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Abstract

Poly(ethylene glycol)-b/ock-poly(d,/lactic acid) (PEG-6-PLA) micelles have a proven capacity for
drug solubilization and have entered phase 111 clinical trials as a substitute for Cremophor EL in
the delivery of paclitaxel in cancer therapy. PEG-6-PLA is less toxic than Cremophor EL, enabling
a doubling of paclitaxel dose in clinical trials. We show that PEG-6-PLA micelles act as a 3-in-1
nanocontainer for paclitaxel, 17-allylamino-17-desmethoxygeldanamycin (17-AAG), and
rapamycin for multiple drug solubilization. 3-in-1 PEG-4-PLA micelles were ca. 40 nm in
diameter; dissolved paclitaxel, 17-AAG, and rapamycin in water at 9.0 mg/mL; and were stable
for 24 hrs at 25°C. The half-life for /n vitro drug release (t1/,) for 3-in-1 PEG-6-PLA micelles was
1-15 hrs under sink conditions and increased in the order of 17-AAG, paclitaxel, and rapamycin.
The ty/o values correlated with log Py, Values, implicating a diffusion-controlled mechanism for
drug release. The ICsq value of 3-in-1 PEG-4-PLA micelles for MCF-7 and 4T1 breast cancer cell
lines was 114 + 10 and 25 + 1 nM, respectively; combination index (CI) analysis showed that 3-
in-1 PEG-6-PLA micelles exert strong synergy in MCF-7 and 4T1 breast cancer cell lines.
Notably, concurrent intravenous (1V) injection of paclitaxel, 17-AAG, and rapamycin using 3-in-1
PEG-6-PLA micelles was well-tolerated by FVVB albino mice. Collectively, these results suggest
that PEG-b-PLA micelles carrying paclitaxel, 17-AAG, and rapamycin will provide a simple yet
safe and an efficacious 3-in-1 nanomedicine for cancer therapy.
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1. Introduction

Novel combinations of molecularly targeted agents with chemotherapy, e.g. paclitaxel
(PTX), have gained increasing attention in research that aims to overcome drug resistance
and tumor heterogeneity for highly effective cancer regimens, noting that many oncologists
have concluded that chemotherapy has reached a plateau in efficacy as a primary treatment
modality in cancer and that a shift towards molecularly targeted agents has also had limited
success in tumor growth control1' 2, In pre-clinical experiments, 17-allylamino-17-
demethoxygeldanamycin (17-AAG) enhanced the antitumor efficacy of PTX in human
breast, lung, and ovarian xenograft models3'6. 17-AAG is a first-in-class inhibitor of heat
shock protein 90 (Hsp90), inhibiting its function as a chaperone protein for the proper
folding of oncogenic signal transduction proteins, such as Akt, ErbB2, Raf-1, and mutant
EGFRY. Rapamycin (RAP) also enhanced the antitumor efficacy of PTX in human breast
xenograft models”, targeting the mammalian target of rapamycin (mTOR) protein, which is
centrally involved in angiogenesis, cancer cell growth, and cancer cell survivalg. Lastly, 17-
AAG sensitized the cytotoxicity of RAP against human breast cancer cells, presumably by
preventing activation of Akt upon mTOR inhibition, providing a rationale for combination of
17-AAG and RAP™.

However, chemotherapy and molecularly targeted agents are often poorly water-soluble,
necessitating toxic surfactants or co-solvents for multiple drug solubilization that add to
toxicity already increased by drug combination. PTX, 17-AAG, and RAP have low water
solubility (ca. 1.0 mg/L). 17-AAG required a DMSO/egg phospholipid vehicle or more
recently Cremophor EL for intravenous (V) infusion in clinical trials™ . For clinical trials on
PTX and 17-AAG, toxicity of a DMSO/egg phospholipid vehicle or Cremophor EL enough
for the solubilization of PTX and 17-AAG is a major safety concerna. Rapamycin analogues
(rapalogs), chemically modified for water solubility, are approved mTOR inhibitors for
cancer treatmentlz. Given the odds that combination cancer treatments involving
chemotherapy and molecularly targeted agents will become commonplace in pre-clinical
drug development, pharmaceutical research on the delivery of poorly water-soluble drug
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combinations merits attention, aiming for multiple drug solubilization and lower toxicity
than conventional IV vehicles, e.g. Cremophor EL, used in clinical trials.

