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Abstract: The purpose of this study was to develop a novel synthetic high-density lipoprotein
(sHDL) nanoparticle delivery system for 10-hydroxycamptothecin (HCPT) for treatment of
colon carcinoma. HDL is recognized by scavenger receptor B-I (SR-BI) over-expressed in
colon carcinomas 5- to 35-fold relative to the human fibroblasts. The sHDL nanoparticles were
composed of apolipoprotein A-I mimic peptide (5A) and contained 0.5%—1.5% (w/w) of HCPT.
An optimized HCPT-sHDL formulation exhibited 0.7% HCPT loading with 70% efficiency
with an average size of 10—12 nm. Partitioning of HCPT in the sHDL lipid membrane enhanced
drug stability in its active lactone form, increased solubilization, and enabled slow release.
Cytotoxicity studies in HT29 colon carcinoma cells revealed that the IC, of HCPT-sHDL was
approximately 3-fold lower than that of free HCPT. Pharmacokinetics in rats following intra-
venous administration showed that the area under the serum concentration-time curve (AUC )
and C __of HCPT-HDL were 2.7- and 6.5-fold higher relative to the values for the free HCPT,
respectively. These results suggest that sHDL-based formulations of hydrophobic drugs are
useful for future evaluation in treatment of SR-BI-positive tumors.

Keywords: apolipoprotein A-I mimic peptide, phospholipids, SR-BI receptor, colon carcinoma,
camptothecin, nanoparticle, nanodisc

Introduction

Cancer cells commonly over express the scavenger receptor B-I1 (SR-BI), primarily
found in the liver, in order to obtain extra cholesterol necessary for tumor growth.!
SR-BI recognizes high-density lipoproteins (HDLs), the natural nanoparticles
(8-10 nm) that remove excess cholesterol from peripheral tissues and shuttle it to the
liver for elimination in a process called reverse cholesterol transport (RCT).? Several
synthetic HDL (sHDL) infusion products have reached the clinic as potential thera-
pies to treat acute coronary syndrome patients by promoting RCT.** Clinically tested
sHDLs are composed of protein, such as apolipoprotein A-I (ApoA-I), ApoA-I mutant,
or ApoA-I mimetic peptides, which is wrapped around with a lipid bilayer to form
a nanodisk.*” In the clinic, sHDL products have been dosed at 8—10 g lipid—protein
mixture per administration (eg, dosed weekly intravenously over 5-6 weeks) and are
known to have long circulating half-lives (8-24 h).>*

Many hydrophobic drugs bind to HDL following administration, including pacli-
taxel and camptothecins (CPTs).%” Several groups have utilized the ability of HDL
to retain hydrophobic anticancer drugs and selectively deliver chemotherapeutics to
tumors."” ' A long circulation half-life and a very small particle size allow for sHDL to
effectively accumulate in a tumor region and to penetrate extracellular matrix.'? Yet the
clinical translation of this concept is lacking due to high cost and technical difficulty in
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manufacturing of pure ApoA-I protein either recombinantly
or by plasma-purification and to form homogeneous sHDL
nanoparticles.!”>!* Even when synthetic ApoA-I mimic
peptide was used to assemble HDL drug delivery carriers,
chromatographic purification of nanoparticles was required
postassembly.!®! In this study, we used a different amphip-
athic helix peptide, SA, which is designed to bind lipids with
high affinity and form stable sHDL particles.'> This peptide
also has minimal membrane lytic ability and, thus, is nontoxic
following intravenous administration.'
10-Hydroxycamptothecin (HCPT) is a hydrophobic
anticancer drug and a topoisomerase I inhibitor.!® In addition
to poor solubility, it exhibits a pH-dependent conversion from
the active lactone form to its inactive carboxylate. HCPT exists
fully as lactone at a pH below 5, but at physiological pH it
1, ~20 min).">!$ The
lactone form of HCPT binds to lipid membranes in plasma,
including HDL, low-density lipoprotein (LDL), and red blood
cells membrane. This binding increases the overall lactone-to-

rapidly converts to the carboxylate form (t

carboxylate ratio. Several formulation strategies have utilized
preferential partitioning of the lactone into the hydrophobic lipid
phase to improve lactone stability and CPT efficacy including
liposomes, emulsions, nanoparticles, and microspheres.'*1922
It is also reported that HDL reconstituted with ApoA-I cysteine
mutants was used as delivery vehicles for HCPT.”

