-
toxic drug, irinotecan.

DSPC/Chol (55:45 mol%) liposomes with entrapped
copper solutions have been reported to efficiently encapsu-
late irinotecan and topotecan; further, the encapsulated
drugs were shown to predominate as the active lactone
form [15,53]. These previous studies focused on liposomes
with internal solutions of unbuffered 300 mM CuSOy (ini-
tial pH 3.5), 300 mM CuSO,4 buffered to pH 7.5, or
100 mM Cu gluconate buffered to pH 7.0 where the formu-
lations were suspended in a neutral external buffer. It was
demonstrated that transmembrane copper ion gradients
in the presence or absence of an associated pH gradient
encapsulated irinotecan with comparable efficiency sug-
gesting an irinotecan—copper interaction [35,54]. Indeed,
others have reported that camptothecins can form com-
plexes with transition metals [55,56] and we have demon-
strated that copper forms a complex with topotecan [15].
In the present study, the in vivo behaviours of the unbuf-
fered 300 mM CuSO, (initial pH 3.5) and the 300 mM
CuSO, buffered to pH 7.5 irinotecan formulations were
compared to that of a copper-based liposomal preparation
of irinotecan where the drug was entrapped in liposomes
containing unbuffered 300 mM CuSO, in the presence of
the divalent metal ionophore A23187. The ionophore was
used to generate and maintain a transmembrane pH gradi-
ent [34].

The rate and extent of active irinotecan encapsulation
mediated by the three Cu-based liposome preparations
and an MnSOy, plus A23187 formulation were comparable

as illustrated in Fig. 1. In contrast, the plasma elimination
profiles were distinct (Fig. 2) with the half-life of irinotecan
release from the liposome preparations in the order:
300 mM CuSOy4 plus A23187 (44.4h) >300 mM MnSO,
plus A23187 (10.0 h) >300 mM CuSOy (8.7 h) >300 mM
CuSO,; pH 7.5 (5.5h). The DSPC/Chol (55:45 mol%)
CuSO4 plus A23187 formulation mediated a fourfold
improvement in the half-life of irinotecan plasma release
reported for a comparable irinotecan formulation [54].
These results demonstrated that improved drug retention
is dependent on the choice of transition metal and the
maintenance of the transmembrane pH gradient (acidic
inside). Reports from the laboratory of Pieter Cullis clearly
show that when the pH of the liposome interior is low,
encapsulated drugs with protonisable amine functions,
such as irinotecan, are predominately ionised (i.e., less
membrane permeable) and are therefore better retained
compared to the same drug encapsulated in an entrapped
buffer at a neutral pH [30,40,45]. This behaviour is evident
in the drug release rates from the Cu®*-containing lipo-
some formulations. The fastest rate of irinotecan release
was observed for liposomes prepared in CuSO, buffered
to pH 7.5, intermediate drug release rates were associated
with liposomes prepared in unbuffered CuSO4 where an ini-
tial pH gradient (prior to drug addition) collapses follow-
ing irinotecan loading [35], and the slowest drug release
rates were obtained with the irinotecan formulations pre-
pared using CuSOy4 plus A23187.

The most surprising aspect of these data, which empha-
sises the importance of the transition metal, is the fourfold
improvement in the half-life of irinotecan release from the
Cu?"/A23187 formulation versus the Mn?*/A23187 for-
mulation. It was anticipated that the divalent metal ions
would act as “inert” facilitators for the ionophore gener-
ated transmembrane pH gradient. However, Fig. 2c sug-
gests that the entrapped metal ions also played a role.
We know that Cu®" alone can drive encapsulation of the
drug, even in the absence of a pH gradient [35], so it is pos-
sible that Cu®" interactions with the drug influence drug
retention in these formulations. There is no evidence to
suggest that Mn>" alone can promote remote loading of iri-
notecan or other camptothecins. Interestingly, Dicko et al.
[54] investigated the interaction of irinotecan and copper
gluconate/TEA in solution at pH 7.0 using Fourier Trans-
formed Infrared Spectroscopy (FT-IR), Circular Dichro-
ism (CD), Raman spectroscopy and Electron
Paramagnetic Resonance (EPR) and found no evidence
of copper ions binding to irinotecan. In contrast, EPR
studies did indicate a change in the EPR signal of CuSOy
with the addition of irinotecan at pH 4.0 [54]. This is con-
sistent with previous EPR studies that indicated copper
could interact with the hydroxyl group present in the E ring
lactone of camptothecin [55,56]. As indicated previously,
our group has recently published evidence showing topo-
tecan can inhibit formation of Cu-hydroxide ions [15],
which is consistent with the idea that Cu®" can form a com-
plex with camptothecins.
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It should be noted that preliminary atomic absorption
spectroscopy assessments of Cu®’ have indicated that as
much as 70% of the initial entrapped copper ions are shut-
tled to the exterior of the liposomes during irinotecan load-
ing and following encapsulation it can be estimated that the
Cu?? to irinotecan ratio is approximately 1:2. The signifi-
cance of this ratio remains to be determined. It could indi-
cate that a Cu®" ion interacts with the E ring hydroxyl
groups of two irinotecan molecules forming a coordination
complex. As a caveat, the majority of studies investigating
drug-metal interactions take place in solution at concen-
trations much lower than that experienced within the aque-
ous core of liposomes. Cryo-TEM analysis of liposomal
irinotecan encapsulated using Cu?*/A23187 did not reveal
any drug precipitates (Fig. 4); rather, there was evidence of
electron dense intravesicular spots in some liposomes
(Fig. 4b). These results are comparable to those of the
other Cu®*"-containing liposomal irinotecan formulations
[35]. It is clear that the improved irinotecan retention affor-
ded by the Cu*"/A23187 formulation is not mediated by
the formation of intravesicular precipitates that are detect-
able by Cryo-TEM analysis. Ongoing studies are contin-
uing to investigate the intravesicular copper—irinotecan
interaction, but will also address the potential of copper—
lipid interactions to influence drug release [57].