Poly(ethylene glycol)-b/ock-poly(d,/lactic acid) (PEG-6-PLA) micelles have been widely
studied in pre-clinical drug development for drug solubilization and drug targetingl3. PEG-
b-PLA micelles are attractive because of their nanoscopic dimensions, proven safety profile
in humans over existing intravenous vehicles in clinical practice, and high capacity for drug
solubilization™. Hydrophobic interaction between the cores of PEG-6-PLA micelles and
poorly water-soluble drugs is the primary driving force for drug solubilization. A PEG- 6
PLA micelle for PTX is approved in Korea (Genexol-PM) for cancer treatment and is in
phase I clinical trials in the USA as a safer alternative to Cremophor EL and ethanol in
Taxol®" 16, Clinical studies have confirmed the safety of Genexol-PM over Taxol®, higher
maximum tolerated dose (MTD) of PTX, an apparent linear pharmacokinetic profile, and
superior antitumor responses’>: 16,

PEG-56-PLA micelles may act as a 3-in-1 nanocontainer for multiple poorly water-soluble
drugs, thereby providing a novel and simple approach for combination cancer treatment,
involving chemotherapy and molecularly targeted agents. 3-in-1 PEG-6-PLA micelles offer
a unique nanotechnology platform for combination cancer therapy that fulfills major drug
delivery requirements for poorly water-soluble chemotherapy and molecular targeted agents:
simplicity of scale-up, sterile filtration, safety, and solubilization, aiming for synergy in
cancer drug development. The goal of our research is to explore the feasibility of 3-in-1
PEG-6-PLA micelles for multiple drug delivery: PTX, 17-AAG, and RAP (Figure 1). We
hypothesized that PTX, 17-AAG, and RAP will exert synergistic anti-cancer activity, and
that 3-in-1 PEG-4-PLA micelles will act as a safe nanocontainer for intravenous (1V)
infusion of a 3-drug cocktail in combination cancer treatment.

2. Materials & Methods

2.1 Materials

2.2 Methods

PEG-6-PLA (M, of PEG = 4200 g/mol and M, of PLA = 1900 g/mol, PDI = 1.05) was
purchased from Advanced Polymer Materials Inc. (Montreal, CAN). PTX, 17-AAG, and
RAP were purchased from LC Laboratories (Woburn, MA). MCF-7 human breast cancer
cells were obtained from the Small Molecule Screening Center, University of Wisconsin
(Madison, WI). 4T1 murine breast cancer cells were purchased from American Type Culture
Collection (Manassas, VA). Dulbecco's modified Eagle's medium (DMEM), RPMI1640 with
L-glutamine medium, penicillin-streptomycin liquid (100x), fetal bovine serum certified
(FBS), and 0.25% trypsin-EDTA were purchased from Invitrogen™ (Carlsbad, CA). Cell
Titer Blue® cell viability assay kit was obtained from Promega Inc. (Madison, WI). All other
reagents were obtained from Fisher Scientific Inc. (Fairlawn, NJ) and were of analytical
grade.

2.2.1 Preparation of 3-in-1 PEG-b-PLA micelles—The procedure used to prepare 3-
in- 1 PEG-6-PLA micelles was described previously17. Briefly, 15.0 mg of PEG-4-PLA, 2.0
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mg of PTX, 2.0 mg of 17-AAG, and 1.5 mg of RAP were dissolved in 0.50 mL of
acetonitrile and added to a 5.0 mL round bottom flask. Acetonitrile was removed by reduced
pressure using rotary evaporator at 60°C, and polymer film was rehydrated with 0.50 mL
double-distilled H,O (DDH,0). This aqueous solution containing 3-in-1 PEG-4- PLA
micelles carrying PTX, 17-AAG, and RAP was centrifuged and filtered (0.45 um). PEG-&-
PLA micelles carrying one or two drugs were prepared in the same way.

2.2.2 Reverse phase-HPLC (RP-HPLC) analysis of PTX, 17-AAG, and RAP—The
level of drug loading in PEG-6-PLA micelles was quantified with a Prominence HPLC
system (Shimadzu, JP), which consists of a LC-20 AT pump, a SIL-20AC HT auto-sampler,
a CTO-20AC column oven and a SPD-M20A diode array detector. For the chromatographic
separation of PTX, 17-AAG, and RAP, a Zorbax SB-C8 Rapid Resolution cartridge (4.6x75
mm, 3.5 micron, Agilent) was used, and the column oven was kept at 40°C. The elution of
PTX, 17-AAG, and RAP was carried out in an isocratic mode with mobile phase consisting
of 55% acetonitrile and 45% water, containing 0.1% phosphoric acid and 1% methanol. The
flow rate and injection volume were 1.0 mL/min and 10 pL, respectively. PTX, 17-AAG,
and RAP were monitored at 227, 333, and 279 nm, respectively. The retention time of PTX,
17-AAG, and RAP was 2.8, 3.3, and 8.6 min, respectively. All samples were injected in
triplicate, and the peak area from each injection was reproducible with high resolution for
accurate drug quantitation. To determine the drug content of PEG-6-PLA micelles, aqueous
solutions of PEG-6-PLA micelles carrying a single drug or multiple drugs were freeze-dried
for 2 days using a FreeZone 4.5 system (Labconco Corp., US). The freeze dried sample was
weighed, and the amounts of drug(s) in the sample was/were quantified by RP-HPLC. The
amount of polymer was estimated by subtracting the amount of drug from the total mass.
Percent drug loading was defined as the ratio of weight of drug(s) to weight of polymer.