The goal of this study was to develop a novel SA-peptide-
based sHDL delivery system for treatment of colon carci-
noma. The optimum formulation was selected based on drug
loading (DL) and encapsulation efficiency (EE). The stability
of HCPT in sHDL, in vitro drug release kinetics, cytotoxic-
ity in colon carcinoma, and pharmacokinetics in normal rats
were examined for selected HCPT-HDL nanoparticles and
compared with free HCPT.

Materials and methods

Materials

HCPT (>99%, purity) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Sphingomyelin (SM),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
were donated by Nippon Oil & Fat Corporation (Osaka,
Japan). An ApoA-I mimetic peptide, SA (acetate salt), was
produced by Bachem (Torrance, CA, USA).

Preparation of HCPT-loaded HDL
HCPT-loaded HDL was prepared by the thin-film disper-
sion method. Briefly, 15 mg lipid was dissolved in 2 mL

chloroform and mixed with a 2.5 mg/mL HCPT stock dim-
ethyl sulfoxide (DMSO) solution. The organic solvent was
evaporated and 0.7 mL buffer (50 mM acetate buffer, pH 5.0)
was added to the flask to hydrate the film by probe sonica-
tion in 30 s intervals using a VibraCell ultrasonic processor
(Sonics, Newtown, CT, USA). 5A peptide of 7.5-15 mg was
dissolved in 0.3 mL buffer and mixed with the lipid suspen-
sion. The mixture was incubated in 50°C water bath for 5 min
and cooled at room temperature for 5 min. The temperature
was cycled three times to form sHDL.

Determination of drug-loading capacity

and EE

The un-encapsulated HCPT was removed by a Zeba desalting
column (Thermo Fisher Scientific, Waltham, MA, USA).
A 2.5 mL aliquot of HCPT-loaded HDL was added to a
5 mL desalting column, centrifuged at 1,000 rpm, and the
eluent was collected. The HCPT-HDL solutions before and
after desalting were analyzed by high performance liquid
chromatograph (HPLC) for drug content. EE and DL were
calculated according to the following formulas:

HCPT encapsulated in HDL

EE (%) = X
The total amount of HCPT added

100

DL (%) = Theoretical loading X EE%

Analyses of HCPT concentration and

lactone-to-carboxylate ratio

The HPLC method to detect HCPT concentration and lactone-
to-carboxylate ratio was adapted from Liu et al.”* The HPLC
instrument consisted of a Waters 2695 system equipped with
an Ascentis C18 separation column (15 cm x4.6 mm, 5 um).
The mobile phase consisted of 50 mM phosphate buffer
(pH 6.0), acetonitrile, and tetrahydrofuran (80:18:2, v/v).
The carboxylate and lactone forms of HCPT were separated
by isocratic elution at a flow rate of 0.75 mL/min at 25°C
column temperature and detected by UV at 380 nm.

The ultra performance liquid chromatography (UPLC)
method was developed based on an HPLC protocol reported
by Warner and Burke.?* The lactone and carboxylate forms
of HCPT were separated on a Waters Acquity UPLC system
equipped with a fluorescence detector. The mobile phase con-
sisted of 18:82 (v/v) acetonitrile and 1% (v/v) triethylamine
acetate (pH 5.5). Waters Acquity UPLC BEH C18 column
(1.7 wm, 2.1x100 mm?) was eluted in isocratic mode at 0.5 mL/
min. An excitation wavelength of 380 nm and emission wave-
length of 570 nm were used for fluorescence detection.
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Dynamic light scattering

Mean diameter and size distribution of sHDL samples were
analyzed by dynamic light scattering (DLS) with a Zeta-
sizer Nano ZS (Malvern Instruments, Malvern, UK). sHDL
samples were diluted to a concentration of 0.5 mg/mL of
ApoA-I peptide in phosphate-buffered saline (PBS) buffer
prior to analysis. Volume-weighted size distributions were
reported.

Electron microscopy

A 3 uL aliquot of sHDL preparation was adsorbed on glow-
discharged Quantifoil R2/2 200 mesh grids negatively
stained with uranyl formate solution. Samples were imaged
with a Tecnai F20 transmission electron microscope (TEM)
equipped with a field emission gun operated at 120 kV.
Images were recorded at a magnification of x60,000—150,000
on a Gatan US4000 charge-coupled device (CCD) camera
and defocus value of approximately —1 um.

Drug release in vitro

One milliliter aliquot of HCPT-loaded sHDL or free HCPT
(0.06 mg/mL) was added to a Float-A-Lyzer dialysis insert
(molecular weight (MW) cutoff 12 kDa, Spectrum Labs)
and subsequently placed in a flask containing 75 mL of
PBS (pH 7.4). The medium was stirred at 100 rpm at 37°C
in an incubator. A 0.4 mL aliquot of release media was
removed at each time point and replaced with the same
volume of fresh PBS buffer. The amount of HCPT released
was measured by fluorescence spectroscopy analysis
(excitation: 380 nm, emission: 570 nm). The data was
expressed as the percentage of released HCPT relative to
the total HCPT.