Drug release rates are considered to be the most impor-
tant factor governing the therapeutic activity of liposomal
anti-cancer drugs [38,41]. However, it has been difficult to
predict what drug release rate is required for maximum
therapeutic activity for any one drug. Therefore, optimisa-
tion of a liposomal anti-cancer drug formulation is often
determined empirically using animal models. Results
obtained for liposomal formulations of cisplatin [58], vin-
cristine [39] and mitoxantrone [42] indicate that when drug
release rates are too slow significant reductions in thera-
peutic effects are observed. Until recently it was believed
that decreases in the release of the cell cycle specific drug
vincristine would be associated with increasing therapeutic
effects; however, formulations have now been adjusted to
the point where the rate of vincristine release is so slow that
it actually compromises therapeutic activity [41]. The gains
in irinotecan retention afforded by the CuSO,4 plus A23187
loading methodology were associated with significant
improvements in therapeutic efficacy, as judged in an estab-
lished human LS 180 colorectal xenograft model (Table 1
and Fig. 6). In contrast to the experience with liposome for-
mulations of vincristine and mitoxantrone [41-43], the for-
mulations described here did not retain irinotecan to the
extent that a loss in therapeutic activity was observed, sug-
gesting that further gains in drug retention may improve
the effectiveness of liposomal irinotecan. Specifically, we
will examine the role of liposomal lipid composition on
drug retention mediated by the CuSO, plus A23187 load-
ing methodology. We have recently reported that long-cir-
culating liposomal formulations prepared in the absence of
cholesterol can retain certain drugs, e.g., idarubicin [59],
much better then cholesterol-containing liposomes. Fur-

ther, incorporation of sphingomyelin into the liposomal
bilayer can facilitate significant increases in drug retention
[31,60,61].

The activity of irinotecan is dependent on the mainte-
nance of the closed lactone ring form of the drug; further,
irinotecan is metabolised to liberate the potent metabolite
SN-38, the activity of which is also dependent on the lac-
tone ring. Fig. 5 demonstrates that irinotecan encapsulated
by the Cu®" plus A23187 existed predominately as the
active lactone form. This is not unexpected based on the
acidic interior of the liposome and is comparable to results
obtained for unbuffered CuSO,4 and CuSO4 pH 7.5 formu-
lations [35]. The focus of these studies was to investigate
the correlation between improved liposomal retention of
irinotecan and increased anti-tumour activity against a
model of colorectal cancer. Consequently, a full pharmaco-
kinetic characterisation of irinotecan and SN-38 as a func-
tion of liposomal encapsulation technology was not
undertaken. Nevertheless, the combination of Cu in the
presence of A23187, which maintains a transmembrane
pH gradient, provides an environment for the improved
retention of irinotecan while maintaining the drug in its
active form. This is supported by the preliminary in vivo
data reported here which clearly shows that the Cu®*/
A23187 liposomal formulation of irinotecan is significantly
more active than the free drug, a result that is consistent
with other formulations with improved irinotecan retention
[10,62]. Further, we believe that the success of such a for-
mulation will be dependent on its use in combination with
other drugs and we have recently reported on a liposomal
formulation containing both irinotecan and floxuridine
[53,63]. Our team is currently pursuing development of
the optimised liposomal irinotecan formulation as a single
agent, with the aim of eventually establishing its therapeu-
tic effects when used in combination with cisplatin, carbo-
platin or 5-FU/leucovorin-containing treatment regimens.
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