2.2.3. Dynamic light scattering (DLS) analysis—The dimensions of PEG-4-PLA
micelles were evaluated by a ZETASIZER Nano-ZS (Malvern Instruments Inc., UK). A He-
Ne laser (4 mW, 633 nm) was used as light source with a configuration of 173° to collect the
scattered light. Prior to measuring particle size, PEG-6-PLA micelle solutions were diluted
20 times with DDH>O, resulting in the level of PEG-5-PLA at 1.5 mg/mL (above the critical
micelle concentration for the polymer). Samples were pre-equilibrated at 25°C for 2 minutes
then kept at 25°C throughout the measurements. Correlation functions were obtained from
the scattered light, which was then curve-fitted by the cumulant method to estimate particle
size and polydispersity index (PDI). The Stokes-Einstein equation was used for the
calculation of hydrodynamic diameters of PEG-6-PLA micelles. All measurements were
obtained in triplicate, and the average volume-weighted hydrodynamic diameters with
standard deviation were reported.

2.2.4. In vitro drug release experiments—PEG-/-PLA micelles carrying PTX, 17-
AAG, RAP, or their combinations were diluted with DDH,0, yielding approximately 100
ug/mL of each drug. Diluted micelle solutions were loaded into the dialysis cassettes at a
MWCO0=20,000 g/mol (Pierce, US). Four dialysis cassettes were placed in 2 L of phosphate
buffer saline (pH 7.4) and maintained at 37°C with slow stirring. The sampling time points
were 0, 0.5, 2, 4, 6, 9, 12 and 24 hours. At each time point, 100 pL of sample was withdrawn
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from dialysis cassettes and replaced with equal volume of fresh buffer. The external medium
was changed at 2, 6, and 12 hours to maintain the sink conditions for polymer and drug(s).
Drug concentration(s) in each sample was determined by RP-HPLC analysis. The obtained
drug release profiles were curve-fit using GraphPad Prism software (Mersion 5.0, US),
calculating apparent first-order release kinetic parameters as previously described™ .

2.2.5. In vitro cytotoxicity experiments—MCF-7 and 4T1 cells were cultured in
DMEM and RPMI11640 medium, respectively, supplemented with 10 % FBS, 100 IU/mL
penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine. The cells were maintained at
37°C and 5 % CO, atmosphere for the duration of experiments. Exponentially growing
cancer cells were plated into a 96-well plate at a seeding density of 3,000 - 5,000 cells per
well and incubated for 24 hours. PTX, 17-AAG, or RAP in DMSO or in PEG-5-PLA
micelles was added at final concentrations of 0.1, 1, 10, 100, and 1000 nM in the wells. The
final level of DMSO in the culture plate wells was < 0.1% after dilution with cell culture
medium. MCF-7 and 4T1 breast cancer cells were incubated for 72 hours, and cell viability
was determined using a Cell Titer Blue® assay (Promega, US) with a SpectraMax M2 plate
reader (Molecular Device, US) (excitation at 560 and emission at 590 nm). The half
maximal inhibitory drug concentration (/Csg) was determined by the median effect equation
using CompuSyn software (Version 1.0, ComboSyn Inc., US):

1
[1+(5)™]

In the median effect equation, £, is the fraction of affected cells; Dis drug concentration; and
mis the Hill slope or kinetic order. /C5pvalues for PTX, 17-AAG, RAP, and combinations
were determined from 3 independent growth inhibition curves and represented as a mean +
standard deviation.

2.2.6. Combination Index (Cl) Analysis—ClI analysis based on Chou and Talalay
method was performed using CompuSyn software (Version 1.0, ComboSyn Inc., US) for
PTX, 17-AAG, and RAP combinations, determining synergistic, additive, or antagonistic
cytotoxic effects against MCF-7 or 4T1 breast cancer cells™®. Briefly, 7, was determined as a
function of Dby the median-effect equation, varying doses from 5% of affected cells (/Cs)
to 97% of affected cells (/Cg;). C/values at each £, for 2-drug combinations were calculated
using the following equation:

(D), (D),
=0, D),

(Dy); and (D), represent the /C, value of drug 1 alone and drug 2 alone, respectively. (D);
and (D), represent the concentration of drug 1 and drug 2 at the /C, value (x% growth
inhibition). For the 3 drug combination, the following equation was used by simply adding
third term:

Mol Pharm. Author manuscript; available in PMC 2016 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shin et al.

3. Results

Page 6

(D), . (D), . (D),
=10.), "0, D),

Values of C/> 1 represent antagonism, C/= 1 represent additive and C/< 1 represent
synergism. At constant drug combination ratios, 7, versus C/plots for 2- and 3-drug
combinations were obtained with GraphPad prism software (Version 5.0, US).