Degradation kinetics of free HCPT and

HCPT-loaded sHDL

The degradation kinetics of free HCPT and HCPT-sHDL
was examined by incubation in PBS (pH 7.4) at 37°C. The
PBS was warmed to 37°C prior to addition of drug samples
to attain a final concentration of 5 pug/mL. A total of 20 UL
aliquots were taken out after preselected times (5, 10, 20,
40, 60, 75, and 120 min), added 180 UL of dry ice-chilled
methanol (approximately —50°C), vortexed for 30 s and then
centrifugation at 9,000 rpm for 1 min. The supernatant was
diluted 10-fold in the mobile phase and either directly injected
in UPLC or kept frozen on dry ice until the analysis. It has been
previously established that no further lactone to carboxylate
conversion occurred during drug extraction and analysis.'®

In vitro cytotoxicity assay

HT29 cells were purchased from American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in
McCoy’s SA medium (1x) supplemented with 4 mM L-glu-
tamine, 0.1 mM nonessential amino acids, 1.0 mM sodium
pyruvate, and 10% fetal bovine serum (Thermo Fisher
Scientific) and maintained at 37°C ina 5% CO, incubator. For
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazonium
bromide (MTT) assay, cells were plated at 5,000/well in
96-well plates. Cells were incubated overnight to allow for
attachment and treated with free HCPT, blank sHDL, physi-
cal mixture of sHDL and HCPT or HCPT-loaded sHDL at
0.0025, 0.025, 0.25, 2.5, and 25 pg/mL HCPT concentra-
tion for 48 h. For blank HDL and HCPT-sHDL, these drug
concentrations corresponded to 0.175, 1.75, 17.5, 175, and
1,750 ug/mL of 5A peptide or sHDL. Following the treat-
ment, 20 uL of the MTT solution (0.5 mg/mL) was added to
each well and incubated for 4 h. Thereafter, medium with the
MTT solution was removed and 200 uL. DMSO was added to
each well to solubilize formazan. The formazan levels were
measured by the UV absorbance at 560 nm. Cytotoxicity was
expressed as the percentage of absorbance of treated cells
relative to untreated cells.

Pharmacokinetics of HCPT-sHDL in rats

Sprague Dawley rats, weighing ~370 g, were fed a standard
laboratory rodent diet with an access to water ad libitum and
housed in a temperature-controlled room with a 12:12 h light/
dark cycle. The rats were fasted for 12 h prior to experiments
and randomly divided into three groups (n=3/group). Two
groups received tail vein intravenous injections of either free
HCPT and HCPT-loaded HDL at a dose of 0.7 mg/kg. The
third group was administered with HCPT-loaded HDL by
intraperitoneal (IP) injection at the same dose.

Blood samples (0.4 mL) were drawn from the jugular vein
at 5, 15,30 min, 1, 2, 4, and 8 h for intravenous dosing and
15,30 min, 1, 2,4, 8, and 12 h following IP administration of
test articles. The blood samples were acidified by addition of
25 uL of 10% phosphoric acid to 0.4 mL of blood to adjust the
pH to 5 and convert the HCPT to its lactone form. The samples
were transferred into ice-cold heparinized collection tubes and
plasma was separated by centrifugation. The plasma samples
were flash frozen and stored at —20°C until analysis.

The HCPT extraction from plasma was performed accord-
ing to Zhao et al.®® The plasma (0.1 mL) was mixed with
10 uL of 0.5 pg/mL CPT internal standard solution and 10 uL
of phosphoric acid. HCPT and CPT were extracted from
plasma by addition of 0.5 mL of ethyl acetate, followed by
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1 min vortexing and 5 min shaking. The mixture was centri-
fuged at 15,000 rpm for 5 min at 4°C, the upper organic layer
was collected and evaporated to dryness with N, at 35°C.
The residue was reconstituted in 50 pL of UPLC mobile
phase, vortexed for 2 min and centrifuged before analysis.
The supernatant samples (10 pL) were analyzed by UPLC
as described earlier. The pharmacokinetic data were fitted
by noncompartmental analysis using a Topfit 2.0 software
package (Thomas GmbH, Langenselbold, Germany). The
C,.. (ug/mL), t (h),t, (h), and AUC  (ug/mL-h) were
calculated for three groups. Animal protocol was reviewed
and approved by University of Michigan Institutional Ani-
mal Care and Use Committee to assure compliance with the
federal policies and guidelines specified by the the United
States Department of Agriculture; as well as guidelines speci-
fied by the Association for Assessment and Accreditation of
Laboratory Animal Care, International.