2.2.7. Acute toxicity experiments—All animal studies were conducted under the
protocol approved by Institutional Animal Care and Use Committee (IACUC) in University
of Wisconsin-Madison, and all experiments were carried out according to the NIH guide for
the Care and Use of Laboratory Animals. Six to 8-week old FVB female albino mice (FVB/
NCrl) were purchased from Charles River Laboratories (Wilmington, MA, US) and housed
in ventilated cages with free water and food. Seven groups of mice (/7=3-4 per group) were
used for the evaluation of acute toxicity. PEG-6-PLA micelles carrying PTX, 17-AAG, RAP,
or their combinations were prepared freshly and reconstituted with 0.9% NaCl solution and
sterilized by 0.22 um filter. Drug concentration(s) were confirmed by RP-HPLC analysis.
PEG-56-PLA micelles carrying PTX were injected through the tail vein at 60 mg/kg of PTX
at days 0, 4, and 8. 17-AAG was dosed at 60 mg/kg, and RAP was dosed at 30 mg/kg. For 2-
and 3-drug combinations, PTX, 17-AAG, and RAP were injected at identical doses. Taxol®
was injected at 12 mg/kg to monitor acute toxicity effects of Cremophor EL and ethanol.
Acute toxicity was defined as > 15% body weight loss, signs of discomfort, abnormal
behavior, or death of animalslg. Body weight changes were normalized by dividing the
initial body weight of each animal and measured over 12 days; results were represented as a
mean + standard error of mean.

2.2.8. Statistical Analysis—Student's £test at a 0.05% level was performed to determine
the statistical significance of data.

3.1. Multiple drug solubilization by PEG-b-PLA micelles

3-in-1 PEG-6-PLA micelles had a remarkable capacity of PTX, 17-AAG, and RAP, resulting
in multiple drug solubilization at 9.3 mg/mL in water and high percent drug loading at 40.4
+ 1.2% (Figure 2 and Table 1). The individual water solubility of PTX, 17-AAG, and RAP
achieved by 3-in-1 PEG-6-PLA micelles was 3.36 £0.46, 3.86 + 0.46, and 2.09 £ 0.11
mg/mL, respectively. Thus, the water solubility of PTX, 17-AAG, and RAP was increased
by 10%-, 700-, and 80-fold, respectively (intrinsic water solubility of PTX, 17-AAG, and
RAP is 0.41, 50, and 2.6 pug/mL, respectively) 20‘22. Similarly, 2-in-1 PEG-6-PLA micelles
were also effective in multiple drug solubilization of PTX and 17-AAG, RAP and 17-AAG,
or PTX and RAP, resulting in percent drug loading at 25.9 £ 1.6, 22.6 + 1.6 and 13.3

+ 0.3%, respectively (Table 1). Interestingly, results for the individual solubilization of PTX,
17-AAG, and RAP by PEG-4-PLA micelles were similar to the results for 3-in-1 and 2-in-1
PEG-56-PLA micelles even though the quantity of PEG-6-PLA used in drug solubilization
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experiments was unchanged. Thus, percent drug loading of PTX, 17-AAG, and RAP was
11.8+1.1,13.0+£ 0.9, and 6.6 £ 1.3%, respectively.

PEG-56-PLA micelles carrying a single drug or multiple drugs had an average volume-
weighted hydrodynamic diameter at ca. 40 nm with polydispersity index < 0.2 (Table 1). 3-
in-1 PEG-4-PLA micelles were slightly larger, ca. 44 nm; this slight increase in particle size
was not expected due to a large increase in drug loading, switching from a 1-drug to 3-drug
nanocontainer.

We monitored the physical stability of PEG-4-PLA micelle solutions after 24 hours at 25°C
by monitoring drug concentrations by RP-HPLC (data not shown). Major drug precipitation
was only evident for PTX, resulting in retention of 16.2 + 1.0% in solution after 24 hours.
Slight precipitation of rapamycin was noticed, but still 91.5 + 0.2% remained in solution
after 24 hours. In contrast, 98.6 + 2.4% of 17-AAG remained in solution after its
solubilization by PEG-6-PLA micelles. 3-in-1 and 2-in-1 PEG-4-PLA micelles were
remarkably stable with respect to drug precipitation with > 93% retention in all cases (data
not shown). For 3-in-1 PEG-6-PLA micelles, PTX, 17-AAG, and RAP were retained in
solution at 97.9 £ 2.3, 96.7 + 2.5, and 97.8 £ 2.1%, respectively, a noticeable difference in
comparison to the result for PTX, singly incorporated into PEG-46-PLA micelles.

3.2. In vitro drug release kinetics

In vitro drug release profiles for PEG-6-PLA micelles are shown in Figure 3. For 3-in-1
PEG-6-PLA micelles, PTX, 17-AAG, and RAP were released simultaneously over the
course of 24 hours (Figure 3E). The rate of /n vitro drug release for 3-in-1 PEG-6-PLA
micelles increased in the order of RAP, PTX, and 17-AAG; 68.0 £ 2.0, 78.1 £ 1.5, and
91.1% = 0.5, respectively, was released after 24 hours. The release profiles for 3-in-1 PEG-
b-PLA micelles approximated first-order release kinetics. The apparent first-order half-live
(t1/2) was calculated for RAP, PTX, and 17-AAG: 13.9, 9.2, and 2.52 hours, respectively
(Table 2). The goodness of fit (r2) was 0.986-0.996. /n vitro release profiles for RAP, PTX,
and 17-AAG for PEG-5-PLA micelles as 2-drug combinations and single drugs were similar
and again in the order of RAP, PTX, and 17-AAG (Table 2). As single drug-loaded and 2-
in-1 PEG-4-PLA micelles, t1/, values were slightly less than t;» values for 3-in-1 PEG-4-
PLA micelles. A complete /n vitro release profile for PTX from PEG-£6-PLA micelles could
not be obtained due to precipitation of PTX during the drug release experiment (Figure 3A).

3.3. In vitro cytotoxicity

As shown in Figure 4, the /Cspvalue of free drug, i.e. PTX, RAP, and 17-AAG in DMSO,
for MCF-7 human breast cancer cells was 24 + 1, 43 + 3, and 29 + 6 nM, respectively, which
correspond well to the reported literature valuesgr 2322 For 2-drug combinations, PTX and
17-AAG (5:1 molar ratio), PTX and RAP (1:1 molar ratio), and 17-AAG and RAP (1:1
molar ratio) had an /Cspvalue of 30 + 4, 26 + 14, and 44 + 8 nM, respectively, showing no
statistical differences in /C5pvalue compared to that of individual drugs in DMSO. In
contrast, the /Cspvalue of the 3-drug combination of PTX, 17-AAG, and RAP (5:1:1 molar
ratio) in DMSO for MCF-7 human breast cancer cells was 4 + 3 nM, indicating stronger
synergistic anticancer effects than 2-drug combinations.
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The /C5pvalue of PTX, 17-AAG, and RAP in DMSO for 4T1 murine breast cancer cells
was 5860 + 1460, 86 = 11, and 1460 + 480 nM, respectively. For 2-drug combinations, PTX
and 17-AAG (5:1 molar ratio), PTX and RAP (1:1 molar ratio), and 17-AAG and RAP (1:1
molar ratio) had an /Cspvalue of 51 £ 10, 1220 + 75, and 302 + 37 nM, respectively. In
contrast, the /Cspvalue of the 3-drug combination of PTX, 17-AAG, and RAP (5:1:1 molar
ratio) in DMSO for 4T1 murine breast cancer cells was 27 + 5 nM, again indicating stronger
synergistic anticancer effects than 2-drug combinations.

As shown in Figure 5, the /Cspvalue of PTX, 17-AAG, and RAP singly-loaded into PEG- 6
PLA micelles for MCF-7 human breast cancer cells was 226 + 32, 266 + 48, and 255 + 37
nM, respectively; an 8 to 13-fold increase in the /Cspvalues relative to free drugs, added in
DMSO. For 2-in-1 PEG-6-PLA micelles, PTX and 17-AAG (3.2:1 molar ratio), PTX and
RAP (1:1 molar ratio), and 17-AAG and RAP (1:1 molar ratio) had an /Cspvalue of 162

+ 17,167 £ 6, and 177 + 3 nM, respectively. The /Cspvalue was 114 + 10 nM for 3-in-1
PEG-6-PLA micelles (5:1:1 molar ratio).

The /C5pvalue of PTX, 17-AAG, and RAP singly-loaded into PEG-4-PLA micelles for 4T1
murine breast cancer cells was 11,160 + 4160, 118 + 10, and > 100,000 nM, respectively
(Figure 5); a 2 to 10-fold increase in the /Cspvalues relative to free drugs, added in DMSO.
For 2-in-1 PEG-6-PLA micelles, PTX and 17-AAG (4.7:1 molar ratio), PTX and RAP (1:1
molar ratio), and 17-AAG and RAP (1:1 molar ratio) had an /Cspvalue of 92 + 19, 4010

+ 3610, and 147 = 11 nM, respectively. The /Cgpvalue was 25 + 1 nM for 3-in-1 PEG-4
PLA micelles (5:1:1 molar ratio), providing a significantly lower /Cspvalue over singly-
loaded and 2-in-1 PEG-4-PLA micelles (p<0.05). Collectively, our results suggest that 3-
in-1 PEG-4-PLA micelles have superior cytotoxicity against MCF-7 human and 4T1 murine
breast cancer cells.

3.4. Cl analysis

The C/values of 2-in-1 and 3-in-1 PEG-4-PLA micelles for MCF-7 human and 4T1 murine
breast cancer cells are listed in Table 3. The C/value at /Cspfor 2-in-1 (PTX and 17-AAG,
PTX and RAP, 17-AAG and RAP), and 3-in-1 PEG-6-PLA micelles was 0.69 £ 0.07, 0.69
+0.02, 0.68 £ 0.01, and 0.49 £ 0.04, respectively, indicating synergistic cytotoxicity against
MCF-7 human breast cancer cells. Similarly, the C/values at /Cspfor 2-in-1 (PTX and 17-
AAG, PTX and RAP, 17-AAG and RAP), and 3-in-1 PEG-5-PLA micelles was 0.14 + 0.03,
0.19+0.17, 0.62 + 0.05, and 0.04 + 0.001, respectively, indicating strong synergistic
cytotoxicity against 4T1 murine breast cancer cells. In particular, C/values of 3-in-1 PEG- 6
PLA micelles were the lowest for both breast cancer cell lines, indicating the strongest

synergy (p<0.05).