Statistical analysis

All the results are expressed as mean + standard deviation.
Statistical analysis was performed using Graphpad Prism 5.
For IC, analysis, the data were analyzed using nonlinear
regression analysis. Unpaired ¢-test was used for comparison
between two groups. For multiple comparisons, results were
analyzed using one-way analysis of variance followed by
Tukey’s posttest analysis. P<<0.05 was considered statisti-
cally significant.

Results

Selection of phospholipid composition

of sHDL

The phospholipid composition of native HDL particles
is a rather complex mixture of SM, phosphotidyl choline
(PC), triglyceride, and cholesterol.?® For the simplicity
of pharmaceutical preparations, a single phospholipid,
such as soybean PC, egg PC, POPC, or SM, is used in

=

Hydration

5A peptides
e
Heating/cooling |* [@}

most sHDL*. Due to a relatively small space available for
incorporation of drug molecule inside sHDL nanoparticle
lipid membrane, molecular interactions between the drug
and phospholipid are rather important. The phospholipid
type, fatty acid chain length, and degree of saturation affect
fluidity of sHDL membrane and spacing available for drug
insertion. Due to some structural similarity between HCPT
and cholesterol, we investigated SMs and several PCs
known to have different affinities for cholesterol.?”?® For
the initial lipid screening, we have fixed the theoretical DL
at 1% (w/w) and fixed the weight ratio of 5A peptide to lip-
ids as 1-1.5. A schematic representation of the preparation
of HCPT-loaded sHDL is shown in Figure 1. This weight
ratio of SA to phospholipid is known to form homogeneous
sHDL nanoparticles of 8—12 nm diameter.”” The particle
size and size homogeneity of sHDL made with different
phospholipids were similar (Table 1). The highest HCPT
EE (71%) was achieved for SM-based sHDL, followed by
DPPC-based (49%), POPC (16%), and DMPC (12%). The
affinity of phospholipids to cholesterol follows similar
trend as HCPT EE% of SM having greater affinity relative
to PC and saturated longer fatty acid chains PC having
greater affinity relative to unsaturated and short chain
(SM > DPPC > DMPC/POPC).?’*® Another possible reason
for large differences in EE between various sHDL lipid
compositions is the difference in lipid transition or melting
temperature. The transition temperatures for SM (T, =38°C)
and DPPC (T, =41°C) is higher than room temperature,
which provides for a better trapping of HCPT in the lipid
bilayer, while POPC (T, =-3°C) and DMPC (T =23°C)
membranes are fluid and allow for drug leakage and dis-
sociation from membrane.?%!

Optimization of DL and EE
While the structure of peptide-based sHDL nanoparticles
has not been fully characterized yet, it is assumed that

==

' Phospholipids ¥ Anticancer drugs g ApoA-I mimetic peptide (5A)

Figure | Schematic of HCPT-sHDL nanoparticles preparation.

Abbreviations: ApoA-|, apolipoprotein A-l; HCPT, |0-hydroxycamptothecin; sHDL, synthetic high-density lipoprotein.
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Table | The effect of phospholipid type, ApoA-l peptide-to-lipid ratio and theoretical HCPT loading on sHDL size and drug

encapsulation efficiency

Optimization Lipid Peptide-to-lipid Theoretical EE (%) Loading (%) sHDL
parameter ratio (w/w) loading (%) size?
Lipid type POPC 1:1.5 | 16.0+2.8 0.16+0.03 12.5+2.5
DMPC I:1.5 | 12.4+4.9 0.12+0.05 9.7£2.0
DPPC 1:1.5 | 49.1+4.2 0.49+0.04 I1.5£1.8
eSM I:1.5 | 71.0+1.4 0.71+0.01 9.8+2.1
Lipid-to-peptide eSM I:1 | 59.048.5 0.59+0.09 10.0£1.7
ratio eSM 1:1.25 | 65.0£7.1 0.65+0.07 9.7£1.0
eSM 1:1.5 | 71.0x1.4 0.71£0.01 9.812.1
eSM 122 | 60.0+4.3 0.60+0.04 12.0+1.6
Theoretical eSM 1:1.5 0. 69.8+5.4 0.35+0.03 10.1+2.3
drug loading eSM I:1.5 | 71.0t1.4 0.71£0.01 9.8+2.1
eSM 1:1.5 I 54.0+8.5 0.81£0.13 10.6+2.2

Note: *A number-averaged sHDL size was measured by dynamic light scattering.