In £, versus C/plots for 2-in-1 PEG-6-PLA micelles (PTX and 17-AAG, or PTX and RAP),
Clvalues were > 1.0 in the highly affected region (7;> 0.8), suggesting a slightly
antagonistic effect for MCF-7 human and 4T1 breast cancer cells (Figure 6). 2-in-1 PEG- 4
PLA micelles of 17-AAG and RAP were largely synergistic at 7, > 0.8. Notably, the C/
values of 3-in-1 PEG-6-PLA micelles for MCF-7 human and 4T1 murine breast cancer cells
were always < 1.0 over all 7; values, suggesting strong synergistic cytotoxicity even in the
highly affected region (7;> 0.8).
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3.5. Acute toxicity experiments

As shown in Figure 7, the 1V injection of PTX, 17-AAG, and RAP singly-loaded into PEG-
b-PLA micelles at 60, 60 and 30 mg/kg, respectively did not produce body weight loss or
death after injections on days 0, 4, and 8 in 6 to 8-week old FVB female albino mice. In
contrast, a toxic response such as loss of consciousness for a few minutes, flushed skin, and
dyspnea for Taxol® at 12 mg/kg was observed (data not shown). 2-in-1 PEG-6-PLA micelles
carrying PTX and 17-AAG, or PTX and RAP, dosed at 60/60 or 60/30 mg/kg, respectively,
had < 10% weight loss upon concurrent injection and no death, suggesting a lack of
overlapping toxicity. Notably, mice injected with 3-in-1 PEG-6-PLA micelles, dosed at 60,
60, and 30 mg/kg for PTX, 17-AAG, and RAP, respectively, had < 10% of loss in body
weight and no deaths over 12 days.

4. Discussion

The combination of chemotherapy and molecularly targeted agents is drawing increasing
attention in pre-clinical and clinical cancer research in efforts seeking synergistic anticancer
activity and avoidance of drug resistance. Two major requirements for evaluation in clinical
trials is manageable toxicity of chemotherapy and molecularly targeted agent combinations
and sufficient water solubility for 1V infusion. Additive or synergistic toxicity is undesirable
and may prohibit entry into clinical trials. The requirement of drug solubilization is common
in pre-clinical drug development, mandating IV vehicles, such as Cremophor EL and co-
solvents, which exacerbate the toxicity of drug combinations and mandate sequential 1V
infusion, owing to the risk of incompatibility and drug precipitationze. Thus, 2-in-1 and 3-
in-1 PEG-6-PLA micelles may play a unique role in drug delivery as a nanocontainer for
multiple poorly water-soluble anticancer agents, aiming for multiple drug solubilization with
minimized toxicity.

PEG-6-PLA micelles dramatically increased the water solubility of PTX, 17-AAG and RAP
as single drugs and 2- and 3-drug combinations (Figure 2 and Table 1). Remarkably, the
content of individual drugs in 2-in-1 and 3-in-1 PEG-4-PLA micelles was similar to the drug
content of singly-loaded PEG-6-PLA micelles, noting that 3-in-1 PEG-4-PLA micelles had a
40% drug content. This increase in drug loading upon the co-incorporation of one or two
drugs was noticed in prior work that first established the capacity of PEG-6-PLA micelles
for multiple drug solubilization (PTX, docetaxel, 17-AAG, and etoposide)”. In this work,
we showed that 17-AAG is not unique in its ability to produce this unusual drug
solubilization behavior: RAP also pairs with PTX, resulting in 23% drug loading and a
highly stable aqueous solution with ca. 96% in solution after 24 hours. In contrast, drug
precipitation was clearly evident for PTX after 24 hours. The high drug content and physical
stability of 2-in-1 and 3-in-1 PEG-£6-PLA micelles is presumably due to intermolecular
interaction among drugs in the core region, but this hypothesis requires further support.
Notably, the water solubility of PTX, 17-AAG and RAP as single drugs and 2- and 3-drug
combinations is sufficient for experiments in human xenograft models and therapeutic
applications in humans, and 2-in-1 and 3-in-1 PEG-6-PLA micelles are exceptional,
allowing for the concurrent IV infusion of multiple drugs for cancer treatment for the first
time.
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3-in-1 PEG-4-PLA micelles simultaneously released PTX, 17-AAG, and RAP over 24 hours
in vitro (Figure 3), and it was apparent that the rates of drug release from 3-in-1 PEG-6-PLA
micelles are slower than the rates for singly-loaded and 2-in-1 PEG-/-PLA micelles (Table
2): 1/ value for RAP, PTX, and 17-AAG for 3-in-1 PEG-b6-PLA micelles was 13.9, 9.2, and
2.52 hours, respectively, whereas the ty/» value was 9-10, 5-6, and 1.7-1.8 hours, respectively
for 2-in-1 PEG-b-PLA micelles. We suspect that the lower rates of drug release for 3-in-1
PEG-56-PLA micelles are a reflection of intermolecular interaction among drugs in the core
region, noticed in drug solubilization experiments. The ty/» values for RAP, PTX, and 17-
AAG correlated well with logarithm of oil-water partition coefficient (log P) as shown in
Table 2, confirming the importance of lipophilicity in the /n vitro kinetics of drug release for
PEG-56-PLA micelles, but not for drug solubilization.