Abbreviations: ApoA-l, apolipoprotein A-l; DMPC, 2-dimyristoyl-sn-glycero-3-phosphocholine; DPPC, |-2-dipalmitoyl-sn-glycero-3-phosphocholine; EE, encapsulation
efficiency; eSM, egg sphingomyelin; HCPT, 10-hydroxycamptothecin; POPC, |-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; sHDL, synthetic high-density lipoprotein.

amphipathic helices of ApoA-I peptide surround the perim-
eter of phospholipid bilayer, as represented in Figure 1. By
altering the ratio of 5A peptide to SM, we could slightly
increase the diameter of the nanodisks and potentially
improve the DL. The sHDL were prepared at 1:1-1:3 (w/w)
ratio of 5A to SM at a theoretical HCPT loading of 1% (w/w).
The average diameter of sHDL increased slightly with the
increase of peptide-to-lipid ratio (Table 1). At the 1:3 (w/w)
ratio of peptide to SM, a cloudy solution was observed, indi-
cating insufficient amount of ApoA-I mimetic to solubilize
lipid vehicles into sHDL. The drug EE increased only slightly
with an increase of lipid to peptide ratio from 59% to 71%.

In order to increase DL, we have prepared sHDL at 1:1.5
of 5A-to-SM ratio at the theoretical loading of 0.5%, 1%, and
1.5% (Table 1). With the increase in theoretical loading, the
actual loading also increased from 0.35% to 0.81%. However,
a greater loss of the drug during the sHDL preparation (54%
EE) was observed for 1.5% loading relative to 0.5% and
1% (69.8% and 71.0% EE). In the current design of HCPT-
sHDL nanoparticles, we rely on the physical binding of
HCPT to the HDL lipid membrane for incorporation. Thus,
only relatively small amounts of HCPT could be loaded into
sHDL particles and 1% theoretical loading for 1:1.5 (w/w)
peptide-SM sHDL was selected as an optimal formulation
for further evaluation.

Analytical characterization of
sHDL-HCPT

The sizes of all drug-loaded sHDL determined by DLS
are summarized in Table 1. All sHDL formulations had

number-averaged particle size between 9.5 and 12.5 nm.
Examples of DLS profiles for blank and HCPT-loaded

sHDL are shown in Figure 2 for the selected formulation of
1:1.5 5A:SM containing 0.7% (w/w) of HCPT. The result-
ing sHDL had narrow size distribution without purification
post-sHDL formation. The homogeneity of the size was due
to selection of ApoA-I mimetic with favorable lipid bind-
ing properties. The optimization of peptide-to-lipid ratio
also allowed us to avoid the presence of both free peptide
and liposomal lipid dispersions. The morphologies of the
same two sHDL preparations were examined by electron
microscopy (Figure 2). Both preparations displayed char-
acteristic discoidal shapes of cholesterol-poor prebeta HDL
and appeared to be very homogeneous with an approximate
diameter of 10 nm.*

The effect of sHDL incorporation on
HCPT lactone stability

CPTsundergo a reversible and pH-dependent conversion from
pharmacologically active lactone form to an inactive carboxy-
late form.'® At a pH of less than 5, HCPT exists fully in its
lactone form and at pH over 8, it is found in carboxylate form.
Because of this conversion, CPT injections are formulated at
acidic pH. To examine if incorporation of HCPT in sHDL
improved it stability, solutions of free HCPT and sHDL-HCPT
were diluted in PBS pH 7.4 and the kinetics of lactone to
carboxylate conversion was examined by HPLC (Figure 3A).
Free HCPT rapidly converted to ~85% carboxylate form,
while the conversion was slower for sHDL-HCPT and the
equilibrium carboxylate level was ~60%. The hydrophobic
lactone form is known to partition in lipid phase of lipopro-
teins and red blood cells membrane and this partitioning shifts
equilibrium toward lactone.'® Still, conversion of the HCPT
lactone to its carboxylate in the sHDL formulation strongly
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Figure 2 Characterization of blank (A and C) and HCPT-loaded sHDL (B and D).
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Notes: The size distribution was analyzed by dynamic light scattering indicating average side of 9.7 nm for blank (A) and 9.8 nm for HCPT-loaded sHDL (B). The images
were obtained by Tecnai F20 electron microscope. Scale bar corresponds to 100 nm; 100,000 fold magnification (C, D).
Abbreviations: HCPT, 10-hydroxycamptothecin; sHDL, synthetic high-density lipoprotein.

suggests that the drug dissociates from sHDL membrane and
undergoes conversion to carboxylate in the buffer.