After the IV injection of 3-in-1 PEG-4-PLA micelles, it is tempting to speculate that the
rank order of drug release will remain the same, drug release will be complete within 24
hours and the likelihood that 3-in-1 PEG-4-PLA micelles stay associated with drug and
influence its pharmacokinetics is greatest for RAP and PTX and least for 17-AAG. Thus,
PEG-56-PLA micelles will favor the preferential accumulation of RAP and PTX at solid
tumors via the enhanced permeability and retention (EPR) effect over 17-AAG. However,
17-AAG and Hsp90 inhibitors in general accumulate favorably at solid tumors, presumably
due to an overexpression of Hsp90 (ca. 4-6% of all proteins)27. Thus, we raise the feasibility
of a simultaneous accumulation of PTX, 17-AAG, and RAP at solid tumors for synergistic
cancer cell killing after the IV injection of 3-in-1 PEG-4-PLA micelles.

In cell culture experiments, 3-in-1 PEG-5-PLA micelles had the highest cytotoxicity (lowest
1Cspvalues) against MCF-7 human and 4T1 murine breast cancer cells (Figure 5). ClI
analysis indicated that 3-in-1 PEG-£6-PLA micelles have the highest synergy for both breast
cancer cell lines. Furthermore, 7;versus C/ plots of 3-in-1 PEG-5-PLA micelles showed
synergistic cytotoxicity over all £, (fraction affected), in contrast to 2-in-1 PEG-4-PLA
micelles (Figure 6), suggesting synergy even at high effect levels, which are most relevant to
cancer therapy™ . It is noted that results for free drugs and their combinations were
consistent with the results for drugs in PEG-6-PLA micelles (Figure 5) and that the
generally higher /Cspvalues in latter case can be ascribed to the association of drug(s) and
PEG-4-PLA micelles in cell culture.

4T1 murine breast cancer cells (a spontaneous mammary carcinoma cell line) were resistant
towards PTX (Figure 5). However, 3-in-1 PEG-5-PLA micelles were highly cytotoxic
towards 4T1 murine breast and MCF-7 human breast cancer cells, raising the feasibility of a
new treatment for metastatic breast cancer. We hypothesize that 17-AAG (Hsp90 inhibitor)
and RAP (mTOR inhibitor) enhance the cytotoxicity of PTX (mitosis inhibitor) against
breast cancer cells by acting on two major cancer survival pathways: PI3K/Akt/mTOR and
Ras/Raf/MEK/ERK pathways; biochemical tests are ongoing to assess this hypothesis, along
with cell culture tests and CI analysis that will definitively define drug ratios for PTX, 17-
AAG, and RAP that are synergistic, additive, or even perhaps antagonistic.

Besides the unusually high capacity of PEG-4-PLA micelles for PTX, 17-AAG, and RAP in
terms of drug solubilization and nM potency against MCF-7 and 4T1 breast cancer cells, the
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low acute toxicity of 3-in-1 PEG-4PLA micelles was exceptional (Figure 7). Remarkably,
mice received PTX, 17-AAG, and RAP without a dose reduction for PTX (60 mg/kg). The
MTD for Genexol-PM (PTX singly loaded into PEG-4-PLA micelles) was defined at 60
mg/kg in nude mice, whereas the MTD for Taxol® was 20 mg/ngS. Clinically, replacement
of Cremophor EL with PEG-5-PLA enabled a doubling of PTX dose and greater antitumor
ef‘ficacyzg. 3-in-1 PEG-6-PLA micelles now allow for the added injection of 17-AAG and
RAP at 60 and 30 mg/kg with minimal weight loss in mice and no deaths, seeking synergy.
In contrast, intraperitoneal injections of Taxol® and 17-AAG in a DMSO/egg phospholipid
vehicle caused two early deaths of mice>. For 3-in-1 and 2-in-1 PEG-5-PLA micelles, acute
toxicity was surprisingly low even though peak plasma concentrations of PTX, 1-AAG, and
RAP will occur at similar times, owing to their simultaneous IV injection. The dose-limiting
toxicity of PTX is neutropenia and neurotoxicityBO. RAP causes dose-limiting mucosititis,
asthenia, and thrombocytopenia31. 17-AAG causes dose-limiting hepatotoxicity, although its
effects may be secondary to the DMSO/egg phospholipid vehiclegz. Thus, the toxicities of
PTX, 17-AAG, and RAP appear to be non-additive as 3-in-1 PEG-4-PLA micelles, although
their pre-clinical toxicity profile needs to be further defined. Importantly, drug ratios of 3-
in-1 PEG-4-PLA micelles may be adjusted in the case of untoward toxicity and certainly
sequential drug injections may also be an alternative strategy. Given this flexibility in the
delivery of PTX, 17-AAG, and RAP along with nM potency against MCF-7 and 4T1 breast
cancer cells, 3-in-1 PEG-56-PLA micelles merit evaluation in human breast xenograft
models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of 3-in-1 PEG-4-PLA micelles.
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Figure 2.
Agueous solubility of PTX, 17-AAG, and RAP as singly-loaded, 2-in-1, and 3-in-1 PEG- b
PLA micelles (7= 3, Mean).
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Figure 3.
In vitro drug release profiles of (A) PTX, 17-AAG, or RAP singly-loaded in PEG-6-PLA

micelles (B) 2-in-1 PEG-6-PLA micelles with PTX and 17-AAG, (C) 2-in-1 PEG-4-PLA
micelles with RAP and 17-AAG, (D) 2-in-1, PEG-6-PLA micelles with PTX and RAP, (E)
3-in-1 PEG-4-PLA micelles (n= 4, Mean = SD).
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Figure 4.