Characterization of drug release

from sHDL
The in vitro release profiles of free HCPT and HCPT-sHDL
nanoparticles in PBS (pH 7.4) are shown in Figure 3B. Due

A
120
< 100
[}]
S 80
i
c
Q
© 60
[}]
[«
2 40
[e]
it
(8]
S 20
0+ - > i ;
20 40 60 80 100

Time (minutes)

to the small size of the sHDL preparation, 10 kDa MW
cutoff dialysis tubes were used in the study. The release rate
is limited by dialysis membrane diffusion with free HCPT
exhibiting more than 70% release from the dialysis bag
to the medium by 10 h. The release of HCPT from sHDL
nanoparticles was slower with ~40% of the drug released
over the same time frame. The steadier and slower release

100 4

Cumulative drug release (%)

0 5 10 15 20 25
Time (hours)

Figure 3 (A) The kinetics of HCPT lactone to carboxylate conversion for free HCPT drug (B) and HCPT-sHDL (O). Solutions of HCPT and HCPT-sHDL were incubated
in PBS pH 7.4 at 37°C and lactone-to-carboxylate ratio was determined by UPLC. (B) The kinetics of drug release HCPT-sHDL (O) compared with HCPT solution (H). Free
HCPT and HCPT-sHDL were placed in dialysis bags and release was conducted in PBS pH 7.4 at 37°C.

Abbreviations: HCPT,
chromatography.

10-hydroxycamptothecin; sHDL, synthetic high-density lipoprotein; PBS, phosphate-buffered saline; UPLC, ultra performance liquid
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Figure 4 (A) MTT cytotoxicity assay in HT29 colon carcinoma cells. Cells were treated with free HCPT (M), blank sHDL (A), mixture of free HCPT + sHDL () and
HCPT-sHDL (®) and at 2.5x107°¢, 2.5x107%, 2.5x107#, 2.5x1073, and 2.5x102 mg/mL HCPT corresponding to 1.75x10, 1.75x1073, 1.75x1072, 1.75x10~', and 1.75 mg/mL of
sHDL concentration in 5A peptide equivalents. (B) IC,; of sHDL, HCPT, mixture of free HCPT + sHDL and HCPT-sHDL (*P<<0.05, *P<0.01).

Abbreviations: HCPT, 10-hydroxycamptothecin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazonium bromide; sHDL, synthetic high-density lipoprotein.

from HCPT-sHDL formulation may be attributed to effec-
tive encapsulation of drug in nanoparticle and preference of
lactone form of HCPT to lipid membrane of sHDL.

Cytotoxicity of HCPT-sHDL

The cytotoxicity of free HDL, blank sHDL, a physical
mixture of HCPT and sHDL and HCPT-sHDL were exam-
ined in colon carcinoma cells HT29 using an MTT assay
as described previously.!*?!* HT29 was selected based on
the reported high expression level of SR-BI in this cell line
(10-fold higher expression levels over fibroblast cells). The
IC,, of free HCPT and HCPT-sHDL were 0.56£0.01 and
0.17+0.01 pg/mL, respectively (Figure 4). The HCPT-sHDL
was approximately 3-fold more potent than free HCPT
(P<<0.05). Interestingly, the blank sHDL also showed some
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antitumor activity but at a significantly higher concentration
of SA (IC,=0.21 mg/mL of 5A) than that of HCPT-sHDL
(IC,=0.012 mg/mL of 5A and 0.17 ug/mL of HCPT). This
activity could be possibly due to cholesterol depletion of
colon carcinoma cells by sHDL-mediated cholesterol efflux.
In contrast, the physical mixture of HCPT and sHDL exhib-
ited cytotoxicity with IC_ value 0f 0.424+0.03 pg/mL, which
was not statistically significant from free HCPT.

Pharmacokinetics in rats

The mean plasma drug concentration—time profiles of free
HCPT in HCPT-sHDL nanoparticles after intravenous
administration to rats at a single dose of 0.7 mg/kg are shown
in Figure 5 and their pharmacokinetic parameters are sum-
marized in Table 2. The plasma maximum concentration
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Figure 5 (A) Comparison of pharmacokinetics of free HCPT (M) and HCPT-sHDL (O) following intravenous administration to normal rats at 0.7 mg/kg. (B) Comparison
of pharmacokinetics of HCPT-sHDL (0.7 mg/kg) following intravenous (M) and intraperitoneal (O) administrations to normal rats.
Abbreviations: HCPT, 10-hydroxycamptothecin; sHDL, synthetic high-density lipoprotein.
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Table 2 Pharmacokinetic parameters following administration of
HCPT-sHDL (IV and IP injections) and free HCPT (IV), N=4

HCPT- HCPT- Free

sHDL (IP) sHDL (1V) HCPT (IV)
C._ (ug/ml) 0.62+0.085 4.62+1.49 0.71£0.70
t,, (h) 3.05+0.28 1.8140.92 1.68+0.17
AUC, , (ug/mL-h) 1.05+0.078 1.96:0.42 0.72+0.36
¢t (h) 05 0.0833 0.0833

Abbreviations: HCPT, 10-hydroxycamptothecin; sHDL, synthetic high-density lipo-
protein; IP, intraperitoneal; IV, intravenous.

(4.62+1.49 pg/mL) and AUC (1.96+0.42 pg/mL-h)
of HCPT following administration of HCPT-HDL were
significantly greater than those following administration
of free HCPT (C_ _ of 0.7140.70 pug/mL and AUC,  of
0.7240.36 pg/mL-h) (P<<0.01). This increased availability
may have been due to the fact that the HDL lipid membrane
facilitates the incorporation of hydrophobic compounds like
HCPT into the carrier and have tight affinity. This affinity
results in extended drug circulation, characteristic of the
HDL carrier avoidance of the reticulo endothelial system,
and a finite HDL desorption rate of the drug into the blood,
which effectively delays availability of the drug in the
blood compartment.

The mean plasma concentration—time profiles of HCPT
after intravenous administration of HCPT-sHDL nanopar-
ticles were also compared with that of IP, as seen in Figure 5
and Table 2. The elimination half-life and t _ after IP injec-
tion were extended longer than those after intravenous (IV)
administration of HCPT-sHDL nanoparticles. By contrast,
the AUC and C__ after IP injection were lower than those
after IV administration.

Discussion

The stability, release, and pharmacokinetics of HCPT were
altered by incorporation into synthetic HDL nanoparticles.
The hydrophobicity and lipid binding properties of HCPT’s
active lactone isoform were exploited for incorporation into
sHDL’s lipid bilayer. Without using covalent binding of drug
to nanocarrier, ~0.7% (w/w) of HCPT was loaded in 5SA-SM
sHDL. Because of the unusually high maximally tolerated
doses of sHDL recently used in human clinical trials,** the
loading level of these formulations is reasonable. The pref-
erential partitioning of HCPT lactone in sHDL lipid bilayers
was found to improve drug stability, nanoparticle retention,
and cytotoxicity relative to solutions of unencapsulated
HCPT. The incorporation of HCPT into sHDL resulted in
a 3-fold higher AUC relative to the free drug following IV
administration in rats.

The in vitro experiments revealed the ability of black
sHDL to cause cytotoxicity in HT29 cells with IC, of
0.012 mg/mL. Several recent studies indicate that the drug-
free SHDL exhibits certain intrinsic anticancer activities. This
anticancer activity is likely due to sHDL’s ability to efflux
cholesterol from cancer cell by passive efflux from cellular
membrane or through SR-BI and facilitating cell death through
cholesterol depletion. The SR-BI receptor is bidirectional and
could serve to either uptake the cargo of sHDL or 10-HCPT
or efflux cholesterol to cholesterol-free sHDL nanoparticles.™
The 5A-SM has been shown to exhibit strong SR-BI-mediated
efflux deemed beneficial for antiatherosclerotic properties of
this sHDL.?” Normally the antitumor activity of sHDL is
observed at relatively high dosages, such as 0.1-0.2 mg/mL
of 22A-sHDL, is required to generate in vitro cytotoxicity in
NCI-H295R and SW13 cells* and 250 mg/kg of R4F-sHDL
to inhibit the tumor growth in vivo.*® The improved activity
of HCPT-sHDL is unlikely to be attributed to a synergetic
effect between topoisomerase I inhibition by HCPT and cho-
lesterol efflux by sHDL based on no statistically significant
improvement in cytotoxicity of the physical mixture of sHDL
and HCPT. However, the synergetic effect might be seen at
other concentrations of sHDL and HCPT and it could not be
ruled completely. The improved cytotoxicity of HCPT-sHDL
relative to HCPT itself is likely due to improved delivery by
SR-BI and potentially higher lactone stability of the nanopar-
ticle drug in cell culture media.