1Cspvalues of free drugs (dissolved in DSMO) for (A) MCF-7 human and (B) 4T1 murine
breast cancer cells (n= 3, Mean = SD).
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Figure5.
ICspvalues of PTX, 17-AAG, and RAP as singly-loaded, 2-in-1, and 3-in-1 PEG-4-PLA

micelles for (A) MCF-7 human and (B) 4T1 murine breast cancer cells.
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Figure 7.
Relative body weight of mice over time after IV injection of PTX, 17-AAG, and RAP as

singly-loaded, 2-in-1, and 3-in-1 PEG-4-PLA micelles on days 0, 4, and 8. (A) PTX at 60

mg/kg, (B) 17-AAG at 60 mg/kg, (C) RAP at 30 mg/kg, (D) PTX and 17-AAG at 60 and 60
mg/kg, (E) PTX and RAP at 60 and 30 mg/kg and (F) PTX, 17-AAG and RAP at 60, 60, and
30 mg/kg (7= 3 — 4/treatment, Mean + SEM).

o

Relative body weight (%)

Relative body weight (%)

-& Saline
© 17-AAG 60 mglkg

130+
1204
1104
LR SO= s = i o o o
%04
&0+
704
4 -8 PTXRAP 60/30 mg/kg

-------------

00123 45678 9 101112
Days

-+ Saline

1.2 3 4 5 6 7 & 9 101112
Days

Mol Pharm. Author manuscript; available in PMC 2016 June 07.

o]

Relative body weight (%)

Relative body weight (%)

Page 20

704 -8 Saline
604 & RAP 30 mglkg

012345678 9101112
Days

704 -e Saline
60 -8 PTXT-AAG/RAP 60/60/30 mo/kg

01 2 3 4 5 6 7 8 9% 10112
Days



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Shin et al. Page 21

Table 1
Drug solubilization results for PEG-6-PLA micelles (7= 3, Mean + SD).

Drug(s) | Solubility (ng/mL) | Drugloading (%) | Total drugloading (%) | Micelle diameter (nm)
PTX | 354+032% | 11.8+11 | 118+11 | 38.8+0.6
17-AAG | 3.90+028% | 13.0+09 | 130409 | 39.3+2.9
RAP | 184+026~ | 6.6+1.3 | 6.6+1.3 | 36.9+1.3
PTX 3.92+0.17 134409
25.9+16 389+11
17-AAG 3.88+0.29 124+08
RAP 183+0.25 8.0+0.6
226+ 16 39419
17-AAG 4.02+0.14 146 +0.2
RAP 1.06+0.07 30402
133403 41015
PTX 3,59 +0.09 10.4+01
PTX 3.36 + 0.46 155+07
17-AAG 3.86 + 0.46 162+07 40412 438+13
RAP 2.09+0.11 8.7+04

*
Denotes statistical difference at p<0.05 compared with intrinsic solubility of each drug

Mol Pharm. Author manuscript; available in PMC 2016 June 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Shin et al.

Table 2
| vitro release of drug(s) for PEG-6-PLA micelles (7= 4, Mean £SD).

Drug(s) | first-order rate constant (hr-1) | ty (hr) | goodness of fit (r2) | log P1
PTX | N.A | N.A | N.A | 3.0
17-AAG | 0.525 | 1.32 | 0.999 | 13
RAP | 0.081 | 8.52 | 0.990 | 5.8
PTX 0.138 5.01 0.938 3.0
17-AAG 0.398 1.74 0.996 13
RAP 0.079 8.73 0.983 5.8
17-AAG 0.385 1.80 0.999 13
RAP 0.069 10.05 0.991 5.8
PTX 0.116 6.00 0.993 3.0
RAP 0.050 13.93 0.986 5.8
PTX 0.075 9.20 0.984 3.0
17-AAG 0.275 2.52 0.996 13

JCaIcuIated from XLog P ver2.0 (http://pubchem.ncbi.nim.nih.gov/)

*
N.A = Not applicable
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Page 23

Cl analysis of 2-in-1 and 3-in-1 PEG-£6-PLA micelles for MCF-7 human and 4T1 murine breast cancer cells.

Drug(s) Molar ratio MCF-7 4T1 Drug interaction
PTX/17-AAG 3.2:1(4.7:1) | 0.69+0.07 0.14 £0.03 Synergistic
RAP/17-AAG 11 0.68+0.01 | 0.62+0.05 Synergistic

RAP/PTX 11 0.69 +0.02 0.19+0.17 Synergistic
PTX/17-AAG/RAP 5:1:1 0.49+0.04 | 0.04 +0.001 Synergistic
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