The incorporation of HCPT in sHDL was performed by Jia
et al® and Zhang and Chen 7 by using full-length ApoA-I or its
multiple mutants and soybean PC phospholipid. In that study,
the obtained particles were spherical at 22—-25 nm in diameter
(LDL-range) and contained 4% HCPT loading. Increase
cytotoxicity of sHDL-formulation over the free drug was
observed in cell culture. Following IV dosing at 10 mg/kg,
the detectable drug levels were found in plasma for longer
periods and drug levels were higher in kidney, liver, and
spleen for sHDL formulations relative to free HCPT. Several
groups including us have reported accumulation of fluorescent
dye-loaded sHDL in subcutaneous tumor xenographs as well
as liver, lungs, and spleen.'™!" The uniqueness of this study
is that we have merged the ability to prepare very homoge-
neous pharmaceutical quality peptide-based synthetic HDL
nanoparticles with loading of a hydrophobic drug. Several
investigators have successfully loaded hydrophobic drugs,
peptides and siRNA, and vaccine antigens in sHDL.""%!4
A number of start-up companies had been formed on the basis
of HDL-drug delivery idea including DLVR Therapeutics
(Toronto, ON, Canada), Lypro Biosciences (Berkeley, CA,
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USA), Signablok Inc. (Shrewsbury, MA, USA), and possibly
others. While all companies have secured funding through
government grants and private investments, the clinical trans-
lation has been limited due to difficulties in manufacturing
pharmaceutical grade sHDL particles. In the current study,
HCPT-sHDL particles assemble by hydrophobic interaction
of phospholipids, amphipathic peptide, and drug. The purity
ofthe sHDL particles is controlled by adjustment of the sHDL
ingredients ratios and selection of phospholipids, ApoA-I
peptide, and drug with unique physicochemical properties
(hydrophobic momentum and length for peptide, chain length
and saturation for lipid, and hydrophobicity/size for the drug).
Without covalent binding and using manufacturing method-
ologies exploited for other clinically tested sHDL, we were
able to show the improvement in pharmacokinetic properties,
HCPT stability, and cytotoxicity. The observation of the
alteration of the pharmacokinetic profile following physical
binding of drug to sHDL is broadly applicable because several
Food and Drug Administration-approved pharmaceuticals
tend to physically bind to endogenous patient HDL following
oral or parenteral administrations.’” Hence, the drug doses
might need to be adjusted on a patient-by-patient basis due
to significant inter-patient differences in lipoprotein levels. In
addition, the drug—HDL physical binding might be partially
responsible for drug-induced dyslipidemia that occurs in lipo-
protein binding drugs, such as amphotericin B, cyclosporine
A, clozapine, and paclitaxel.

Limitations

The drawback of the current formulation is a low DL and the
need of administering large doses of sHDL because of it. In
the current design of HCPT-sHDL nanoparticles, we rely on
physical binding of HCPT to the HDL lipid membrane for
incorporation. A similar interaction of sHDL is observed with
free cholesterol, as it is well known that infusion of sHDL
causes rapid mobilization of free (unesterified) cholesterol.*
In the body, sHDL cholesterol undergoes esterification by
lecithin—cholesterol acyltransferase. Cholesterol esters are
significantly more hydrophobic and are able to partition into
the HDL core, which causes a transformation of the initially
discoidal HDL into its spherical form.? One potential way to
significantly increase DL into sHDL particles is to modify
CPT with ester moieties to form spherical sHDL particles
containing drug inside particle core rather than phospholipid
membrane. Similar strategy was attempted by de Vrueh et al
for incorporation of Hepatitis B replication inhibitor in the
core of sHDL particles® and Nikanjam et al for incorporation
of paclitaxel oleate ester in LDL nanoparticles.** However,

this approach is outside of the scope for the current article,
and may be investigated in the future.

Conclusion

In this study, the composition of sHDL was optimized to
promote formation of pharmaceutical quality nanoparticles
by selection of an appropriate ApoA-I mimic-to-phospholipid
ratio. The optimal formulation was screened of 5A peptide
and SM (1:1.5, w/w ratio, 0.7% HCPT loading), with the
highest EE of 71%. In vitro cytotoxicity study indicated that
the colon carcinoma cell lines HT29 were more sensitive to
the HCPT-sHDL nanoparticles than to free HCPT (P<<0.05).
Stability of sHDL-incorporated HCPT was improved in vitro
by retention of the active and hydrophobic lactone in the lipid
bilayer. The affinity of HCPT to sHDL membrane allowed
for extended drug circulation characteristic of sHDL carri-
ers, slower desorption rate to the blood compartment, which
all resulted in higher drug exposure in vivo. Further work is
ongoing to increase DL and to assess therapeutic effect of
HCPT-sHDL on tumor-bearing mice. The use of peptide-
based sHDL with an optimized composition in order to obtain
pharmaceutical grade nanoparticles is a valuable approach
to overcome current barriers for clinical translation of this
drug delivery platform.
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